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  Endurance Sports Medicine  has been in many ways a labor of love for the 
authors and the editor. It is the culmination of many years of experience with 
injuries and conditions as athletes, as researchers, and as sports medicine care 
providers. This textbook compiles the many concepts, experiences, and tech-
niques required to approach and treat the complexities of conditions that 
affect endurance sports participants. I truly appreciate the contributions of the 
authors—many of whom are considered pioneers and leaders in the fi eld of 
sports medicine—who have provided their invaluable insights and pearls. As 
a developing fi eld of sports medicine, endurance medicine continues to 
expand its understanding of overuse injuries as athletes continue to push the 
limits of running, cycling, swimming, wheelchair, skiing, rowing, cross-fi t 
sports, adventure and obstacle course racing, and many other demanding 
activities. Traditional strategies for treating overuse conditions such as sim-
ply stopping the causative activity or sport are no longer considered an 
acceptable option for many competitive athletes. Alternative training meth-
ods including a holistic approach to the evaluation, treatment, and prevention 
of activity-related conditions are now the standard of care as is evidenced 
throughout the 21 chapters of this book. This textbook details strategies for 
not only treating and preventing injuries and conditions but also for optimiz-
ing an athlete’s performance. Though it is too early to determine whether we 
can obviate the need to have athletes completely abstain from their sport of 
choice in response to an injury or condition, we can decrease the time lost 
from training and competition and allow for a more safe and predictable 
return to full activity. It is my hope that this textbook will be a valuable guide 
for sports medicine physicians, orthopedists, athletic trainers, physical thera-
pists, coaches, offi cials, and athletes in understanding the needs of the deter-
mined individuals who participate in endurance sports.  

  Gahanna, OH, USA     Timothy     L.     Miller, MD       
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          Introduction 

  Endurance athletes   have been the focus of scientifi c 
investigation for more than a century. Early investi-
gators, including the Swedish clinician Henschen 
[ 1 ] and Darling [ 2 ] of Harvard University, demon-
strated increased cardiac dimensions in Nordic ski-
ers and in university rowers, respectively. In the 
early 1900s, White [ 3 ], regarded by some as the 
father of contemporary cardiology, studied radial 
contours among Boston  Marathon   competitors 
and was the fi rst to report marked resting sinus 
bradycardia in long- distance runners [ 4 ]. 

 Since the work done by these pioneering inves-
tigators, advances in our understanding of cardiac 
adaptations to endurance exercise have largely par-
alleled advances in diagnostic technology. The 
development and subsequent widespread availabil-
ity of  chest radiography   in the 1950s facilitated 
studies that demonstrated global cardiac enlarge-
ment in trained athletes thereby confi rming the ear-
lier physical examination fi ndings of Darling and 
Henschen by showing global cardiac enlargement 
in trained athletes [ 5 – 7 ]. In the present era, 
the  electrocardiogram (ECG)   and contemporary 

noninvasive imaging modalities including echo-
cardiography, cardiac computed tomography, and 
cardiac magnetic resonance imaging have more 
comprehensively characterize the electrical, struc-
tural, and functional cardiac adaptations that 
accompany long-term endurance training [ 8 – 11 ]. 

 The last 25 years have seen tremendous 
increase in endurance sport participation among 
men and women of all ages as evidenced by the 
fact that there was a record-setting number of 
running event fi nishers, nearly 20 million in the 
United States, in 2013 [ 12 ]. At no time in the past 
has it been more critical for care providers to pos-
sess the fundamental skills required for the care 
of the active endurance athlete. Effective care of 
this population requires an understanding of the 
cardiovascular demands of exercise, a familiarity 
with training-related cardiovascular adaptations, 
and a structured approach to the athlete with 
symptoms suggestive of cardiovascular disease. 
This chapter is written to provide the clinician 
with a basic foundation of knowledge in these 
principal areas of patient care with emphasis on 
the endurance athlete. 

    Overview of Normal  Physiological 
Adaptations to   Endurance Training 

  Differentiating adaptive physiology from occult 
pathology is the most important task for the 
 clinician tasked with caring for endurance athletes. 

mailto:abaggish@partners.org
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As detailed below, sustained endurance training 
lasting for weeks to years often leads to numerous 
changes in cardiac structure and function. At times, 
these changes may be challenging to differentiate 
from those that occur in the disease processes 
that place athletes at risk for sudden cardiac 
death. The process of differentiating adaption 
from disease necessarily begins with an under-
standing of what cardiac changes are expected in 
a healthy endurance athlete and what physiology 
stimulates these adaptations. 

 All forms of exercise require an increase in 
skeletal muscle work. There is a direct relation-
ship between exercise intensity (external work) 
and the body’s demand for oxygen. The  oxygen 
demand during exercise   is met by increasing pul-
monary oxygen uptake (VO 2 ). In addition, the 
cardiovascular system is responsible for trans-
porting oxygen-rich blood from the lungs to the 
skeletal muscles, a process quantifi ed as cardiac 
output (in liters per minute). Exercise-induced 
cardiac  remodeling   enhances the cardiovascular 
system’s ability to meet the demands of exercis-
ing skeletal muscle. The  Fick equation   (cardiac 
output = VO 2  × arterial venous O 2 Δ) can be used 
to quantify the relationship between cardiac out-
put and VO 2 . As suggested by this equation, there 
is a direct and inviolate relationship between VO 2  
and cardiac output in the healthy human. 

  Cardiac output (CO)  , the product of stroke 
volume and heart rate, may increase fi ve- to six-
fold during maximal exercise effort. Coordinated 
autonomic nervous system function, character-
ized by rapid and sustained parasympathetic 
withdrawal coupled with sympathetic activation, 
is required for this process to occur. Heart rate 
among healthy athletes may range from fewer 
than 40 beats per minute at rest to greater than 
200 beats per minute in a young, maximally exer-
cising athlete. Heart rate increase is responsible 
for the majority of cardiac output augmentation 
during exercise. Peak heart rate is determined by 
age, gender, and genetics and cannot be increased 
by exercise training.  Stroke volume   is defi ned as 
the quantity of blood ejected from the heart dur-
ing each contraction. In contrast to heart rate, 
 stroke volume   both at rest and during exercise 
may increase signifi cantly with prolonged exer-
cise training. Cardiac chamber enlargement and 

the accompanying ability to generate a large 
stroke volume are direct results of endurance 
exercise training and are the cardiovascular hall-
marks of the endurance-trained athlete.  Stroke 
volume   increases during exercise as a result of 
increases in ventricular end-diastolic volume 
and, to a lesser degree, sympathetically mediated 
reduction in end-systolic volume. 

 Hemodynamic perturbations that occur during 
exercise constitute the primary stimulus for 
 exercise- induced cardiac remodeling (EICR)  . 
Specifi cally, changes in cardiac output and 
peripheral vascular resistance vary widely across 
sporting disciplines. Although there is consider-
able overlap and clinically oriented physiology- 
based sport classifi cation scheme has been 
developed [ 13 ], exercise activity can be classifi ed 
into two forms with defi ning hemodynamic dif-
ferences.  Isometric exercise  , commonly referred 
to as  strength training  , is characterized by short 
but intense bouts of increased peripheral vascular 
resistance and normal or only slightly elevated 
cardiac output. This increase in peripheral vascu-
lar resistance causes transient but potentially 
marked systolic hypertension and left ventricular 
“pressure” challenge.  Strength training   physiol-
ogy is dominant during activities such as weight 
lifting, track-and-fi eld throwing events, and 
American-style football. In contrast, isotonic 
exercise (i.e., endurance exercise) involves sus-
tained elevations in CO, with normal or reduced 
peripheral vascular resistance. Such activity rep-
resents a primary volume challenge for the heart 
that affects all four chambers. This form of exer-
cise underlies activities such as long-distance 
running, cycling, rowing, and swimming. It must 
be emphasized that endurance sports all involve 
high isotonic stress but that specifi c disciplines 
vary considerably as a function of the amount of 
concomitant isometric stress.    

    Left Ventricular Adaptations 
to Endurance  Exercise   

   Enlargement of the left ventricle (LV)    is common 
among endurance-trained athletes. This repre-
sents physiologic, eccentric LV hypertrophy 
(LVH) or eccentric LV remodeling as dictated by 

J.A.M. Finch and A.L. Baggish
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endurance discipline [ 14 ]. Eccentric LVH is 
characterized by an increase in LV chamber size 
accompanied by proportionate increase in LV 
wall thickness and is common among endurance 
sports that involve high levels of isometric physi-
ology. Rowing is an example of a sport that has 
been shown to promote eccentric LVH due to the 
inherent physiologic combination of sustained 
high cardiac output and pulsatile surges in sys-
tolic blood pressure that occur during the drive 
phase of each oar stroke [ 15 ]. In contrast, long- 
distance running is an endurance sport discipline 
characterized by marked and sustained increases 
in cardiac output coupled with stable and only 
modestly elevated arterial blood pressure. This 
physiologic milieu promotes eccentric LV dila-
tion during which LV chamber size may increase 
and most often do so proportionally more than 
accompanying adaptive LV wall thickening. 

 Early cross-sectional data from large hetero-
geneous cohorts of European athletes demon-
strated high prevalence of left ventricular cavity 
enlargement and increased wall thickness [ 16 , 
 17 ]. Markedly dilated LV chambers (defi ned as 
>60 mm) were associated with increased body 
mass and were most common among those par-
ticipating in endurance sports (cross-country ski-
ing, cycling, etc.). In clinical practice, 55–58 mm 
is commonly used to defi ne the upper limits of 
normal for LV end-diastolic dimensions. Thus, 
approximately 40 % of trained athletes in the 
above study had LV dimensions that exceeded 
normal reference points. Within this exclusively 
white cohort, a small but signifi cant percentage 
of athletes (1.7 %) had LV wall thicknesses of 
13 mm or greater, and all of these individuals had 
concomitant LV cavity dilation. Sharma and col-
leagues [ 18 ] also reported a low incidence (0.4 %) 
of LV wall thickness greater than 12 mm in 720 
elite junior athletes and confi rmed that increased 
LV wall thickness is associated with increased 
chamber size in young athletes. More recently, in 
a study of nearly 500 collegiate athletes, not a 
single healthy university athlete had LV wall 
thickness of greater than 14 mm [ 19 ]. In sum-
mary, LV wall thickness in excess of 13 mm is a 
rare fi nding in healthy athletes, although it can be 
seen in a small number of healthy, highly trained 
individuals. This fi nding is more common in 

athletes with relatively large body size and those 
of Afro-Caribbean descent [ 20 ]. Thickening of 
the LV, without associated LV chamber dilation, 
occurs infrequently in trained endurance athletes 
and should warrant further workup. 

 Systolic or contractile function of the dilated 
LV in athletes has also been an area of active 
investigation. Studies of resting LV systolic func-
tion in endurance athletes consistently demon-
strate that LV ejection fraction is generally 
normal in this population [ 21 ]. However, a study 
of 147 cyclists participating in the Tour de France 
found that 11 % had an LV ejection fraction of 
52 % or less [ 22 ]. This fi nding supports our clini-
cal experience in which we often fi nd that healthy 
endurance athletes demonstrate mildly reduced 
LV ejection fraction at rest. Exercise testing can 
be a very useful adjunct to confi rm LV augmenta-
tion and to document greater than normal exer-
cise capacity in the hearts of trained athletes [ 23 ]. 
Recent advances in functional myocardial 
imaging, including tissue Doppler and speckle 
tracking echocardiography, have also suggested 
that endurance exercise training may lead to 
changes in regional LV systolic function that are 
not detected by assessment of a global index, 
such as LV ejection fraction [ 24 ]. Furthermore, 
changes in LV apical rotation and twist have been 
identifi ed in a longitudinal study of rowers par-
ticipating in endurance exercise training [ 25 ]. At 
present, the role of these newer imaging tech-
niques in the clinical assessment of endurance 
athletes remains uncertain. 

 LV diastolic function has also been studied in 
endurance athletes. Endurance exercise training 
leads to enhanced early diastolic LV fi lling as 
assessed by E-wave velocity and mitral annular/
LV tissue velocities [ 26 – 28 ]. In an elegant study 
utilizing invasive hemodynamic measurements, 
Levine et al. described improved LV chamber 
compliance in athletes as lesser increases in pul-
monary artery capillary wedge pressure for a given 
increase in end-diastolic volumes [ 29 ,  30 ]. These 
changes in LV diastolic function are attributable to 
a combination of enhanced intrinsic myocardial 
relaxation and training-induced increases in LV 
preload. Speckle tracking echocardiography has 
provided further insight into diastolic function, 
with enhanced peak early diastolic untwisting rate 
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observed in rowers after 90 days of endurance 
exercise training [ 25 ]. This ability of the LV to 
relax briskly during early diastole is an essential 
mechanism of stroke volume preservation during 
exercise at high heart rates.    

    Right Ventricular Adaptations 
to Endurance  Exercise   

  Endurance exercise requires both the LV and the 
right ventricle (RV)    to accept and eject large vol-
umes of blood simultaneously. It is therefore not 
surprising that both the RV and LV remodel dur-
ing chronic endurance sport participation. 
Cardiac imaging studies using both echocardiog-
raphy and magnetic resonance imaging docu-
ment a high prevalence of right ventricular 
dilation among endurance-trained athletes [ 26 , 
 31 ,  32 ]. Similar to the left ventricle, resting RV 
systolic function may be mildly reduced among 
trained endurance athletes and likely refl ects the 
substantial contractile reserve afforded by physi-
ologic RV dilation [ 33 ]. Due to the increased vol-
ume load during endurance training, RV volume, 
mass, and stroke volume have all been observed 
to increase in endurance athletes, largely based 
on measurements using cardiac MRI [ 30 ]. 

 RV function may also be affected by endurance 
exercise. In similar fashion to that observed in the 
LV, it is common to see trained endurance athletes 
with low-normal to slightly depressed resting RV 
systolic function. When encountered clinically, the 
use of exercise testing coupled with noninvasive 
imaging may be useful to document normal or 
enhanced contractile reserve [ 34 ]. To what degree 
RV diastolic function is impacted by endurance 
exercise training and whether this is of clinical or 
physiologic relevance remain unknown.   

    Atrial Adaptation to Endurance 
 Exercise   

  In addition to remodeling of the left and right 
ventricle, numerous studies have shown that 
atrial enlargement is frequent among endurance- 
trained athletes [ 30 ]. In an early sentinel report, 

Pellicia et al. [ 35 ] presented a large data set of 
atrial measurements in athletes ( n  = 1777) and 
demonstrated that left atrial enlargement 
(>40 mm in an anterior/posterior transthoracic 
echocardiographic view) was present in approxi-
mately 20 %. Of note, among athletes with left 
atrial dilation, few athletes had clinical evidence 
of supraventricular arrhythmias. In general, atrial 
enlargement is proportional to the enlargement of 
the ventricles and is affected by the type of train-
ing undertaken [ 11 ,  23 ,  36 ,  37 ]. Meta-analysis 
examining left atrial (LA) size in athletes found 
that both pooled mean LA diameter and LA vol-
ume index were greater than sedentary control 
subjects. In addition, the LA dilation tracked 
closely with physiological sporting discipline, 
with endurance athletes demonstrating the largest 
differences [ 38 ]. Cumulative lifetime exercise 
training hours have subsequently been shown to 
be an important determinant of left atrial size 
[ 39 ]. The clinical implications of this fi nding, 
particularly with respect to the development of 
atrial fi brillation, warrant further study. 

 Endurance training appears to have similar 
effects on the right atrium (RA) as evidenced by 
data derived from youthful elite athletes [ 40 ], 
with veteran marathon runners [ 41 ], despite the 
existence of right atrial geometric alterations in 
endurance athletes; no differences in the right 
atrial function have yet to be demonstrated [ 42 ].   

    Variability of  Exercise-Induced 
Cardiac Remodeling      

   The magnitude of exercise-induced cardiac 
remodeling varies considerably across individual 
athletes. Obvious explanatory factors including 
sport type, prior exercise exposure, and training 
intensity/duration do not explain all of this vari-
ability. Additional factors including sex, ethnic-
ity, and genetics are contributory [ 19 ,  43 ,  44 ]. 
This appears to be true even when cardiac dimen-
sions are corrected for the typically smaller 
female body size. Defi nitive explanation for the 
sex-specifi c magnitude of exercise-induced 
remodeling remains elusive. Race is also an 
important determinant of remodeling, with black 
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athletes tending to have thicker LV walls than 
white athletes. A group of white and black ath-
letes have been using echocardiographic imaging 
and found that nearly 20 % of the black athletes 
were found to have LV wall thickness of at least 
12 mm as compared with 4 % of white athletes. 
Importantly, 3 % of black athletes in this cohort 
were found to have wall thickness of greater than 
15 mm [ 45 ]. Similarly, ethnic-/race-related dif-
ferences were studied in a group of 440 black and 
white female athletes using echocardiography. 
Black female athletes demonstrated signifi cantly 
greater LV wall thickness and mass compared 
with the white woman [ 20 ]. 

 These numerous adaptations in cardiac struc-
ture and function documented above are not 
exclusive to elite-level athletes. A recent study of 
middle-aged men who engaged in marathon 
training also identifi ed biventricular dilation, 
enhanced left ventricular diastolic function, and 
favorable changes in non-myocardial determi-
nants of cardiovascular risk after an 18-week rec-
reational running program [ 46 ]. The observed 
structural remodeling in this setting was of suffi -
cient magnitude such that post-training cardiac 
parameters commonly fell outside the established 
clinical ranges of normal.    

    Clinical Implications of  Remodeling   

  Complex cardiovascular demands and adaptations 
imposed by endurance exercise pose distinct chal-
lenges. The overlap between normal, adaptive 
physiology and pathology and the proper distinc-
tion between the two are crucial in the athlete pop-
ulation, where several important causes of athletic 
sudden cardiac death can be diffi cult to differenti-
ate from adaptation. The long-term clinical sequela 
of endurance exercise and the signifi cance of 
adaptive physiology are still a topic of debate. 
Although the concept of prolonged endurance 
exercise participation leading to overuse pathol-
ogy and premature cardiovascular mortality has 
been described, there is no defi nitive evidence to 
confi rm its validity [ 34 ,  47 – 50 ]. 

 There is a growing body of literature that 
describes an association between long-term 

endurance exercise and increased risk of atrial 
fi brillation [ 51 ]. Although routine physical exer-
cise may favorably impact many key determi-
nants of cardiovascular disease (e.g., lipid 
profi les, blood pressure, and body mass), atrial 
fi brillation is the exception and has been recog-
nized as a problem for the masters athlete (a 
group defi ned as competitors >40 years of age). 
Numerous underlying mechanisms, including 
those shared with the general, more sedentary 
population (e.g., undiagnosed hypertension, 
excessive alcohol consumption, sleep apnea), and 
some factors more specifi c to the aging competi-
tive athlete, including resting vagotonia, chronic 
infl ammation, and left atrial dilation, have been 
proposed. Greater prevalence of atrial fi brillation 
among endurance athletes [ 52 ] provides an 
important stimulus for research aimed at better 
understanding the mechanisms and consequences 
of endurance exercise. Atrial fi brillation in the 
endurance athlete will be addressed later in the 
chapter. 

 Although cardiac remodeling in response to 
long-term endurance exercise is often regarded as 
benefi cial, it has been suggested that very extreme 
exercise bouts could promote permanent struc-
tural or functional cardiac changes [ 34 ,  48 , 
 53 – 56 ]. The RV has been the focus of this debate. 
We previously reported physiologic RV dilation 
with focal deterioration of interventricular septal 
function after a period of intense exercise train-
ing [ 57 ]. The RV dilation observed may compro-
mise septal function by the way its fi bers insert 
into the LV. Recently, La Gerche and colleagues 
[ 48 ] also demonstrated a relationship between 
intense endurance exercise and acute reduction in 
RV function that increased with race duration and 
correlated with increases in biomarkers of myo-
cardial injury. All immediate postrace right ven-
tricular geometry measurements were increased. 
According to the Frank–Starling mechanism, the 
increased volume, area, and dimensions should 
augment cardiac deformation if contractility is 
preserved. Therefore, the immediate postrace 
reductions in the RV may represent a true impair-
ment in RV contractility with acute exercise 
bouts. In addition, cardiac magnetic resonance 
imaging with  delayed gadolinium enhancement 
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(DGE)   has been used to further characterize RV 
remodeling. 

  Septal fi brosis   in the locations of RV fi ber 
insertion has been documented in athletes with a 
longer history of competitive sport, suggesting 
that repetitive ultra-endurance exercise may lead 
to more extensive RV change and possible myo-
cardial fi brosis [ 47 ,  48 ]. The cardiac impact of 
long-term endurance exercise on the RV and the 
recovery processes may be insuffi cient to com-
pensate for the extent of injury [ 34 ,  48 ,  58 ]. This 
repetitive fatigue may stimulate remodeling and 
may lead in some to a fi brotic pathologic pheno-
type. Although the absence of  DGE   in athletes 
with modest training histories has been noted, 
DGE has been reported in 12–50 % of extensively 
trained veteran athletes [ 48 ,  59 ,  60 ]. However, 
the patches of  DGE   are very small and are 
focused around the septum and RV insertion 
points, a region that may indicate local mechani-
cal stresses rather than extensive fi brosis. The 
relationship between the presence of  DGE   and 
long-term outcomes has yet to be defi ned, and 
further study is needed. 

 There has been speculation about whether 
noninvasive surrogates of cardiac injury may 
identify athletes at greater risk. Increases in car-
diac troponin and beta-type natriuretic peptide 
after endurance sporting events refl ect myocar-
dial injury and have been reported [ 61 ]. 
Signifi cant increases in serological markers, 
potentially indicating myocardial damage, dur-
ing and/or directly after a marathon run have 
been reported [ 56 ,  62 ,  63 ]. However, the ele-
vated cardiac biomarkers regressed to normal 
values within a period of 24–48 h and, therefore, 
may be the result of transient and reversible 
alterations of the cardiac myocytes without neg-
ative clinical consequences [ 64 ,  65 ]. Hanssen 
et al. [ 49 ] combined measurements of cardiac 
biomarkers with cardiac magnetic resonance, 
including  DGE  , demonstrating an absence of 
detectable myocardial necrosis despite a tran-
sient increase in cardiac biomarkers. Further 
experimental studies are warranted to determine 
the clinical consequences of these increased 
cardiac biomarkers.   

     Electrical Remodeling      

   In addition to structural and functional myocardial 
remodeling, electrical remodeling occurs in 
response to endurance sport training. These adap-
tations manifest as distinct changes on the 12-lead 
electrocardiogram (ECG) and are thus important 
for clinicians to be capable of differentiating  ECG   
patterns which result from training and from those 
suggestive of the disease which may increase the 
risk of sudden death during sport participation 
[ 30 ]. The 12-lead ECG provides rapid and rela-
tively inexpensive information about cardiac elec-
trical conduction and myocardial structure. 
Therefore, the  ECG   is the initial test of choice in 
the athletic patient with symptoms suggestive of 
heart disease and plays an important, though still 
controversial, role in the pre-participation screen-
ing of asymptomatic athletes. Because of the 
heightened vagal tone that accompanies physical 
conditioning, trained athletes commonly demon-
strate benign arrhythmias and conduction altera-
tions, including sinus bradyarrhythmia, junctional 
rhythm, fi rst-degree atrioventricular block, and 
type I second-degree atrioventricular block (i.e., 
Wenckebach phenomenon) [ 66 ]. 

 Clinical criteria for differentiating adaptive/
training-related  ECG   patterns from those sugges-
tive of true pathologic heart disease have under-
gone considerable evolution over the past two 
decades. In 1998, Corrado et al. presented the 
results of a 27-year screening initiative (1979–
1996) designed to protect young competitive ath-
letes from sudden cardiac death. This landmark 
paper represented the fi rst publication in which a 
comprehensive set of 12-lead ECG criteria was 
proposed for use in asymptomatic athletes [ 67 ]. 
The European Society of Cardiology (ESC) fol-
lowed in 2005 with the fi rst consensus document 
presenting quantitative ECG criteria for use in 
athletes [ 68 ]. Although the use of the 2005 ESC 
criteria was shown to signifi cantly increase the 
likelihood of detecting underlying cardiomyopa-
thy in athletes, its use was associated with a pro-
hibitive rate of false-positive testing [ 8 ]. 
Specifi cally, utilizing transthoracic echocardiog-
raphy as the gold standard for the presence or 
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absence of structural and valvular heart disease, 
12-lead ECG-inclusive screening using the 2005 
ESC criteria was associated with a false-positive 
rate of 16.9 %. The majority of false-positive test-
ing included several common ECG patterns (iso-
lated precordial and limb lead QRS voltage, 
isolated left atrial enlargement, and incomplete 
right bundle branch block) and were found almost 
exclusively among athletes who were found by 
echocardiography to have evidence of physio-
logic cardiac remodeling. 

 The ESC updated their criteria in 2010 [ 69 ]. In 
this update, the writing group divided ECG pat-
terns into two specifi c groups. “Group 1” was a 
list of patterns designated as “common and train-
ing related” that should not prompt further evalu-
ation for underlying pathology. Key components 
of the “Group 1” list included sinus bradycardia, 
fi rst-degree AV block, incomplete right bundle 
branch block, “early repolarization,” and isolated 
QRS voltage criteria for left ventricular hypertro-
phy. In parallel, a second group of ECG patterns 
was designated as those that are “uncommon and 
training unrelated” among athletes. “Group 2” 
included many well-established markers of occult 
structural and electrical diseases including 
T-wave inversions, ST segment depression, 
pathologic Q waves, conduction abnormalities 
including complete bundle branch and left bundle 
fascicular blocks, gender-specifi c abnormalities 
of QT interval duration, and preexcitation. 

 Most recently, the “Seattle Criteria” [ 70 ] and 
subsequent “revised criteria” [ 71 ] have been devel-
oped. In sum, these criteria continue to improve the 
specifi city of ECG interpretation in athletes by 
assigning a benign nature to several common ECG 
patterns including equivocal QTc intervals, T-wave 
inversions isolated to leads V1 and V2, and either 
isolated right axis deviation or right ventricular 
hypertrophy voltage criteria [ 72 ,  73 ].    

    Evaluation of the Symptomatic 
Endurance  Athlete   

  Although participation in sport and regular 
exercise promotes good health, athletes are not 
immune to cardiovascular symptoms and disease. 

Sudden death of an athlete is a tragic event. 
These deaths often assume a high public profi le 
because of the youth of the victims and the gen-
erally held perception that trained athletes con-
stitute the healthiest segment of society. Sudden 
death during sport is most commonly caused by 
occult cardiovascular disease [ 74 ], and many of 
the key cardiovascular diseases responsible for 
sudden death fi rst manifest as symptoms during 
exercise. The cardiovascular causes of sudden 
death in athletes have been well documented, 
and pathology is often age related [ 66 ,  74 – 77 ]. 
In the United States, among people <35 years 
old, genetic heart diseases predominate, with 
hypertrophic cardiomyopathy being the most 
common, accounting for at least one-third of the 
mortality in autopsy- based athlete study popula-
tions [ 74 ,  75 ,  77 ]. Congenital coronary anoma-
lies (usually those of wrong sinus origin) are 
second in frequency, occurring in 15–20 % of 
cases. For older athletes (>35 years of age), ath-
erosclerotic coronary artery disease is the pre-
dominant cause of sudden death [ 74 ]. Symptoms 
can fi rst manifest during exercise when there are 
increased cardiovascular demands. Symptoms 
may be suggestive of underlying pathology and 
have long-term prognostic implications. The 
possibility of coronary or other life-threatening 
cardiac diseases in “physically fi t” endurance 
athletes who have specifi c cardiac symptoms 
must be considered. Symptoms suffi ciently 
severe to interfere with an athlete’s performance 
should be exhaustively investigated, and a car-
diac cause must be presumed until disproven. 
The following sections address the most com-
mon cardiovascular issues encountered in the 
clinical care of the endurance athlete.   

     Chest Pain      

   Chest pain is a common complaint seen in ath-
letes across the entire age spectrum, and the 
underlying etiologies of chest pain are both myr-
iad and referable to many organ systems [ 78 ] 
(Table  1.1 ). The term “chest pain” encompasses 
vague sensations that carry a low likelihood of car-
diac etiology to typical angina that is commonly 
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associated with pathologic underlying cardiovas-
cular disease.

   Athletic patients presenting with chest pain 
most often experience their symptoms during 
physical exertion. In patients less than 35 years of 
age, congenital valvular heart disease; genetic 
cardiomyopathies, such as  hypertrophic cardio-
myopathy (HCM)  ; and coronary anomalies/mal-
formations are the leading causes of cardiac chest 
pain. In contrast, among patients over 35 years of 
age, obstructive coronary artery disease due to 
atherosclerosis is the most common cause of 
exertional chest pain [ 75 ,  76 ]. Chest pain can be 
divided into two categories: chest pain resulting 
from myocardial ischemia and chest pain from 
other causes.  Myocardial ischemia   results from 

an imbalance between myocardial oxygen 
demand and coronary blood fl ow. The most com-
mon causes of ischemic  chest pain      in athletes 
include atherosclerotic coronary artery disease 
(typically in older patients), anomalous coronary 
arteries (typically in younger patients), and 
genetic cardiomyopathies, most often  HCM  . 
Ischemic chest pain can also be caused by less 
frequent entities including coronary vasospasm, 
coronary artery dissection, and valvular heart dis-
ease, including aortic stenosis (both congenital 
and acquired), severe anemia, and thyrotoxicosis. 
Congenital  coronary artery anomalies   originating 
from the contralateral sinus of Valsalva and fol-
lowing a course between the aorta and pulmonary 
artery are a common cause of exertional chest 

   Table 1.1    Common cardiac and noncardiac causes of  chest pain      among endurance athletes   

 Common cardiac causes  Typical presenting symptoms 

 Obstructive CAD  Chest pressure or heaviness; pain radiates to the neck, jaw, shoulder, and/or left arm 

 Coronary vasospasm  Chest pressure or heaviness; pain radiates to the neck, jaw, shoulder, and/or left arm 

 Aortic or coronary 
artery dissection 

 “Tearing” pain, sudden and excruciating pain in the anterior chest radiating to the back 
or scapula 

 Anomalous coronary 
artery 

 Exertional chest discomfort at high levels of exertion. Exertional shortness of breath 
often mislabeled as “asthma.” Can manifest as syncope or cardiac arrest without 
premonitory symptoms 

 Valvular disease  Exertional chest discomfort at high levels of exertion. Exertional shortness of breath 
often mislabeled as “asthma.” Can manifest as syncope or cardiac arrest without 
premonitory symptoms 

 Myo- or pericarditis  Often manifests within days to weeks of a clear noncardiac viral infection. Symptoms 
variable. Positional chest pain that is most severe when lying supine and relieved at least 
in part by sitting forward; dyspnea and exercise intolerance 

 Tachyarrhythmias  Palpitations may be associated with chest pressure or heaviness, shortness of breath, and 
syncope 

 Noncardiac causes 

 Respiratory  Pulmonary embolism 

 Pneumonia/pleurisy 

 Pneumothorax 

 Gastrointestinal  Gastroesophageal refl ux disease 

 Peptic ulcer disease 

 Cholecystitis 

 Pancreatitis 

 Musculoskeletal  Costochondritis 

 Trauma 

 Strain 

 Other  Anxiety, depression 

 Anemia 

 Thyrotoxicosis 

 Herpes zoster 
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pain and exercise-related sudden death in athletes 
younger than 35 years and the literature pretain-
ing to the general population has relevance. Two 
studies examining atypical chest pain leading to 
hospital admission found that the causes fell 
into fi ve categories: musculoskeletal, cardiac, 
gastrointestinal, respiratory, and miscellaneous. 
Musculoskeletal causes were the most common 
(27 %) [ 79 ], and in our experience, this fi nding 
also applies to athletes with chest pain. A careful 
physical examination of the chest wall can be 
relied on to differentiate musculoskeletal chest 
pain from other causes. 

 There are several important cardiac conditions 
that can cause chest pain without myocardial 
ischemia. The most common are pericarditis, 
myocarditis, and aortic dissection. Pericarditis 
and myocarditis are infl ammatory diseases of the 
heart lining and muscle, respectively, which are 
most often caused by infectious agents (most 
commonly viruses). Both conditions often follow 
clinically appreciable infectious syndromes and 
are typically characterized by positional chest 
discomfort, fatigue, and in some cases palpita-
tions. Aortic dissection, acute tearing of the aor-
tic wall, is a surgical emergency that classically 
presents with “tearing” chest or back pain, often 
localized to the mid-scapular region. Among ath-
letes, aortic dissection most commonly occurs in 
individuals with underlying aortopathy and is 
usually precipitated by intense isometric actions 
(i.e., lifting heavy weight) or direct blunt chest 
wall trauma. Pre-participation screening, whether 
confi ned to standard medical history and physical 
examination or inclusive of a resting or exercise 
12-lead ECG, has limited capacity to identify 
coronary artery anomalies. Therefore, anomalous 
coronary lesions should be suspected in the ath-
lete who presents with chest discomfort during or 
immediately after exertion, even if the athlete has 
been previously screened with a pre-participation 
exam. When this diagnosis is suspected, direct, 
noninvasive imaging of the coronary anatomy is 
required.  Transthoracic echocardiographic imag-
ing   is capable of accurately defi ning coronary 
anatomy in 90 % of athletes [ 80 ]. Given the 
absence of radiation exposure and the widespread 
accessibility of this technique, this is the initial 

diagnostic imaging test in this setting. If transtho-
racic echocardiography does not yield defi nitive 
images of the coronary origins and proximal 
course, magnetic resonance imaging [ 79 ,  81 ,  82 ] 
or computed tomography [ 83 ] should be consid-
ered, based on institutional preferences and 
insurance reimbursement patterns.    

     Syncope      

   Syncope, transient loss of consciousness fol-
lowed by complete and spontaneous return to 
baseline mental status, is common among ath-
letes. In a large series of young Italian athletes, 
approximately 6 % experienced some form of 
syncope during their athletic careers [ 84 ]. 
Etiologies of syncope in the endurance athlete 
range from the benign neurally mediated collapse 
to life-threatening pathologic conditions, includ-
ing structural heart disease and primary 
arrhythmias. 

 Most syncopes in athletes are attributable to 
neurally mediated mechanisms involving pre-
dominant and often excessive vagal tone related 
to chronic exercise training. Syncope frequently 
occurs in athletes outside of sports participation. 
Typical triggers include anxiety, sudden postural 
changes, and painful stimuli. While often recur-
rent, non-exertional, neurally mediated syncope 
in the athlete is usually a benign condition. A 
closely related and common fainting syndrome is 
“post-exertional” syncope, often informally 
referred to as exercise-associated collapse. Post- 
exertional syncope occurs following abrupt ces-
sation of exercise, most commonly moderate- to 
high-intensity endurance exercise, and is caused 
by a rapid reduction in central venous return. 
This reduction in venous return, caused by both 
the cessation of skeletal muscle contraction and 
altered sympathetic/parasympathetic balance, 
causes transient cerebral hypoperfusion. The 
affected athlete typically reports prodromic feel-
ings of warmth, light-headedness, or diaphoresis, 
which begin within seconds of exercise termina-
tion and rapidly culminate in a loss of conscious-
ness lasting from several seconds to a minute. 
Athletes predisposed to this condition should be 
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counseled as this problem has a high rate or 
recurrence in the absence of avoidance-based 
therapy. In our practice, we employ the “6-S” 
algorithm (salt, sips, stop, socks, sex, sleep) as 
shown in Fig.  1.1 .

   Syncope that occurs during intense exercise, 
either with or without prodromal symptoms, 
should raise suspicion for underlying cardiac dis-
ease. Traumatic injury secondary to syncope 
should further increase the index of suspicion for 
underlying disease. Current American College of 
Cardiology/American Heart Association (ACC/
AHA) guidelines recommend that the approach 
to the athlete with exertional syncope begin 
with a meticulous history, physical examina-

tion, resting 12-lead electrocardiogram, and 
echocardiogram [ 85 ]. The medical history should 
characterize potential triggers, the timing and 
duration of the event, and the risks associated 
with future episodes of loss of consciousness. 
Physical examination should be directed toward 
signs, most often pathologic murmurs, of occult 
heart muscle and valve diseases. The resting 
12-lead ECG should be inspected for abnormali-
ties of conduction (QT prolongation, preexcita-
tion, pathologic right bundle branch block with 
early precordial ST elevations suggestive of 
Brugada syndrome) and fi ndings suggestive of 
structural heart disease (left bundle branch block, 
LVH with repolarization abnormalities, diffuse 

Salt, Sips, Stop, Socks, Sex, Sleep

Dietary salt augmentation in the form of
liberalized table salt use and consumption of 
salty snacks prior to training and competition

Adequate hydration with an emphasis on the
ingestion of 18-24 oz. of electrolyte containing

fluid prior to training and competition

Avoid sudden termination of exercise.
Emphasize the importance of active cool down

sessions after training and competition

Use of commercially available compression 
stockings

Adequate sleep and recovery particularly during 
times of high intensity / high volume training

More common in female athletes, particularly 
those initiating or discontinuing oral 

contraceptive therapy for birth control or 
regulation of menses

  Fig. 1.1    Conservative steps for the clinical management of neurally mediated  syncope      among endurance athletes       
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T-wave inversion). Transthoracic echocardiogra-
phy is recommended to exclude structural and 
valvular heart disease in individuals with syn-
cope, especially if any abnormality is detected 
during medical history, physical examination, or 
ECG interpretation. 

 The comprehensive assessment of true exer-
tional syncope often extends far beyond these 
basic measures and must be tailored to exclude 
underlying structural and electrical heart disease. 
We recommend such evaluations be conducted 
under the supervision of a cardiovascular special-
ist with expertise in the care of athletic patients. 
Provocative and customized exercise testing is 
often high yield and should be designed to 
approximate the exercise conditions in which the 
syncope occurred. Careful attention should be 
given to the exercise ECG for the detection of 
explanatory arrhythmias. When lab-based exer-
cise testing is inconclusive, ambulatory rhythm 
monitoring may be necessary. There are numer-
ous ambulatory rhythm monitoring devices avail-
able, and the choice should be dictated by the 
frequency and duration of syncope on an indi-
vidual patient basis. The use of tilt-table testing 
in athletes, due to high rates of false-positive test-
ing, is of limited value. In very select cases, most 
often in the setting of a documented arrhythmia 
syndrome, invasive electrophysiologic study 
(EPS) may be both diagnostic and potentially 
therapeutic [ 86 ]. 

 Management of the athlete with syncope is 
dictated by cause. Individuals with signifi cant 
structural or valvular heart disease should be 
managed with appropriate sport restriction, med-
ication, EPS with or without ablation, implant-
able defi brillator placement, or surgery on the 
basis of specifi c pathology [ 83 ]. Neurally medi-
ated post-exertional syncope can often be avoided 
by mandating an active cooldown period after 
exertion and by paying attention to hydration and 
supplemental salt intake. In athletes with recur-
rent neurally mediated syncope despite these 
fi rst-line treatments, postural training or pharma-
cologic therapy may be reasonable; however, 
these should be prescribed only after careful con-

sideration of rules delineating banned substances 
in athletes.    

     Palpitations      

   Palpitations are a frequent complaint in athletes. 
The heightened vagal tone that accompanies rou-
tine exercise training commonly results in marked 
sinus bradycardia, and the relatively lengthy time 
period between sinus beats may facilitate an 
increase in ectopic atrial and ventricular beats. 
Slow resting heart rate coupled with the keen 
body awareness that is typical among athletic 
patients often leads to sensing of these spontane-
ous depolarizations. In the majority of cases, 
resting palpitations that are suppressed with exer-
cise, particularly among athletes with no fi ndings 
during medical history, physical examination, 
and 12-lead ECG, are a benign phenomenon that 
requires no further evaluation [ 87 ]. 

 The athlete presenting either with palpitations 
that are exacerbated by exercise or with other 
fi ndings suggestive of occult cardiac disease 
requires a comprehensive evaluation by a cardio-
vascular specialist with expertise in the care of 
athletic patients. A broad differential diagnosis 
must be considered. Noninvasive cardiac imag-
ing, customized exercise testing designed to 
stimulate the demands of training and competi-
tion, and ambulatory rhythm monitoring play a 
key role in the evaluation. The choice of a spe-
cifi c ambulatory rhythm monitoring device is 
crucial and requires individualized decision mak-
ing. For symptoms that predictably recur within a 
24-h period, simple Holter monitoring may be 
adequate. If the athlete experiences less frequent, 
more intermittent symptoms, they are best evalu-
ated with a continuous loop recorder or event 
(patient-triggered) monitor. For those with very 
infrequent or elusive symptoms (>1 month 
between symptoms), an implantable loop 
recorder may be required. 

 Palpitations due to benign atrial and/or ven-
tricular ectopy that occur at rest are suppressed 
by exercise, are not accompanied by primary 
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structural or electrical diseases, and are best man-
aged conservatively. Often counseling geared 
toward patient reassurance and avoidance of 
potential triggers including alcohol, caffeine, and 
stimulants are suffi cient. Among athletic patients 
with palpitations caused by pathology, disease- 
specifi c therapies designed to reduce the burden 
of arrhythmia (i.e., pharmacologic suppression, 
intracardiac ablation) and to reduce the risk of 
sudden cardiac death (i.e., sports restriction, 
implantable defi brillator placement) are often 
indicated.    

     Atrial Arrhythmias         

    Atrial fi brillation (AF) is the most common 
arrhythmia in the general population [ 88 ]. A rap-
idly growing body of literature suggests that 
long-standing participation in endurance exercise 
may increase the prevalence of atrial fi brillation 
in athletes [ 89 ]. Mechanistic underpinning of this 
observation remains unknown but is likely multi-
factorial with contributions from age, years of 
training, structural remodeling (atrial stretch), 
scarring, atrial infl ammation, changes in the 
autonomic nervous system (increased vagal 
tone), hypovolemia, genetic predisposition, and 
illicit drug use. 

 A meta-analysis of six studies that involved 
655 athletes engaging in diverse sporting disci-
plines reported a fi vefold risk of AF [ 90 ]. A 
recent large study of 52,000 long-distance cross- 
country skiers demonstrated that atrial fi brilla-
tion was the most common arrhythmia (1.3 %) 
and was related to the number of races competed 
and faster fi nishing times, surrogates of endur-
ance training volume and duration, respectively 
[ 91 ]. This has been supported by others who 
documented lone atrial fi brillation with endur-
ance athletes (mean age 44 years) who report a 
lifetime practice of sport exceeding 1500 h 
[ 92 – 94 ]. 

 In an effort to identify as potential modulators 
and triggers of arrhythmias, Wilhelm studied a 
cohort of 70 randomly selected athletes entering 
a ten-mile running race and demonstrated an 

increase in left atrial volume and P-wave prolon-
gation as evidence of altered atrial substrate and 
increased vagal tone and atrial ectopy, respec-
tively [ 39 ]. The alterations seen in the atria with 
chronic endurance training may also adversely 
affect the sinoatrial and atrioventricular nodes. 

 Treatment and prognostication of endurance 
athletes with atrial fi brillation is diffi cult due to 
the paucity of large-scale prospective, random-
ized clinical trials and guidelines focusing 
directly on this population. In the absence of such 
resources, current guidelines for the management 
of atrial fi brillation in the general population 
must be considered when caring for endurance 
athletes. Therapeutic options for athletes with 
AF must be individualized and may include 
strategies including restriction of endurance 
exercise dose, rhythm maintenance pharmaco-
therapy, and intracardiac ablation. We routinely 
assess the risk–benefi t balance of anticoagulation 
pharmacotherapy for all athletes with AF and 
develop an individualized strategy that emerges 
from a shared decision-making strategy.     

    Long-Term Effect of Chronic 
Endurance  Training      

   Regular exercise is highly effective for preven-
tion and treatment of many chronic diseases and 
improves cardiovascular (CV) health and longev-
ity. The American Heart Association recom-
mends at least 30 min of moderate-intensity 
aerobic activity at least 5 days per week for a 
total of 150 min for overall cardiovascular health. 
Moderate-intensity exercise is considered to be 
any activity causing a raised heart rate and 
increased breathing but being able to speak com-
fortably and includes a brisk walk at 4 mph or 
cycling at 10–12 mph. The intensity of physical 
exercise is usually expressed in terms of energy 
expenditure or metabolic equivalents (METs). 
One MET represents an individual’s energy 
expenditure while sitting quietly for 1 min 
(equivalent to about 1.2 kcal/min for a person 
weighing 72 kg). Moderate-intensity exercise is 
equivalent to 3–6 METs, whereas athletes typically 
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perform in excess of 15 METs [ 95 ]. The “dose” 
of exercise consists of a number of factors, 
including intensity (how hard), duration (how 
long), and frequency (how often). 

 People who exercise regularly have markedly 
lower rates of disability and a mean life expec-
tancy that is 7 years longer than that of their 
physically inactive contemporaries [ 96 – 98 ]. It is 
clear that mild to moderate exercise is better 
from a health outcomes perspective than no exer-
cise; it remains unknown and actively debated 
whether an upper limit of exercise dose exists 
above which adverse effects outweigh benefi ts 
[ 50 ]. Preliminary data suggests that there may be 
a U-shaped relationship between exercise dose 
and adverse cardiovascular events [ 99 ,  100 ]. 
Among 1000 joggers prospectively studied, 
those who ran for 30–45 min, three times a week, 
had a lower mortality than sedentary non-jog-
gers, while more strenuous joggers had a mortal-
ity rate that was not statistically different from 
this study’s sedentary group. Similarly, a 15-year 
observational study of 52,000 adults found that 
runners had a 19 % lower risk of all-cause mor-
tality compared with non-runners, with U-shaped 
mortality curves for distance, speed, and fre-
quency. Running distances of about 1–20 miles 
per week, speeds of 6–7 miles per hour, and fre-
quencies of 2–5 days per week were associated 
with lower all-cause mortality, whereas higher 
mileage, faster paces, and more frequent runs 
were not associated with better survival [ 101 ]. In 
our opinion, these data generate important 
hypotheses that will require further work to con-
fi rm or refute.    

    Sudden Death During Endurance 
 Competition      

   Sudden cardiac death (SCD) during endurance 
sporting events is a rare phenomenon. 
Collectively, this topic has been most thoroughly 
examined in the context of marathon running as 
summarized in Table  1.2 . The largest database 
documenting sudden death during marathon run-

ning was comprised by the RACER  study      group. 
Kim et al. [ 62 ] investigated the incidence and 
outcome of cardiac arrests during marathon and 
half-marathon races in the United States during 
the decade spanning from 2000 to 2010. In the 
10.9 million runners examined, 59 cases of car-
diac arrest occurred in association with either 
marathon or half-marathon races. Men were sig-
nifi cantly more likely to experience cardiac arrest 
and SCD than women. The event rates were sig-
nifi cantly correlated with the age of the runners 
and signifi cantly more frequent in “full” mara-
thon runs (42.195 km) than in “half”-marathon 
runs. Notably, more than half the cases of sudden 
cardiac death occurred in the fi nal mile.

   The  RACER      authors calculated that the inci-
dence rates of cardiac arrest and sudden death 
during long-distance running races were 1 per 
184,000 and 1 per 259,000 participants, respec-
tively. Thus, event rates among marathon and 
half-marathon runners are relatively low, as 
compared with other athletic populations, includ-
ing collegiate athletes (1 death per 43,770 partici-
pants per year) [ 102 ], triathlon participants 
(1 death per 52,630 participants) [ 103 ], and pre-
viously healthy middle-aged joggers (1 death per 
7620 participants) [ 104 ], suggesting that the risk 
associated with long-distance running events is 
no higher and may be lower when compared with 
other vigorous physical activities. These rates 
compare favorably with those presented by other 
investigators.    

    Conclusion 

 In summary, since the days of Henschen and 
Darling, understanding of sport-specifi c changes 
in cardiac structure and exercise-induced cardiac 
remodeling has advanced signifi cantly. In order 
to defi ne the natural history of endurance-
induced cardiac remodeling, longer-duration 
longitudinal study is required. Examination of 
prolonged exposures to exercise training will be 
necessary to determine normative values across 
the age and training spectrums of athletic patients. 
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This information, coupled with the impact of 
detraining, will help to more clearly distinguish 
the boundary between physiology and pathology 
in athletic patients.     
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      Exercise-Induced 
Bronchoconstriction and Vocal 
Cord Dysfunction                     

     Christopher     Kempe     and     Jonathan     P.     Parsons    

            Exercise-induced bronchoconstriction (EIB)         
describes acute, transient airway narrowing that 
occurs in association with exercise. EIB is charac-
terized by symptoms of cough, wheezing, or chest 
tightness during or after exercise. Exercise is one 
of the most common triggers of bronchospasm in 
patients with underlying  asthma     , and approxi-
mately 80 % of individuals with chronic asthma 
have experienced exercise-induced respiratory 
symptoms [ 1 ]. However, EIB also occurs in up to 
10 % of people who are not known to be atopic or 
asthmatic [ 2 ]. These patients do not have the typi-
cal features of chronic asthma (i.e., frequent day-
time symptoms, nocturnal symptoms, impaired 
lung function), and exercise may be the only stim-
ulus that causes respiratory symptoms. 

  EIB   occurs quite commonly in athletes, and 
prevalence rates of bronchospasm related to exer-
cise in athletes range from 11 to 50 % [ 3 ]. Holzer 
and colleagues [ 4 ] found 50 % of a cohort of 50 elite 
summer athletes had EIB. Wilber and associates 

[ 5 ] found that 18–26 % of Olympic winter sport 
athletes and 50 % of cross-country skiers had 
EIB. The US Olympic Committee reported an 
11.2 %  prevalence of EIB   in all athletes who 
competed in the 1984 Summer Olympics [ 6 ]. 

 Despite numerous studies that investigate the 
 prevalence of EIB   in athletes, few studies have 
investigated the prevalence of EIB in cohorts of 
athletes without known history of asthma or 
EIB. Mannix and associates [ 7 ] found that 41 of 
212 subjects (19 %) in an urban fi tness center, 
none of whom had a previous diagnosis of asthma, 
had EIB. Rupp and colleagues [ 8 ] evaluated 230 
middle and high school student athletes and, after 
excluding those with known EIB, found that 29 % 
had EIB. These studies suggest that EIB occurs 
commonly in subjects who are not known to have 
asthma and likely is underdiagnosed clinically. 

 The  prevalence of EIB   may be further underes-
timated because patients with asthma and EIB have 
been shown to be poor perceivers of symptoms of 
bronchospasm [ 9 ,  10 ]. Specifi cally, athletes often 
suffer from lack of awareness of symptoms sugges-
tive of EIB [ 11 ,  12 ]. Health- care providers and 
coaches also may not consider EIB as a possible 
explanation for respiratory symptoms occurring 
during exercise.  Athletes   are generally fi t and 
healthy, and the presence of a signifi cant medical 
problem often is not considered. The athlete is 
often considered to be “out of shape,” and vague 
symptoms of chest discomfort, breathlessness, and 
fatigue are not interpreted as a manifestation of 
EIB. Athletes themselves are often not aware that 
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they may have a physical problem. Furthermore, 
if they do recognize they have a medical problem, 
they often do not want to admit to health personnel 
that a problem exists because of fear of social 
stigma or losing playing time. 

 Athletes that compete in high-ventilation or 
endurance sports may be more likely to experience 
 symptoms   of EIB than those who participate in 
low-ventilation sports [ 13 ]; however, EIB can occur 
in any setting.  EIB   is prevalent in endurance sports 
in which ventilation is increased for long periods of 
time during training and competition such as cross-
country skiing, swimming, and long-distance run-
ning [ 13 ]. EIB also occurs commonly in winter 
sport athletes [ 5 ]. In addition, environmental trig-
gers may predispose certain populations of athletes 
to an increased risk for development of 
EIB. Chlorine compounds in swimming pools [ 14 ] 
and chemicals related to ice-resurfacing machinery 
in ice rinks [ 15 ], such as carbon monoxide and 
nitrogen dioxide, may put exposed athletic popula-
tions at additional risk. These environmental factors 
may act as triggers and exacerbate bronchospasm 
in athletes who are predisposed to EIB. Thus, it is 
important for athletes, coaches, and athletic trainers 
supervising athletes in these sports to be aware of 
these important environmental issues. 

 The  clinical manifestations   of EIB are 
extremely variable and can range from mild 
impairment of performance to severe broncho-
spasm and respiratory failure. Common symp-
toms include coughing, wheezing, chest tightness, 
and dyspnea. More subtle evidence of EIB 
includes fatigue, symptoms that occur in specifi c 
environments (e.g., ice rinks or swimming pools), 
poor performance for conditioning level, and 
avoidance of activity (Table  2.1 ).

   Generally, exercise at a workload representing 
at least 80 % of the maximal predicted oxygen 
consumption for 5–8 min is required to generate 
bronchospasm in most athletes [ 16 ]. Typically, 
athletes experience transient bronchodilation ini-
tially during exercise, and symptoms of EIB 
begin later or shortly after exercise. Symptoms 
often peak 5–10 min after exercise ceases and 
can remain signifi cant for 30 min or longer if no 
bronchodilator therapy is provided [ 17 ]. However, 
some athletes spontaneously recover to baseline 
airfl ow within 60 min, even in the absence of 
intervention with bronchodilator therapy [ 17 ]. 
Unfortunately, it is currently impossible to pre-
dict which athletes will recover without treat-
ment. Athletes who experience symptoms for 
extended periods often perform at suboptimal 
levels for signifi cant portions of their competitive 
or recreational activities. 

 The presence of EIB can be challenging to 
recognize clinically because symptoms are often 
nonspecifi c. Complete history and physical 
examination should be performed on each athlete 
with respiratory complaints associated with exer-
cise. However, despite the value of a comprehen-
sive history of the athlete with exertional dyspnea, 
the  diagnosis   of EIB based on self-reported 
symptoms alone has been shown to be inaccu-
rate. Hallstrand and colleagues [ 18 ] found that 
screening history identifi ed subjects with symp-
toms or a previous diagnosis suggestive of EIB in 
40 % of the participants, but only 13 % of these 
persons actually had EIB after objective testing. 
Similarly, Rundell and associates [ 12 ] demon-
strated that only 61 % EIB-positive athletes 
reported symptoms of EIB, whereas 45 % of 
athletes with normal objective testing reported 
 symptoms  . The poor predictive value of the his-
tory and physical examination in the evaluation 
of EIB strongly suggests that clinicians should 
perform objective diagnostic testing when there 
is a suspicion of EIB. 

 Other medical problems that can mimic EIB 
and that need to be considered in the initial evalua-
tion of exertional dyspnea include vocal cord dys-
function, gastroesophageal refl ux disease, and 
allergic rhinitis.  Cardiac pathology   such as arrhyth-
mia, cardiomyopathy, and cardiac shunts are rarer, 

   Table 2.1    Common  symptoms   of EIB   

 Symptoms of EIB 

 Dyspnea on exertion 

 Chest tightness 

 Wheezing 

 Fatigue 

 Poor performance for conditioning level 

 Avoidance of activity 

 Symptoms in specifi c environments (e.g., ice rinks, 
swimming pools) 
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but need to be considered as well (Table  2.2 ). 
A comprehensive history and examination is 
recommended to help rule out these other disor-
ders, and specifi c testing such as echocardiography 
may be required. A history of specifi c symptoms in 
particular environments or during specifi c activities 
should be elicited. Timing of symptom onset in 
relation to exercise and recovery is also helpful. 
A thorough family and occupational history should 
be obtained because a family history of asthma 
increases the risk for other family members devel-
oping asthma [ 19 ].

    Objective testing   should begin with spirome-
try before and after inhaled bronchodilator ther-
apy, which will help identify athletes who have 
asthma. However, many people who experience 
EIB have normal baseline lung function [ 20 ]. In 
these patients, spirometry alone is not adequate 
to diagnose EIB. Signifi cant numbers of false- 
negative results may occur if adequate exercise 
and environmental stress are not provided in the 
evaluation for EIB. In patients being evaluated 
for EIB who have a normal physical examination 
and normal spirometry, bronchoprovocation test-
ing is recommended [ 21 ]. A positive broncho-
provocation test indicates the need for treatment 
of EIB. Specifi c tests have varying positive val-
ues, but in general, a change (usually ≥10 % 
decrease in forced expiratory volume in 1 s 
[FEV 1 ]) between pretest and posttest values is 
suggestive of EIB [ 22 ]. In a patient with persis-
tent exercise-related symptoms and negative 
physical examination, spirometry, and broncho-
provocation testing, we recommend reconsider-
ing alternative diagnoses. 

 Not all bronchoprovocation techniques are 
equally valuable or accurate in assessing EIB in 
athletes. The International Olympic Committee 
recommends  eucapnic voluntary hyperventilation 
(EVH)   challenge to document EIB in Olympians 

[ 23 ]. EVH involves hyperventilation of a gas 
mixture of 5 % CO 2  and 21 % O 2  at a target ven-
tilation rate of 85 % of the patient’s maximal vol-
untary ventilation in 1 min (MVV). The MVV is 
usually calculated as 35 times the baseline FEV 1 . 
The patient continues to hyperventilate for 
6 min, and assessment of FEV 1  occurs at speci-
fi ed intervals up to 20 min after the test. This 
challenge test has been shown to have a high 
specifi city [ 24 ] for EIB. EVH has also been 
shown to be more sensitive for detecting EIB than 
methacholine [ 4 ] or fi eld- or lab-based exercise 
testing [ 24 ]. 

  Field-exercise challenge tests   that involve the 
athlete performing the sport in which he or she is 
normally involved and assessing FEV 1  after exer-
cise have been shown to be less sensitive than 
EVH [ 25 ] and allow for little standardization of a 
protocol. Pharmacologic challenge tests, such as 
the methacholine challenge test, have been shown 
to have a lower sensitivity than EVH for detec-
tion of  EIB   in athletes [ 4 ] and are also not recom-
mended for fi rst-line evaluation of EIB. 

  Pharmacologic therapy   for EIB has been stud-
ied extensively. The most common therapeutic 
recommendation to minimize or prevent symp-
toms of EIB is the prophylactic use of short- 
acting bronchodilators (selective  β -adrenergic 
receptor agonists) such as albuterol shortly before 
exercise [ 21 ]. Treatment with two puffs of a 
short-acting  β -agonist shortly before exercise 
(15 min) will provide peak bronchodilation in 
15–60 min and protection from EIB for at least 
3 h in most patients. 

 Long-acting bronchodilators work in a similar 
manner pharmacologically as short-acting bron-
chodilators; however, the bronchoprotection 
afforded by long-acting  β -agonists has been 
shown to last up to 12 h, whereas that of short- 
acting agents is no longer signifi cant by 4 h [ 26 ]. 
However, long-acting bronchodilators are not 
recommended as monotherapy in EIB given 
increased risk of adverse outcomes [ 21 ]. 

 Inhaled corticosteroids are fi rst-line therapy in 
terms of controller medications for patients who 
have chronic asthma and also experience EIB 
[ 27 ]. Airway infl ammation is also often present 
in athletes who have EIB but do not have chronic 

    Table 2.2     Mimics   of EIB   

 Mimics of EIB 

 Vocal cord dysfunction 

 Gastroesophageal refl ux disease 

 Allergic rhinitis 

 Cardiac disease 
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asthma [ 14 ,  28 ]; therefore, inhaled corticosteroids 
are an effective medicine for treatment in this 
population as well. 

 Leukotriene modifi ers have also been shown 
to be effective in treating EIB [ 29 ]. Leff and col-
leagues [ 30 ] evaluated the ability of montelukast, 
a leukotriene receptor antagonist, to protect asth-
matic patients against EIB. Montelukast therapy 
offered signifi cantly greater protection against 
EIB than placebo therapy and was also associated 
with a signifi cant improvement in the maximal 
decrease in FEV 1  after exercise. In addition, tol-
erance to the medication and rebound worsening 
of lung function after discontinuation of treat-
ment were not seen. Leukotriene modifi ers are an 
effective second-line agent for treatment of EIB. 

 Mast cell stabilizers have been studied exten-
sively for the prophylaxis of EIB. These medica-
tions prevent mast cell degranulation and 
subsequent histamine release. In a meta-analysis 
of the prevention of EIB in asthmatic patients, 
nedocromil sodium was found to improve FEV 1  
by an average of 16 % and to shorten the duration 
of EIB symptoms to less than 10 min [ 31 ]. 
Although these agents are effective, they are often 
used as a second-line treatment because of their 
cost, lack of availability in the United States, and 
their decreased duration of action and effi cacy 
compared with  β  2 -agonists. 

 Many athletes fi nd that a period of precompe-
tition warm-up reduces the symptoms of EIB that 
occur during their competitive activity. It has 
been shown by investigators that this refractory 
period does occur in some athletes with asthma 
and that athletes can be refractory to an exercise 
task performed within 2 h of an exercise warm-up 
[ 32 ,  33 ]. However, the refractory period has not 
been consistently proven across different athletic 
populations [ 34 ]. 

 Other nonpharmacologic strategies can be 
employed to help reduce the frequency and sever-
ity of symptoms of EIB. Wearing a face mask 
warms and humidifi es inspired air when outdoor 
conditions are cold and dry and is especially 
valuable to elite and recreational athletes who 
exercise in the winter [ 35 ]. In addition, people 
with knowledge of triggers (e.g., freshly cut 
grass) should attempt to avoid them if possible. 

Dietary modifi cations (low-sodium diet, supple-
mentation with vitamin C, lycopene, or fi sh oil) 
have all been studied with mixed results [ 21 ].     

    Vocal Cord  Dysfunction   

   Vocal cord dysfunction (VCD) is  an      abnormal 
physiologic response to physical and emotional 
stimuli that culminates in an inappropriate adduc-
tion of the vocal cords during inspiration [ 36 ]. 
This leads to clinical manifestations including 
wheezing, stridor, and dyspnea [ 36 ]. Early in the 
history of this disease, it was believed to be 
entirely psychogenic in nature. Reports of the 
disease suggested that it was a conversion disor-
der, factitious disorder, or variant of Munchausen 
[ 36 ]. More recent research has also revealed, 
however, that many nonpsychiatric triggers exist 
as well including exercise [ 37 ]. The overall prev-
alence of this disorder in athletes is unknown; 
however, in one of the largest cohorts of 370 ath-
letes, the estimated prevalence was roughly 5.1 % 
[ 38 ]. VCD commonly mimics and coexists with 
asthma and can be diffi cult to diagnose. Diagnosis 
typically requires direct visualization of the vocal 
cords during video  laryngoscopy  . Treatment typi-
cally entails controlling comorbid conditions 
exacerbating VCD and formal laryngeal control 
therapy under the care of experienced speech 
therapists. 

 Although the  prevalence   of VCD is unknown, 
it is estimated that between 11 and 59 % of the 
general population have VCD [ 39 ,  40 ]. Studies 
have shown that typically, patients are young 
females from 20 to 40 years old [ 41 ]. These 
patients tend to have type A personality traits, 
strong drive for personal achievement, and other 
psychological stressors. Despite being more 
common in females, VCD has been diagnosed in 
males as well and in all age groups [ 40 ,  41 ]. 

 The most common presenting symptoms and 
physical exam fi ndings are listed in Table  2.3 . 
VCD is often misinterpreted as underlying 
asthma as it frequently presents as dyspnea, 
wheezing, chest tightness, and cough provoked 
by exercise. Exercise-induced voice changes, 
throat tightness, and frank stridor also can be 
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signs of vocal cord dysfunction. The presentation 
in athletes is similar to that of nonathletes, in that 
wheezing and inspiratory stridor are the most 
common symptoms. For athletes, however, typi-
cally the  symptoms   of VCD manifest during and 
interfere with exercise and aerobic performance. 
Symptoms typically are self-reported in this 
cohort of patients, and VCD is commonly misdi-
agnosed as EIB.

   In contrast to exercise-induced bronchoconstric-
tion (EIB), symptoms can be very abrupt in onset 
and resolution. It may only require a very brief 
amount of activity to trigger an episode of vocal 
cord dysfunction, whereas it often takes 15–20 min 
of exercise to trigger an episode of EIB. 

 The pathogenesis or  etiology   of VCD appears 
to be multifaceted. Review of the current litera-
ture suggests that there are many inciting factors 
that can lead to VCD. However, it should be 
noted that none of these proposed mechanisms 
have been prospectively proven in the literature. 
The most common comorbid conditions associ-
ated with VCD are listed below in Table  2.2 . 

 It has been suggested that for patients with 
psychologically mediated VCD, there is a dys-
regulation of the central respiratory mechanism 
that is triggered by anxiety or panic [ 42 ]. 

 One study demonstrated that nearly half of all 
patients diagnosed with VCD also have concomi-
tant asthma [ 43 ]. This substantial overlap may be 
a result of the fact that gastroesophageal refl ux 
disease and rhinitis are frequent comorbid condi-
tions in patients with asthma, and these condi-
tions can also confound or exacerbate underlying 
vocal cord dysfunction (Table  2.4 ).

   Another common mechanism that has been 
proposed involves irritation of the larynx which 
results in laryngeal hyperactivity. This laryngeal 
hyperactivity can be a consequence of acid expo-
sure in patients with  gastroesophageal refl ux dis-
ease (GERD)   or secretions from the nasal cavity 
in patients with sinus disease or rhinitis. It is 
believed that the acid or nasal secretions result in 
irritation of the larynx, which in turns alters the 
closure refl ex of the glottis. This has also been 
seen in response to noxious olfactory stimuli in 
patients with chronic rhinosinusitis [ 45 ]. This 
abnormal glottic closure can happen at rest, but 
may be more likely to occur when the upper air-
way is irritated by large volumes of air passing 
through it during vigorous exercise. 

 Multiple diffi culties arise when attempting to 
diagnose VCD. One of the most common barriers 
to diagnosis is that VCD often masquerades as 
asthma. It has been shown that VCD alone may 
cause wheezing; however, a signifi cant propor-
tion of patients diagnosed with VCD also have 
concomitant asthma. Unfortunately, no formal 
standard algorithm exists between centers to 
allow for uniform diagnosis, adding to the clini-
cal challenge represented by VCD [ 43 ]. 

 The initial step in evaluation begins with 
symptom recognition. Given the strong personal 
drive and committed nature of athletes, some 
patients may not identify that they have symp-
toms. Instead, they may blame training setbacks 
on themselves or other external reasons and fail 
to recognize that the exercise limitations may 
indeed be secondary to an underlying issue such 
as VCD or EIB. Once symptom recognition 
occurs, then the initial step would involve a his-
tory and physical exam A. After determining that 

   Table 2.3     Symptoms   of VCD   

 Symptoms of VCD 

 Wheezing 

 Dyspnea 

 Stridor (predominantly inspiratory but can be 
expiratory) 

 Chest pain/tightness (more common in EIB) 

 Neck or throat tightness (more common in VCD) 

 Cough 

 Hoarseness 

 Failure to respond to standard therapy for 
bronchospasm (inhaled beta-agonists, corticosteroids) 

   Table 2.4    Common  comorbid conditions associated 
with   VCD   

 Common comorbid conditions associated with VCD a  

 Asthma, most common—28–74 % 

 Gastroesophageal refl ux disease—17–56 % 

 Allergic rhinitis—43 % 

 Psychiatric disease—17 % 

   a Estimates of prevalence of comorbid conditions were 
drawn from two of the larger cohort studies evaluating 
patients with VCD [ 40 ,  44 ]  
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the patients’ symptoms are suggestive of possible 
EIB or VCD, the next step in management is pul-
monary function testing. Pulmonary function 
testing includes spirometry with a fl ow volume 
loop, lung volumes, and a diffusion capacity. The 
lung volumes and diffusion capacity will allow 
the clinician to rule out any occult pulmonary 
parenchymal or pulmonary vascular process that 
could contribute to dyspnea on exertion. 
Spirometry will help to identify obstructive lung 
disease, such as asthma, but does not completely 
rule it out if testing is normal. 

 In the  evaluation   of VCD, the fl ow volume 
loop will sometimes be the fi rst clue that the 
patient may have VCD. Figure  2.1  illustrates an 
example of a normal fl ow volume loop, and 
Fig.  2.2  shows a fl ow volume loop from a patient 
with VCD. At fi rst glance, the VCD loop appears 
normal, but on closer inspection, the inspiratory 
limb is fl attened, suggesting a limitation to 
inspired airfl ow. This has been referred to as the 
“sail sign,” or “up arrow,” as the shape of the fl ow 
volume loop appears to point upward. This pat-
tern suggests a variable extrathoracic obstruction. 
While such a pattern is not diagnostic of VCD, 
VCD is the most common disease to cause this 
pattern on the fl ow volume loop.

    If pulmonary function testing is normal, 
bronchoprovocation testing should occur next as 

outlined earlier in this chapter. If bronchoprovo-
cation testing is nondiagnostic for EIB or if clini-
cal suspicion for vocal cord dysfunction still 
remains, direct visualization during video  laryn-
goscopy   should be performed at this point. 

 To confi rm the diagnosis of suspected VCD, 
direct visualization during video  laryngoscopy   is 
used. This also serves to rule out other causes of 
variable extrathoracic obstruction, such as 
 structural lesions.  Diagnostic criteria   for VCD on 
 videolaryngostroboscopy (VLS)   include the fol-
lowing [ 41 ,  43 ]:

    1.    Adduction of the vocal cords during inspira-
tion (or both inspiration and expiration)   

   2.    >50 % closure of the cords   
   3.    Diamond-shaped “chink” (narrow opening at 

the base of cords) in the posterior one-third of 
the vocal cords, not always present    

  Generally speaking, otolaryngologists per-
form the  VLS   exam, usually in the offi ce, as an 
outpatient procedure. The VLS exam also allows 
for the physician to evaluate the presence of 
exacerbating or contributing factors such as 

  Fig. 2.1    Normal fl ow volume loop       

12
10
8
6

4
2

0
5 4 3 2 1

Pred
Pre

0-2
-4

-6
-8

-10
-12

  Fig. 2.2     Flow volume loop suggestive   of VCD.  Red 
arrow  points to the  black line  below the expiratory limb of 
the loop. The fl attening of the expiratory limb suggests a 
variable extrathoracic obstruction       
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refl ux disease, vocal cord polyps, or chronic 
sinusitis. In patients with suspected exercise- 
induced VCD, the  VLS   exam should occur after 
a period of exercise in an attempt to induce an 
episode of VCD. This will help to reduce the 
false-negative rate of VLS in exercise-induced 
VCD if simply performed at rest. 

 The  treatment   for VCD has two main compo-
nents. The fi rst important step in treating VCD is 
identifying and treating any comorbid conditions 
that may exacerbate or cause VCD. This includes 
ruling out concomitant exercise-induced bron-
chospasm or exercise-induced asthma with bron-
choprovocation testing. Also treating existing 
gastroesophageal refl ux, allergic rhinitis and 
chronic rhinosinusitis will also improve VCD. 
For athletes in particular, overall hydration status 
may also improve VCD [ 46 ]. 

 The second  component  , of treatment for VCD 
is  laryngeal control therapy (LCT)   [ 46 ,  47 ]. 
Speech therapists are responsible for administer-
ing  LCT  . This involves an overarching theme of 
retraining the respiratory muscles to focus more 
on abdominal breathing and less on tight/con-
stricted pharyngeal breathing. Some of the tech-
niques used to aid in retraining include 
biofeedback, direct visualization, and practice 
exercises. 

 During biofeedback, the patient is allowed to 
view their vocal cords (transmitted to a display 
screen via video laryngoscopy), while speech 
therapy teaches them to relax their pharyngeal 
and laryngeal muscles while taking deep breaths. 
Typically, the patient inhales through the nose 
and exhales through pursed lips. They are told to 
focus on expanding their abdomen during inspi-
ration, and then relaxing their abdomen, neck, 
and shoulders during expiration. The purpose 
behind biofeedback is that the patient is able to 
see when they perform the maneuver correctly 
and create internal feedback loop to perfect the 
technique. The breathing exercises include dia-
phragmatic breathing, “sniffi ng” respirations, 
and tightening/relaxation exercises of the abdom-
inal muscles. 

 Direct visualization can refer to the above 
biofeedback technique, but it can also refer to 
self- monitoring in a mirror during breathing 

exercises. This allows the patient to visualize 
their neck and abdominal musculature during the 
exercises and monitor for correct technique. 

 After the patient is taught  LCT  , the patient is 
taught to practice these exercises 3–5 times per 
day at home. They are also encouraged to use 
these exercises during activity, at the fi rst sign 
of dyspnea or throat tightness, signaling onset 
of VCD. 

 The overall prognosis for VCD is excellent. 
The majority of patients respond to the interven-
tions listed above. In a study evaluating the suc-
cess of therapy in athletes, it was shown that 69 % 
of patients had improvement in symptoms [ 47 ]. 
It should be noted that recurrence of symptoms is 
common and patients should be warned about 
such recurrences before they occur to mitigate 
their psychological consequences. However, by 
continuing the LCT exercises even when asymp-
tomatic, recurrences will be less frequent and 
more easily controlled [ 48 ].       
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       Heat-related illnesses are common worldwide, 
accounting for more than 600 deaths annually 
[ 1 ]. A heat-related illness can be defi ned as a 
pathophysiologic process that occurs to the body 
from exposure to elevated environmental tem-
peratures [ 2 ]. Sporting activities, particularly 
endurance events, performed in the heat may 
increase the risk of heat-related illness, and in 
this setting, the condition is defi ned as  exertional 
heat illness (EHI)   [ 3 ].  EHI   may present with 
symptoms ranging from mild to severe and can 
potentially become fatal due to an elevate core 
body temperature [ 1 ,  3 ,  4 ]. The body maintains a 
temperature of 37 °C during homeostasis, when 
the bodily systems are balanced. When body 
temperature increases at a faster rate than the 
body is able to remove heat, an individual begins 
to suffer from a heat-related illness. As the core 
temperature increases, cells can no longer func-
tion properly; cellular proteins start to denature, 
metabolic functions stop, and the body beings to 
shut down. 

 The body regulates temperature through a pro-
cess called thermoregulation. Thermoregulation 

allows for heat to be transported from the skin to 
the environment through four mechanisms [ 5 ]. 
These four mechanisms include conduction, con-
vection, radiation, and evaporation. Conduction 
is the transfer of heat from a cooler object to a 
warmer object through direct contact [ 6 ]. 
Convection is the transfer of heat via air circula-
tion or water molecules across the body surface 
[ 6 ]. Radiation is the transfer of heat energy via 
electromagnetic radiation or infrared rays [ 5 ]. 
Evaporation is the most common heat transfer 
mechanism; it refers to the transfer of heat 
between objects that requires energy to change 
phases. The body releases sweat through the skin 
as a liquid, which then evaporates off the skin as 
a vapor when attempting to decrease core body 
temperature [ 5 ]. When an individual is exercising 
in a hot environment, the body attempts to regu-
late its own temperature, mainly through evapo-
ration. This is why sweating occurs; the 
hypothalamus detects elevation in core body tem-
perature and triggers sweating to occur, allowing 
for heat to dissipate [ 5 ]. Heat illnesses occur 
when the body can no longer cool itself through 
heat transfer, and body core temperature becomes 
elevated due impeding physiological functions. 

  Endurance athletes      often participate in hot and 
humid environments for prolonged periods, and 
this makes them susceptible to exertional heat ill-
ness. Although endurance athletes are physically 
fi t and well conditioned, this alone is not 
 protective of heat illness, and heat can be one of 
the biggest dangers to endurance athletes [ 7 ]. 
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While some acclimatization is possible, it often 
takes several weeks to begin adjusting to hot and 
humid conditions. Early recognition of the symp-
toms of heat illness is crucial. If symptoms esca-
late before body cooling occurs, a mild heat 
illness can turn into heat stroke which is consid-
ered a medical emergency [ 4 ]. 

 Heat illness  classifi cations   progress from mild 
to severe; the most severe can be life-threatening 
[ 3 ,  4 ,  8 ] (Fig.  3.1 ). The mildest forms of heat ill-
ness include heat rash (prickly heat or miliaria 
rubra), heat edema, and heat syncope. The impor-
tant distinguishing feature of these three types of 
heat illness is that the core body temperature is not 
signifi cantly elevated.  Heat rash   occurs as pin-
point-popular erythematous or patches of small 
red bumps appearing, commonly underneath 
clothing [ 8 ]. When there is profuse sweating, the 
sweat ducts on the skin become saturated and clog, 
resulting in the leakage of eccrine sweat into the 
epidermis of the skin creating the rash [ 8 ].  Heat 
edema   is described by soft tissue swelling usually 
occurring in the lower extremities. Vasodilation 
occurs as the body tries to release heat and can 
lead to pooling of fl uid in the interstitial spaces. 
 Heat syncope   refers to a heat illness categorized 
by a person’s blood pressure falling while in a 
standing position [ 3 ,  8 ,  9 ]. It causes an individual 
to become extremely light- headed and dizzy and 
to lose postural control due to venous pooling in 
the lower extremities. It commonly occurs after 
stopping exercise. An individual suffering from 
heat syncope is usually able to recover their men-
tal status quickly after being placed in a supine 
position allowing blood to fl ow back to the central 
nervous systems (CNS) [ 3 ,  8 ,  9 ]. Knowledge of 
these mild heat illnesses, understanding of the 
symptoms, and proper treatment can help to keep 
heat illnesses under control.

   Moderate heat-related  illnesses   include heat 
cramps and heat exhaustion.  Heat cramps   are 
common after excessive heat exposure causing 
muscle spasms and cramps.  Heat cramps   have 
been thought to occur due to profuse sweating and 
prolonged exercise with lack of proper hydration 
being a contributing factor. The term  exercise- 
associated muscle cramps (EAMC)   better fi ts this 
condition since exertional cramping can occur in 

the presence of lower environmental and near-
normal core temperatures [ 8 ,  9 ]. Therefore, the 
exact mechanism of cramping is not completely 
understood, may have a centrally mediated com-
ponent, and is likely multifactorial [ 10 ].  Heat 
exhaustion   has several contributing factors but is 
defi ned as inability to exercise effectively in the 
heat [ 9 ].  Heat exhaustion   is typically character-
ized by an elevated body temperature between 37 
and 40 °C as well as fatigue and dizziness [ 8 ,  9 ]. 
Other symptoms may include nausea, vomiting, 
fainting, and cold clammy skin. If an individual is 
experiencing these symptoms, it is critical to evalu-
ate an individual’s core temperature and neurologi-
cal status. Cooling the body down is imperative, 
helping alleviate the risk of heat exhaustion 
developing into heat stroke. If moderate heat ill-
nesses are not diagnosed and treated promptly, 
they can develop into more serious heat illnesses 
and potentially become fatal. 

 Heat  injury     , also commonly known as heat 
stroke, is the most severe heat illness. If unrecog-
nized, heat exhaustion can progress into heat 
stroke and become a serious problem [ 8 ,  9 ].  Heat 
injury   is categorized by an elevated core body 
temperature of 40 °C or more, coinciding with 
dysfunction of the central nervous system. The 
body temperature rises to a critical level that 
causes cellular and systematic functions to occur 
[ 1 ,  2 ,  9 ]. Symptoms of heat injury usually include 
irritability, change in mental status, hot skin, and 
confusion. During the acute phase, the body 
responds to heat stress by releasing interleukins, 
cytokines, and proteins as an infl ammatory 
response [ 1 ]. The release of these proteins alters 
blood fl ow, causes injury to tissues, and impairs 
the body’s ability to maintain thermoregulation. 
Based on pathological differences, heat stroke 
can be divided into two  categories  : exertional 
heat injury (EHI) and classical heat injury (CHI) 
[ 2 ].  EHI   occurs due to strenuous activities or 
occupations that expose individuals to heat dur-
ing exertion [ 2 ,  9 ]. These activities can include 
marathons, long-distance cycling, obstacle 
course races, etc., and occupations include fi re-
fi ghters, military personnel, and individuals who 
are constantly working in hot environments. 
Environmental factors cause an increase in internal 
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temperature that the body cannot regulate, leading 
to heat stroke.  CHI   occurs when heat cannot be 
dissipated from the body due to impaired physio-
logical mechanisms [ 2 ]. An individual can be pre-
disposed to this impairment if they have metabolic 
or cardiac conditions where the body cannot regu-
late its own temperature because of decreased 
cardiac function. Individuals also at risk for  CHI   
include people who suffer from substance abuse 
and psychiatric or physical challenges because 
they are unable to remove themselves from a hot 
environment. Endurance athletes may be at 
increased risk as they often push themselves for 

long periods in hot environments and may not 
recognize the symptoms of more serious heat 
illness. The treatment of the two is the same: reduce 
heat and cool the body as quickly as possible [ 8 ]. 

 A vital measurement to take into consider-
ation if an individual is suspected to be suffering 
from a heat-related illness is their core body tem-
perature. An increase in body temperature 
 correlates with the severity of heat illness an indi-
vidual may have. The most accurate way to mea-
sure this is through the use of a rectal thermometer 
[ 9 ]. Body temperature can also be measured by oral, 
axillary, skin sensing, and tympanic membrane 

HEAT ILLNESS 

CLASSIFICATION

SYMPTOMS BODY 

TEMPERATURE

Heat edema Swelling in the lower extremities Normal - 37°C

Heat rash Skin eruptions over clothed areas Normal - 37°C

Heat syncope Dizziness, body weakness

Loss of postural control

Normal - 37°C

Heat cramps Painful muscle contractions (calf, quadriceps)

Muscle firmness 

Normal - 37°C

Heat exhaustion Dizziness, fatigue, fainting, nausea, vomiting,
headache

Flushed skin, profuse sweating, cold clammy
skin

Slightly elevated-
37°C - 40°C

Heat stroke/injury Hot skin, possible perspiration, confusion,
irritability, coma

Multi-organ failure

Elevated > 40°C

  Fig. 3.1    Heat illness  classifi cation   chart       
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methods, but these methods often do not refl ect 
core temperature well and may underestimate the 
severity [ 2 ]. 

 The  treatment   of heat-related illnesses is 
indicative of what severity of heat illness an indi-
vidual has. Individuals showing signs of mild 
heat illnesses may suffer from mild dehydration. 
The individual should be removed from a hot 
environment and given a wet towel to place on 
the forehead, neck, groin, and axillae area [ 9 ,  11 ]. 
It is important to replace lost fl uids with sodium- 
containing fl uids (sports drinks are good to con-
sume during the recovery of a heat illness 
especially in endurance athletes who are expend-
ing energy and losing fl uids for the long periods 
of time). For  moderate   heat illnesses such as 
exercise- associated muscle cramps, athletes 
should stop activity and rehydrate with high- 
sodium sports drinks. The athlete should then do 
light stretching of the muscle along with light 
massage. If an athlete is suffering from brief 
fainting and dizziness, and there is no elevated 
core body temperature, they are most likely expe-
riencing heat syncope. The individual should be 
moved to a shaded area, placed in a supine posi-
tion with their legs elevated [ 9 ]. The body should 
also be cooled down with cold cloths. Vital signs 
should be measured so the heat condition severity 
does not increase. When dealing with an individ-
ual who is potentially suffering from heat exhaus-
tion, with slight cognitive changes, rectal core 
temperature should be measured if possible [ 9 ]. It 
is important to have prompt recognition of these 
symptoms and understand how to stabilize the 
patient in a cool environment [ 9 ,  11 ]. Excessive 
clothes should be removed; they should be taken 
to a shaded area and cooled with cold cloths, ice 
bags, and fans. Once cooling has begun, fl uid 
replacement should take place as well. When 
dealing with an individual who is suffering from 
suspected heat exhaustion, vital signs should be 
measured including blood pressure, heart rate, 
and body temperature (rectally), and cognitive 
function should be assessed [ 9 ,  11 ]. If the indi-
vidual’s status remains the same or worsens 
within 20–30 min after administering treatment, 
advanced medical care needs to take place to 
keep the individual’s case from advancing to heat 

stroke [ 9 ,  11 ].  Heat injury   is the most severe heat 
illness and is considered a medical emergency. 
This condition must be recognized and treatment 
administered promptly; rapid and aggressive 
cooling is key in preventing fatality in heat stroke 
cases [ 9 ,  11 ]. When dealing with an individual 
suspected to be suffering from exertional heat 
stroke, rectal temperature should be measured [ 9 , 
 11 ]. The body temperature should be lowered as 
quickly as possible; clothes should be removed, 
and the body should be submerged into a tub of 
cold water. Submersion should not be delayed for 
clothing or equipment removal as this can be 
done in the water if necessary. Cold water immer-
sion is the most effective and fastest method in 
lowering body temperature [ 9 ,  12 ]. If full immer-
sion is not possible, then partial immersion, ice 
and/or cold towels, or cold water dousing should 
be initiated. This treatment should be on-site; 
time may be lost, and the condition may worsen 
when transferring an individual to the hospital. 
Vital signs should be measured continuously dur-
ing recovery along with rectal temperature. When 
the temperature returns to 38.3–38.9 °C, the indi-
vidual can be removed from the cold water 
immersion [ 9 ]. An individual experiencing exer-
tional heat stroke should see a physician, so their 
vital signs and fl uid replacement can be moni-
tored by a medical professional in a controlled 
environment. 

 The best  treatment   for all types of heat illness is 
prevention [ 9 ,  11 ]. Exercising in high heat and 
humidity are major risk factors of developing a 
heat-related illness. Coaches and athletes must be 
aware of the risk of exercise-induced heat illness 
and understand predisposing factors [ 9 ,  11 ]. It is 
important for athletes, coaches, and medical staff 
to be aware that heat acclimatization can occur and 
will take athletes up to several weeks to fully 
adjust. For traveling athletes, scheduling may not 
allow this process to occur, so close monitoring 
and accommodations are important. Some predis-
posing factors are uncontrollable such as  outdoor 
temperature and the environment; these are known 
as external factors [ 8 ]. These factors may also 
include excessive clothing or equipment used dur-
ing training and activity level of the athlete or indi-
vidual. Clothing worn by athletes participating in 
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the heat should not restrict heat evaporation [ 7 ]. 
Other predisposing factors such as internal factors 
are controllable as they relate to the athlete [ 8 ]. 
These factors include medical conditions, hydra-
tion status, recent illnesses, sleeping habits, sun 
exposure, and body weight conditions, among oth-
ers.  Dehydration   is a major component in develop-
ing a heat-related illness.  Dehydration   occurs 
when the body experiences inadequate fl uid con-
sumption and excessive fl uid loss [ 8 ]. Athletes 
especially runners who are recovering from illness 
should not participate in hot environments [ 7 ]. 
When recovering from illness, an individual is 
more susceptible to developing heat-induced con-
ditions due to inadequate fl uid retention and recov-
ering altered body functions. 

 Using the  wet-bulb globe temperature 
(WBGT)   to assess environmental conditions can 
help to prevent heat illnesses due to environmen-
tal factors [ 8 ]. This device is used to measure 
ambient temperature, radiant heat, and humidity 
[ 11 ]. The calculation of WBGT is as follows [ 2 ]:

  

WBGT index DBT

WBT GT

= ´( )
+ ´( ) + ´( )

0 1

0 7 0 2

.

. .    

DBT = dry-bulb temperature, refers to true ambi-
ent air temperature; WBT = wet-bulb temperature 
is measured by covering a thermometer with a 
white cloth kept wet by wicking; GT = globe tem-
perature is a measure of radiant heat from the sun. 

 WBGT above 27.8 °C refers to a high-risk 
environment for developing a heat illness. 
 WBGT   between 22.8 and 27.8 °C refers to a 
high-risk environment, and a WBGT between 
18.3 and 22.8 °C refers to a moderate-risk envi-
ronment. A WBGT of 18.3 °C or below refers to 
a low-risk environment for developing a heat-
related illness [ 2 ]. This measuring device can 
help to determine if the environment endurance 
athletes are participating is safe. Knowing the 
heat and humidity measures along with limiting 
predisposing factors, heat illnesses can be pre-
vented and controlled. 

 Return to activity for athlete should be guided 
by the severity of the illness. For mild to moder-
ate illness, return to activity may begin once 
symptoms have resolved although same day return 

is not generally recommended [ 9 ]. For those 
athletes who experience heat stroke/injury, the 
return is less clear. There are no evidence- based 
guidelines, but most recommend the athlete be 
asymptomatic, have normal blood work, and then 
may begin a gradual return to activity. For endur-
ance athletes who will be returning to competi-
tion in hot environments, consideration can be 
given to heat-tolerance testing. This testing how-
ever still has limitations and should be used with 
caution and under supervision of an experienced 
healthcare provider [ 9 ]. 

 With the increase in interest in endurance 
events worldwide, athletes may be exposed to 
high altitudes. Athletes who live at lower alti-
tudes need to be aware of the issues of competing 
and training at altitude as  high-altitude illness 
(HAI)   may be performance limiting and even 
life-threatening. Most endurance events at alti-
tude will be held in the high range (1500–
3500 m). At this level, with time to acclimatize, 
the risk of HAI and performance defi cits can be 
limited. Very high altitude (3500–5500 m) and 
extreme altitude (>5500 m) require additional 
acclimatization and the use of adjunct equipment. 
 HAI   is used to defi ne a wide category of both 
cerebral and pulmonary conditions that effect 
individuals who are unacclimatized and ascend 
to altitude too quickly. High-altitude headache 
(HAH), acute mountain sickness (AMS), and 
high-altitude cerebral edema (HACE) refer to 
conditions affecting cerebral function. High- 
altitude pulmonary edema (HAPE) refers to the 
condition that affects pulmonary function [ 13 ]. 

 Anytime an unacclimatized individual ascends 
to an altitude of above 2500 m, there is a risk to 
develop some form of HAI. However, both clini-
cal evidence and prior studies have shown that 
individuals who are considered susceptible for 
HAI can develop both AMS and HAPE at eleva-
tions much lower, as low as 2000 m [ 14 ]. 

 The primary risk factors in developing  HAI   
are rate of ascent and altitude achieved, espe-
cially sleeping altitude, in unacclimatized indi-
viduals. Other factors infl uencing the onset of 
 HAI   include living at low altitude and physical 
exertion upon reaching altitude. Also a previous 
history of HAI puts an individual at higher risk 
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for developing symptoms on subsequent visits to 
altitude. Children and adults under age 50 appear 
to be equally susceptible to experiencing  HAI  ; 
however, that risk appears to drop after the age 
of 50 [ 13 ]. While individuals with high fi tness 
levels do show an increased ability to perform 
exertion at altitude, there is no evidence that it 
confers a benefi t and reduces the risk of developing 
HAI [ 15 ]. 

 Identifying  HAI   is sometimes diffi cult as the 
symptoms of early illness are subtle and very 
nonspecifi c. Oftentimes, early stages of  HAI   can 
be confused with dehydration, fatigue, hypother-
mia, fl ulike illness, and migraine or be mistaken 
for an alcohol hangover. As there is no specifi c 
test for early-stage HAI, subjective reporting of 
symptoms is used based on the Lake Louise 
Consensus  Criteria         (see Table  3.1 ) [ 15 ,  16 ].

   (    High-altitude headache (HAH)   is usually the 
fi rst, and most common, symptom that suscepti-
ble individuals will experience as they ascend to 
altitude. Oftentimes,  HAH   is the only adverse 
effect that people will complain of when exposed 
to altitude. HAH is the primary symptom of AMS 
and is described as being severe, throbbing, and 
bitemporal [ 17 ]. Each year in the United States, 
millions of people ascend to high altitude. Of 
these individuals, up to 80 % will report experi-
encing a high-altitude headache [ 18 ]. HAH can 
be treated by a variety of medications. Over-the- 
counter  NSAID   treatment using ibuprofen has 
been shown to be the standard treatment of  HAH   
and the benchmark that all other treatments are 
measured [ 18 ,  19 ]. Both aspirin and naproxen 
have been proven to be effective in treating HAH 
as well [ 20 ,  21 ]. However, NSAIDs carry the risk 
of gastrointestinal side effects including nausea, 
which is a defi ning feature of AMS. In individuals 

with a history of GI bleeding or with allergies or 
sensitivities to that prior, NSAID use in combina-
tion with prior regular exercise in young men 
may increase the risk of developing HAPE. 
Additionally, there may be an increased risk of 
exertional hyponatremia in endurance athletes 
who use NSAIDs although this risk is not cur-
rently understood or quantifi ed [ 22 ]. As an alter-
native to NSAIDs, acetaminophen has been 
shown to be as effective as ibuprofen in treating 
HAH and does not have the same risk of side 
effects as most NSAIDs do not seem to increase 
the risk of HAPE [ 17 ].  

   AMS   is a condition of nonspecifi c, subjective 
symptoms that occurs in unacclimatized indi-
viduals ascending to altitude of above 2500 m. 
While the symptoms of AMS can oftentimes be 
severe and extremely limiting of activity in the 
onset, typically they will resolve within 24–48 h 
as the body begins to acclimatize to altitude [ 23 ]. 
The Lake Louise Consensus Group defi nes AMS 
as the presence of a headache and the presence 
of one or more of the following symptoms: nau-
sea, vomiting, anorexia, dizziness, lassitude, 
fatigue, or  insomnia         (see Table  3.1 ) [ 15 ,  16 ,  24 ]. 
Physical exam of individuals experiencing AMS 
is generally unremarkable [ 25 ]. Symptoms of 
AMS generally appear within 6–12 h after arriv-
ing at altitude but can develop in as little as 2 h. 
Likewise, symptoms of AMS may take an 
upward of 36 h to 4 days before symptoms 
develop [ 26 – 28 ]. Several studies have shown 
rates of occurrence of HAI to range from 9 % to 
as high as 58 %. There has been shown to be a 
higher occurrence of illness as the level of altitude 
increases [ 28 ].  

    HACE      is a potentially life-threatening condi-
tion that is commonly considered to be the end 

    Table 3.1     Lake Louise Consensus Score for AMS         and HACE   

 Symptom 
score  Headache 

 Gastrointestinal 
symptoms 

 Fatigue and 
weakness 

 Dizziness and 
light-headedness  Diffi culty sleeping 

 0  None  None  None  None  None 

 1  Mild  Poor appetite or nausea  Mild  Mild  Did not sleep as well as usual 

 2  Moderate  Moderate nausea or 
vomiting 

 Moderate  Moderate  Woke many times, poor sleep 

 3  Severe  Severe nausea or vomiting  Severe  Severe  Unable to sleep at all 

   Lake Louise AMS Score  mild AMS (2–4) moderate–severe AMS (5–15)  
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stage of AMS. While AMS is a completely sub-
jective diagnosis, HACE is very much a clinical 
diagnosis [ 13 ,  15 ,  24 ]. Most commonly, HACE 
develops from AMS over a course of 24–48 h 
[ 29 ]. Although rare, HACE is most common with 
a rapid ascent to higher than 3000 m. The mean 
onset of HACE occurred at 4730 m, but occurred 
at a lower altitude of 3920 m in individuals with 
concurrent HAPE [ 30 ]. In those individuals suf-
fering from HAPE, severe hypoxemia can rapidly 
transition AMS to HACE [ 24 ]. The primary 
symptoms of HACE are confusion and ataxic gait. 
Other symptoms may include fatigue, apathy and 
lassitude, anorexia, and nausea. Physical fi ndings 
include any of the symptoms that are present with 
AMS, retinal hemorrhage, papilledema, and 
neurological defi cits [ 15 ,  24 ]. If left untreated, 
HACE can progress to coma and death. 

 The exact pathophysiology of AMS and HACE 
is unclear despite many studies to understand the 
mechanism behind them. While HACE is consid-
ered to be the end stage of AMS, there is uncer-
tainty as to whether AMS and HACE share the 
same pathophysiology. This in part is due to the 
relatively low numbers of HACE cases available 
to research. As such, many conclusions concern-
ing AMS and HACE have come from the simi-
larities of reported symptoms from both sever 
AMS and beginning HACE [ 23 ].   

 The main component of high-altitude  illness   
from a physiological standpoint is the decrease in 
barometric pressure as altitude increases com-
bined with the decrease in the partial pressure of 
oxygen (PO 2 ). As the inspired PO 2  decreases, so 
too does the PO 2  in the arterial blood leading to 
tissue hypoxia [ 31 ,  32 ]. Features of AMS include 
hypoventilation, impaired gas exchange, increased 
sympathetic activity, fl uid retention and redistri-
bution, and elevated intracranial pressure [ 13 ]. 

 Investigators have studied the  pathophysiol-
ogy   of AMS and  HACE   and have developed a 
model to explain the mechanism behind them. In 
their proposed model, hypoxemia causes neuro-
humoral and hemodynamic responses that raise 
cerebral blood fl ow, change the permeability of 
the blood-brain barrier, and lead to cerebral 
edema [ 24 ]. This cerebral edema may be cyto-
toxic edema, vasogenic edema, or a combination 

of both. While it does not explain AMS or early 
HACE, in the late stages of HACE, cytotoxic 
edema may be present due to the increased 
cerebral- spinal fl uid pressure, decreased perfu-
sion, and focal ischemia. HACE however may 
present with vasogenic edema, as there has been 
some evidence of that on MRI [ 13 ]. 

 The  Wilderness Medical Society (WMS)   has 
developed guidelines for the  prevention and treat-
ment of AMS   and  HACE   based on the relative risk 
of individual susceptibility (Table  3.2 ). In low-risk 
individuals, gradual ascent is an effective way to 
prevent the onset of altitude illness without the 
need to use prophylactic medications. In planning 
a gradual ascent, the individual’s sleeping altitude 
is much more important than the maximum alti-
tude attained during the individual’s waking hours. 
Above the 3000 m mark, individuals should not 
ascend to a new sleeping altitude of more than 

   Table 3.2    Risk categories for acute mountain  sickness   
(From the WMS practice guidelines for the prevention 
and treatment of acute mountain illness 2014 update) [ 14 ]   

 Risk category  Description 

 Low  Individual with no prior history of 
altitude illness and ascending to 
≤2800 m 

 Individuals taking ≥2 days to arrive at 
2500–3000 m with subsequent increases 
in sleeping elevation <500 m/day and 
an extra day for acclimatization every 
1000 m 

 Moderate  Individual with prior history of AMS 
and ascending to 2500–2800 m in 1 day 

 No history of AMS and ascending to 
>3500 m in 1 day 

 All individuals ascending >500 m/day 
(increase in sleeping altitude) above 
3000 m but with an extra day of 
acclimatization every 1000 m 

 High  Individuals with a history of AMA and 
ascending to >2800 m in 1 day 

 All individuals with a prior history of 
HACE 

 All individuals ascending to 3500 m in 
1 day 

 All individuals ascending >500 m/day 
(increase in sleeping altitude) above 
>3000 m without extra days for 
acclimatization 

 Very rapid ascents 
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500 m per day. At this elevation and following the 
rate of ascent guidelines, individuals should have 
a day of rest (no gain in sleeping elevation is 
attained) every 3–4 days. If individuals need to 
ascend more than 500 m per day, it is recom-
mended that a rest day be taken either before or 
after such an ascent [ 14 ].

   In individuals with a moderate to high risk of 
developing  HAI  , medications should be consid-
ered in conjunction with a gradual ascent. The 
preferred medication for the prevention of illness 
is acetazolamide at 125 mg twice a day for an 
adult and 2.5 mg/kg/dose every 12 h in children. 
In adults that are unable to take acetazolamide 
due to intolerance or adverse reaction, dexameth-
asone can be substituted as an alternative. In the 
extremely rare event that rapid ascent of over 
3500 m and physical activity are required, the use 
of both acetazolamide and dexamethasone may 
be considered. This approach, however, should 
be reserved only for emergency circumstances 
that require a very rapid ascent (Table  3.3 ).

   The  WMS    guidelines   to treating HAI begin 
with a halt in the ascent of altitude. Individuals 
suffering from mild AMS may remain at their 
current altitude and treat themselves symptomati-
cally. Over-the-counter NSAIDs and acetamino-
phen can be used to treat HAH and antiemetics to 
treat gastrointestinal discomfort. Acetazolamide 
may also be used to treat mild AMS. Individuals 
suffering moderate to severe AMS can be more 
effectively treated with dexamethasone com-
bined with descent to an altitude prior to the onset 
of symptoms. Once the  symptoms of AMS   have 
resolved, the individual may be given acetazol-
amide and begin ascending again [ 14 ]. 

 Individuals developing  HACE   within populated 
areas with access to appropriate healthcare facili-
ties should be started on dexamethasone and sup-
plemental oxygen. In remote areas where access to 
medical treatment is not available, limited descent 
should be initiated in conjunction with supplemen-
tal oxygen and dexamethasone. If descent is not 
possible, the use of supplemental oxygen and a 
hyperbaric chamber should be considered. 
Individuals with  HACE   should not resume ascent 
until they are asymptomatic and have stopped the 
use of dexamethasone [ 14 ] (Table  3.4 ).

     HAPE   is a life-threatening condition that 
develops within 2–5 days of arrival to high alti-
tude between 2500 and 3000 m, and it is the most 
common cause of death in altitude-related illness 
[ 33 ]. HAPE rarely occurs in individuals who 

   Table 3.3    WMS recommended medications and doses 
for the prevention of HAI [ 14 ]   

 Medication 
 Indication for 
prevention  Dose and route 

 Acetazolamide  AMS, HACE  Adult—125 mg BID 
(oral) 

 Pediatric—2.5 mg/kg 
Q12 h (oral) 

 Dexamethasone  AMS, HACE  2 mg Q6 h (oral) or 
4 mg Q12 h (oral) 

 Should not be used 
in pediatrics as 
prophylaxis 

 Nifedipine  HAPE  30 mg extended 
release Q12 h (oral) 

 Tadalafi l  HAPE  10 mg BID (oral) 

 Sildenafi l  HAPE  50 mg Q8 h (oral) 

 Sameterol a   HAPE  125 μg BID (inhaled) 

   a Should not be used as monotherapy but in conjunction 
with oral medications  

   Table 3.4     WMS   recommended medications for the treatment  of   HAI [ 14 ]   

 Medication  Indication for treatment  Dose and route 

 Acetazolamide  AMS, HACE a   Adult—250 mg BID (oral) 

 Pediatric 2.5 mg/kg Q12 h (oral) 

 Dexamethasone  AMS, HACE  AMS, adult—4 mg Q6 h (oral, IV, IM) 

 HACE, adult—8 mg initially then 4 mg Q6 h (oral, IV, IM) 

 Pediatrics—0.15 mg/kg/dose Q6 h (oral, IV, IM) 

 Nifedipine  HAPE  30 mg extended release Q12 h 

 Supplemental O 2   HAPE  Via facemask or nasal cannula 

   a Can be used as an adjunct treatment for HACE but dexamethasone remains the primary treatment method  
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remain at the same altitude for more than 4–5 
days likely due to the body acclimating and 
remodeling to the high-altitude environment. 
While commonly developed in unacclimatized 
individuals rapidly ascending in altitude, another 
form of  HAPE  , named reentry HAPE, can occur 
in individuals who reside at high altitude, travel 
to low altitude, and return to high altitude [ 34 ]. 

 According to the Lake Louise Consensus 
Group, HAPE can be diagnosed in the presence 
of high altitude and has at least two of the follow-
ing symptoms: cough, chest tightness, dyspnea at 
rest, and reduced exercise capacity and the pres-
ence of two of the following signs, tachycardia, 
tachypnea, central cyanosis, or pulmonary crack-
les. Upon X-ray, there may be evidence of patchy 
opacities or interstitial edema [ 35 ]. 

 The WMS-suggested  approach   to the  preven-
tion of HAPE   is to assume a gradual ascent 
profi le. The recommendations put forth in the 
AMS/HACE prevention also serve as a guideline 
for HAPE  prevention   as well. For susceptible 
individuals with a previous history of HAPE, 
nifedipine is the recommended medication. 
Usage of nifedipine should begin a day before 
ascent begins and should be continued until the 
individual has remained at a constant altitude for 
4 days or until the individual descends. If the 
ascent profi le is faster than the recommended 
ascent rate, the use of nifedipine should be 
extended out to 7 days at the individual’s target 
elevation. While there is limited data on the use 
of acetazolamide in prophylaxis of HAPE, there 
is clinical experience that supports its use and is a 
rational choice. Salmeterol may be considered as 
a supplement to nifedipine in individuals with a 
prior history of HAPE and are considered high 
risk [ 14 ]. 

 The WMS  guidelines   for treating HACE begin 
with ruling out other causes of respiratory illness 
that may occur at high altitudes. Descent is the 
fi rst and primary method of treatment in individ-
uals with HAPE. If descent is not possible, then 
use of supplemental oxygen and a portable hyper-
baric chamber should be initiated. Individuals 
that have access to a healthcare facility may not 
need to descend further and can be treated at their 
current elevation. If no healthcare facility is 

available, nifedipine can be administered as an 
adjunct to descent, oxygen therapy, and a hyper-
baric chamber. The use of nifedipine should only 
be used as the primary treatment method if none 
of the other treatment options are available. If 
nifedipine is not available, phosphodiesterase 
inhibitor may be used instead, but use of multiple 
vasodilators is not recommended. In the health-
care setting,  CPAP   can be administered as an 
adjunct to oxygen, and nifedipine can be added in 
individuals that fail to respond with oxygen ther-
apy alone [ 14 ]. 

 Individuals may resume ascent to higher alti-
tudes when their symptoms have resolved and 
they can maintain a stable oxygenation rate at 
rest and with mild exertion while off of oxygen 
and vasodilators. Upon resuming ascent, it may 
be appropriate to use nifedipine or another pul-
monary vasodilator upon resuming ascent. In 
individuals with both HAPE and HACE, dexa-
methasone should be added into treatment. 
Nifedipine and vasodilators can be used as treat-
ment in patients with both HACE and HAPE, 
although the individual should be monitored to 
ensure that mean arterial pressure is not lowered, 
increasing the risk of cerebral ischemia [ 14 ].  

 Worldwide, there are over 300 million indi-
viduals with  sickle-cell trait (SCT)  . In the United 
States, up to 10 % of the African-American com-
munity is SCT positive compared to only 0.05 % 
of the white population [ 36 ,  37 ]. In general, indi-
viduals with SCT are asymptomatic, and many 
are unaware that they are SCT positive. 

  Splenic syndrome   is a condition that may 
occur in an individual with  SCT   that is exposed 
to high altitudes. Splenic syndrome occurs pri-
marily in men of non-African-American descent 
and often at altitudes ranging from 2000 to 3000 feet 
above the individual’s living altitude [ 38 ,  40 ]. 

 Symptoms include left upper quadrant pain, 
diffi culty or painful breathing, nausea, vomiting, 
and fever. On X-ray, sympathetic effusion in the 
left lung may be noted as well. Ultrasound or CT 
 scan         of the spleen may show evidence of splenic 
infarction [ 37 ]. 

 Treatment of  splenic syndrome   can be managed 
conservatively. In individuals suffering splenic 
syndrome at altitude, descent is recommended. 
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In conjunction with descent, individual can be 
managed and supported with hydration, oxygen, 
and analgesia.  Splenectomy   is not recommended 
unless there is evidence of a spleen rupture, 
abscess, refractory sequestration, or symptomatic 
splenomegaly. It is recommended that individ-
uals that experience splenic syndrome be fol-
lowed up and monitored for the formation of an 
abscess [ 36 ]. 

 In planning for endurance events at altitude, 
athletes and healthcare providers should consider 
several factors for both safety and performance. 
Pre-altitude evaluation should look for risk fac-
tors such as cardiac or lung disease [ 39 ]. A man-
agement strategy will often allow athletes with 
these conditions to still participate. Additionally, 
a previous history of  HAI   is an important predic-
tor of recurrence. Education on acclimatization 
time and strategies should be discussed. Even 
brief exposures to real or simulated altitude lead-
ing up the training or competition can help 
improve performance and decrease risk in addi-
tion to the previously discussed acclimatization 
strategy recommendations. The use of medica-
tion should be done with caution as some athletes 
may be subject to testing. Some medications may 
be banned or required a therapeutic use exemp-
tion. The effect of these medications on perfor-
mance has not been well studied. 

 Athletes with mild illness may return to activity 
when symptoms have resolved. No evidence- 
based guidelines exist to guide the return of ath-
letes who have experienced HACE or HAPE. It is 
generally recommended that athletes be symptom 
free and be slow return to activity and altitude.    
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          Introduction 

 Exercise is encouraged as part of a healthy life-
style. Endurance sports are a very popular way for 
people to exercise with participation growing. 
Many women who become pregnant wonder if 
exercise is safe during their pregnancy, especially 
endurance exercise. Some women will enter preg-
nancy already with a regular endurance exercise 
routine, while others will choose pregnancy as an 
opportunity to modify their lifestyles to become 
healthier and include exercise into their practice. It 
has been noted that habits adopted during preg-
nancy could affect a woman’s health across her 
life-span [ 1 ]. Traditional medical advice has been 
for women to engage in only moderate physical 
activity during pregnancy; however, with the 
increase in endurance athletes, who become preg-
nant, what should be the guidance for these ath-
letes? The purpose of this chapter will be to 
explore the changes in physiology with pregnancy 
and with exercise, discuss some concerns of exer-

cise during pregnancy, review existing consensus 
guidelines, and provide guidance on how to pre-
scribe endurance exercise during pregnancy. 

    Pregnancy  Physiology   

  There are profound changes in cardiovascular, 
respiratory, and renal physiology and in the regu-
lation of fl uid and electrolytes during pregnancy. 
These changes occur in early pregnancy before 
there is an increase in demand, so in the fi rst tri-
mester the increase in cardiac output is greater 
than the increase in oxygen demand [ 2 ]. Cardiac 
output is the result of stroke volume and heart 
rate. During pregnancy, maternal cardiac output 
increases by 30–50 % above the antepartum base-
line with approximately half of this increase 
occurring before 8 weeks estimated gestational 
age. Studies demonstrate that the heart rate 
increases early in pregnancy and stays elevated 
throughout the pregnancy. An expected increase 
of 10–15 beats per minute is typically observed 
relative to the preconception resting heart rate. 
However, the chief component of the calculated 
cardiac output that increases is the stroke volume 
[ 3 ]. There is also an increase in stroke volume 
secondary to relaxation of the left ventricle, 
which may be estrogen dependent [ 4 ]. 

 In addition there are pulmonary changes 
brought about by pregnancy. Changes in the tho-
rax and diaphragm have been documented to 
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occur quite early in pregnancy, much earlier than 
could be explained by the mechanical disadvantage 
of a gravid uterus fi lling an abdominal cavity [ 5 ]. 
Minute ventilation increases by almost 50 % 
early during pregnancy and stays elevated until 
the postpartum period. While there is relative 
maternal hyperventilation during the fi rst trimester, 
the primary drive responsible for increased min-
ute ventilation is a nearly 40 % increase in tidal 
volume ( V  T ), most of which occurs during the fi rst 
trimester. The early changes observed in tidal 
volume as well as diaphragmatic height are most 
likely in response to increasing progesterone 
levels, a known stimulant of respiratory drive. 

 As pregnancy progresses, functional residual 
capacity declines secondary to elevation of the 
diaphragm by the growing uterus. During preg-
nancy, the functional residual capacity (expira-
tory reserve volume + residual capacity) decreases 
by approximately 20 %. The inspiratory capacity 
(inspiratory reserve volume + tidal volume) is 
mildly increased during pregnancy. As the uterus 
grows throughout pregnancy, the functional 
residual capacity steadily declines, primarily to 
the diaphragm’s mechanical disadvantage caused 
by the uterus. This causes total lung volume to 
decrease from an average of 4.2 L in a healthy, 
adult female to 4.0 in the average pregnant female 
at term without underlying respiratory pathology. 
During pregnancy, the forced expiratory volume 
in 1 s (FEV1) remains unchanged as a result of 
the large airways being unaffected by pregnancy. 

 During pregnancy, there are changes to the 
renal and vascular systems that impact blood vol-
ume and blood pressure. Blood volume begins to 
increase so that by term the plasma volume has 
increased by 50 %. The notable expansion in 
plasma volume starts in the fourth week of gesta-
tion and continues to increase until peaking 
between 32 and 34 weeks estimated gestational 
age. For the plasma volume to increase, there must 
be salt and water retention, which occurs due to 
upregulation of the renin-angiotensin- aldosterone 
system. Red blood cell mass also increases in 
pregnancy, starting between 8 and 10 weeks and 
steadily rising throughout pregnancy. However, 
the rise in red blood cell mass does not increase to 

the same proportion as the expanding plasma vol-
ume, resulting in a dilutional (“physiologic”) ane-
mia when retained plasma volume peaks as the 
mother reaches term. Under normal circumstances, 
this would act as a signal for the increased produc-
tion of  erythropoietin (EPO)  , but the renal blood 
fl ow is dramatically increased during early preg-
nancy which delays this increase in  EPO  , which 
maintains the relative anemia. This volume expan-
sion serves multiple benefi ts to the fetus and 
mother. It protects the mother from the hardships 
and potential morbidities associated with vaginal 
delivery, mainly postpartum hemorrhage. Also, 
the expanded plasma volume and increased red 
blood cell mass contribute to a nutrient-rich envi-
ronment optimal for fetal growth. 

 Finally there are musculoskeletal adaptations 
to pregnancy, the most obvious are the weight 
gain and shift in the center of gravity, which may 
alter balance and may predispose to increased 
falls. The recommended weight gain during 
maternal gestation for a woman with a normal 
prepregnancy body mass index is 25–35 pounds; 
this excess weight imparts distinct alterations in 
the biomechanical stresses placed on the axial 
skeleton, pelvis, and large joints of the lower 
extremity. In biomechanical studies, this weight 
gain has been associated with the force on the 
joints of the lower extremity increasing twofold 
compared to prepregnancy weight [ 6 ]. The 
increased weight associated with pregnancy 
increases stress on the joints but also creates an 
increased demand on the cardiovascular system. 

 Also, the increase in estrogen and relaxin dur-
ing pregnancy increases ligamentous laxity, which 
may lead to a higher risk of sprains. Relaxin spe-
cifi cally causes increased laxity in the anterior 
and posterior longitudinal ligaments of the lum-
bar spine, which may predispose to paraspinal 
muscle strain during activities that place that 
stress low back fl exibility. However, relaxation 
caused by excess relaxin and estrogen in the pel-
vis impart biomechanical advantages as the 
mother nears the end of her pregnancy and is pre-
paring for vaginal delivery. There has been docu-
mented widening of sacroiliac joints and the pubic 
symphysis, thus increasing the mobility of each 
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respective site and increasing the overall rotation 
of the pelvis. In the latter portions of pregnancy, 
maternal use of several muscle groups increases 
in response to the increased anterior tilt of the pel-
vis that occurs in response to the enlarging uterus. 
These muscle groups placed at increased stress 
during the latter portion of pregnancy include 
maternal hip extensors, hip abductors, and ankle 
plantar fl exors. Subconsciously, maternal resting 
stance and gait also become wider in an effort to 
maintain trunk stability. Lastly, the aforemen-
tioned fl uid retention and drastic increase in 
plasma volume can have unfortunate conse-
quences for the musculoskeletal system. This 
excessive circulating volume can cause compres-
sion of vulnerable neurovascular structures, such 
as the median nerve, leading to diagnosis of, or 
worsening of, previously diagnosed, peripheral 
neuropathies such as carpal tunnel syndrome. 

A brief summary of these physiologic changes 
can be found in Table  4.1 . 

       Endurance  Physiology   

  Endurance can be defi ned as the ability to with-
stand stress over periods of time. Endurance 
exercise can therefore be termed exercise that 
takes a long time to complete or may also be 
defi ned as sports that are highly aerobic such as 
running, cycling, and swimming. The main 
source of energy for endurance sport is the 
metabolism of carbohydrates (glycogen) and fats 
in the form of free fatty acids. Energy may also 
be supplied from the anaerobic metabolism of 
glycogen to form lactate and from the intramus-
cular store of high-energy phosphates. 

 In order to continue to exercise for prolonged 
durations, oxygen uptake must increase. Some of 
this occurs simply by increasing cardiac output 
(increased heart rate and stroke volume). 
Maintenance of a stable hemoglobin concentration 
is also vital to ensure that oxygen can be delivered 
by the red blood cells to the muscles. Finally, enzy-
matic activation and increase in muscle capillary 
density complete the adaptations required for 
endurance sport. 

 As can be noted from the physiological 
changes of pregnancy described above, there 
can be some competing demands on the body 
when a pregnant female participates in endur-
ance sports.    

    Physiological Concerns of  Exercise 
During Pregnancy   

 The proper delivery and exchange of oxygen, 
nutrients, and waste products at the maternal- 
fetal interface (placenta) serves as the primary 
maternal stimulus for health fetal growth. During 
pregnancy, sustained exercise can cause reduc-
tions in oxygen and nutrient delivery to the fetus 
by as much as 50 %, but regular exercise has been 
theorized to improve oxygen and substrate deliv-
ery at rest. 

   Table 4.1    Changes in maternal physiology during 
 pregnancy     

 Cardiovascular: 
    Increased HR by 10–15 bpm 
    Increased SV 
    Increased CO by up to 50 % 
    Increased RBC mass 

 Pulmonary: 
    Increased tidal volume (V T ) 
    Increased minute ventilation by 50 % 
    Decreased functional residual capacity 
    Increased work of breathing 

 Renal/vascular 
    Upregulation of RAAS 
    Salt retention 
    Water retention 
    Plasma volume increased by 50 % 
    Increased renal blood fl ow (prevents EPO release) 
    Physiologic anemia 
 Increased progesterone: 
    Smooth muscle relaxation 
    Increased venous compliance 
    Decreased peripheral vascular resistance 

 Musculoskeletal: 
    Weight gain of 25–35 pounds (ideal) 
    Ligamentous laxity 
    Increased joint stress 
    Predisposition to falls (new center of gravity) 
    Increased lumbar and (compensatory) cervical 

lordosis 
    Compression of neurovascular structures (median 

nerve, ulnar nerve) 
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    Maternal Physiologic  Concerns         

     Exercise in early and midpregnancy has been 
shown to stimulate fetal growth, while the rela-
tive amount of exercise in late pregnancy deter-
mines fetal growth. It was previously theorized 
that thermal response to maternal  exercise   could 
negatively impact fetal growth and development. 
However, rectal temperature monitoring is per-
formed in 18 female recreational athletes before, 
during, and after 20 min of continuous exercise 
prior to conception and every 6–8 weeks through-
out pregnancy. This study showed that decreased 
peak rectal temperature reached during exercise 
decreased by 0.3 °C (0.54 °F) at 8 weeks esti-
mated gestational age and decreased by 0.1 °C 
(0.18 °F) monthly until reaching 37 weeks esti-
mated gestational age. This study showed that the 
maternal physiologic adaptations to pregnancy 
helped reduce the thermal response to exercise 
and thus reduce any exercise-associated thermal 
stress to the fetus [ 7 ]. 

 Another common myth regarding exercise 
during pregnancy is that the continuation of reg-
ular aerobic exercise in the latter portion (third 
trimester) of pregnancy has negative impact on 
the duration of pregnancy and the outcomes of 
labor. Several studies have tested this hypothe-
sis but one study [ 8 ] in particular enrolled 131 
well- conditioned recreational athletes prior to 
conception. Each participant’s daily exercise 
regimen was quantifi ed prior to conception, and 
then they were followed throughout pregnancy. 
Eighty- seven of these women continued to exer-
cise regularly at or above 50 % of their precon-
ception level of activity, while the remaining 44 
women completely discontinued their exercise 
regimen before the end of the fi rst trimester. The 
incidence of preterm labor was similar between 
the two groups (9 % in each group). However, 
the incidence of cesarean delivery (6 % for exer-
cising patients vs. 30 % for non-exercising 
patients) and operative (vacuum or forceps-
assisted) vaginal delivery (6 % vs. 20 %) was 
signifi cantly lower in patients who exercised 
throughout their pregnancy. In those who went 
on to deliver vaginally, exercising patients had 

much shorter active labor (264 ± 149 min) com-
pared to their non-exercising counterparts 
(382 ± 275 min). Finally, clinical evidence of 
acute fetal stress as defi ned as meconium- 
stained amniotic fl uid, fetal heart pattern of 
category II or III strip, and APGAR scores was 
less frequent in the exercise group (50 % vs. 
26 %), although birth weight was reduced 
(3369 ± 318 g vs. 3776 ± 401 g).      

    Fetal Physiological  Concerns         

    Regular sustained exercise in pregnancy has been 
viewed as a cause for concern as it could poten-
tially change the homeostasis of the maternal- 
fetal unit and may adversely affect the fetus. In 
addition to concerns regarding exposure to ele-
vated maternal temperatures discussed above, 
there are several physiologic concerns of exercise 
with respect to fetal development from exercise 
during pregnancy. 

 The fetus is wholly dependent on the mother 
for normal development. This includes the sup-
ply of oxygen and nutrients but also the removal 
of waste products—therefore, maternal exercise- 
induced changes may affect the fetus. 

 The availability and rate of delivery of oxy-
gen and nutrients play an important role in fetal 
development. The placenta modulates vascular 
and tissue growth based on nutrient and oxygen 
availability through growth-regulatory peptides 
[ 9 ]. Exercise infl uences the functional placental 
volume secondary to substrate availability. 
While acute exercise diverts placental blood to 
the muscles and skin, recurrent exercise may 
lead to different placental growth similar to that 
seen by those who have anemia or live at alti-
tude [ 10 ]. Increased levels of insulin growth fac-
tors lead to increased functional placental mass 
and may upregulate placental nutrient transport-
ers. Functional placental size may also be 
altered by the timing of exercise during the 
course of pregnancy. Those who exercised more 
in early to midpregnancy and reduced their vol-
ume in late pregnancy had a greater level of 
functional placental tissue compared to those 
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that increased the volume of exercise as preg-
nancy continued [ 11 ]. 

  Fetal heart rate (FHR)   and breathing are con-
sidered important indices of fetal well-being with 
a normal FHR between 120 and 160 beats per 
minute (bpm). Fetal heart  rate   can be affected by 
a number of stimuli including hypoxia. Therefore, 
it may lead to the question, does the decreased 
uterine blood fl ow during exercise increase fetal 
heart rate or decrease delivery of oxygen to the 
fetus? Several studies have evaluated this and the 
results are variable. In general in healthy late 
pregnant females, the heart rate was stable after a 
step test, after a cycle ergometry test, and after 
treadmill walking [ 12 ]. Running seemed to ele-
vate fetal heart rate, but the studies have had 
some limitations. Further, there is no consistent 
data to demonstrate any long-term abnormalities 
in fetal breathing following exercise [ 12 ]. 

 Well-conditioned recreational athletes who 
continue a program of vigorous exercise into late 
gestation have on average a 310 g reduction in 
fetal weight compared to non-exercising con-
trols. However, this reduction in fetal weight was 
caused entirely by reduction in fat mass—there 
was no difference in lean mass between the 
groups [ 8 ]. In contrast, those non-exercisers who 
started an exercise program in pregnancy actually 
saw an increase of 260 g in fetal weight [ 13 ]. 
Further, two very large population-based cohort 
studies with over 120,000 total subjects [ 14 ,  15 ] 
suggest that the independent effect of exercise in 
pregnancy has only a minimal effect on birth 
weight. Fetal body fat is primarily laid down dur-
ing the third trimester, so the timing of exercise 
may play a role. Women who perform vigorous 
exercise early in the pregnancy and then back off 
toward late pregnancy delivered signifi cantly 
heavier (460 g) than controls, while those that 
increase the intensity of exercise as pregnancy 
develops delivered infants with an average birth 
weight 100 g smaller than those infants delivered 
by the control group [ 11 ]. 

 Another common concern among women is 
that physical activity during pregnancy will lead 
to preterm birth. A large epidemiologic study in 
Europe included over 87,000 women who self- 

reported their physical exercise during a single-
ton pregnancy from 1996 to 2002. Hazard ratios 
for preterm birth according to (1) hours of exer-
cise per week, (2) type of exercise, and (3) meta-
bolic equivalent hours per week were calculated 
and found a reduced risk of preterm birth among 
the women who engaged in some kind of exercise 
during pregnancy (39 % of women; hazard 
ratio = 0.82, 95 % confi dence interval: 0.76, 0.88). 
However, this study did not fi nd any dose- 
dependent response to exercise; additionally, the 
results were not affected by the type of exercise 
performed [ 16 ]. 

 It would seem that exercise may lead to short- 
term alterations in fetal physiology, but that over 
the long term, there is a benefi cial fetal effect to 
maternal exercise. Further, women should con-
tinue with exercise during the fi rst two trimesters 
and should consider reducing the volume and 
intensity of exercise after 28 weeks.     

    Risks/Benefi ts of Exercise 
During  Pregnancy      

   Moderate-intensity  aerobic exercise   has been 
shown to be safe during pregnancy, and exercise 
confers several benefi ts. Additionally, more recent 
data suggest that regular exercise during preg-
nancy is associated with lower birth weight and 
lower concentrations in serum concentrations of 
IGF-I and IGF-II levels in cord blood samples. 
This data suggests that exercise has an infl uence 
on endocrine infl uences on fetal growth regula-
tion. However, there was no observed association 
between maternal insulin sensitivity and exercise 
[ 17 ]. There are several hypothesized risks of exer-
cising during pregnancy and include fetal anoma-
lies secondary to maternal hyperthermia, as well 
as possible smaller birth weight for infants born to 
mothers who participate in vigorous physical 
exercise into late pregnancy. However, there 
appears to be no difference in lean body mass in 
infants born to vigorous exercisers [ 13 ]. While 
several studies discussed in this chapter have pub-
lished since its release, the most recent  Cochrane 
Review  declared that regular aerobic exercise in 
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pregnancy could improve or maintain maternal 
physical fi tness, but there was insuffi cient data to 
infer risk/benefi ts to the mother and infant [ 18 ]. 
Although there have no reports of fetal injury or 
death secondary to contact sports, the risk of blunt 
abdominal trauma does exist with participation in 
certain activities or secondary to falling due to 
balance issues in pregnancy [ 19 ]. For these rea-
sons, it is important that a thought-out individual-
ized exercise prescription be crafted for active 
females who become pregnant.    

    Physical Activity in  Pregnancy   

  Prior to developing an exercise prescription to the 
pregnant patient, it is important to gauge the activi-
ties she is most interested continuing from her pre-
pregnancy exercise habits and routines or what 
new activities she hopes to begin. Research has 
demonstrated that nonpregnant females and male 
patients are more likely to continue an exercise 
prescription if it involves activities they have an 
interest in. Thus, it is essential that the physician 
outlines the patient’s desired activity/interest she 
hopes to pursue or continue during her pregnancy. 
A number of professional athletes have competed 
in various sports  during  their pregnancy. Olympic 

beach volleyball gold medalist Kerri Walsh, 
WNBA athlete Candace Parker, and LPGA golf 
professional Catriona Matthew have all competed 
during pregnancy. Matthew won the Brazil Cup 
when she was fi ve months pregnant [ 20 ]. 

 Table  4.2  outlines sports in which participa-
tion has absolute or relative contraindications 
during pregnancy; sports generally considered 
safe during pregnancy are also included. Of note, 
it is recommended that women never scuba dive 
during pregnancy as there are no maternal mech-
anisms to protect the fetus from decompression 
sickness or gas embolism. The other activities 
listed in Table  4.2  as absolute contraindications 
are from expert opinion based on the risk of harm 
secondary to risk of falls, loss of balance, or other 
abdominal trauma that could lead to fetal injury 
or fetal demise or result in situations requiring 
expedited delivery or immediate care such as  pre-
mature rupture of membranes (PROM)  ,  preterm 
premature rupture of membranes (PPROM)  , or 
placental abruption. For the listed relative contra-
indications, avid hikers should be counseled 
that risk of abdominal trauma from falls is the 
chief concern with this activity. Limited studies 
have shown that under normal circumstances 
with appropriate hydration, moderate exercises 
at altitudes up to 6000–8250 feet (1800–

     Table 4.2     Sport/activity participation during pregnancy     

 Absolute contraindications  Relative contraindications  Activities to encourage 

 Scuba diving  Basketball  Low-impact aerobics 

 Mixed martial arts (MMA)  Soccer (fi eld positions)  Traditional yoga 

 Wrestling  Bicycling  Stationary cycling 

 Boxing  Bikram (hot) yoga  Swimming 

 Kickboxing  Distance running below maximal exertion  Walking 

 (American) football  Volleyball or beach volleyball  Jogging at moderate 
or low intensity 

 Ice hockey  Tennis  Golfi ng 

 Rugby  Rowing 

 Soccer (goalie)  Hiking (in locations where falls may occur) 

 Jumping events in track and fi eld (high jump, 
pole vault, long jump) 

 Aquatic diving 

 Horseback riding 

 Downhill skiing or snowboarding 

 Skateboarding or other “extreme” sports 

 Gymnastics 
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2500 m) do not appear to cause signifi cant 
maternal or fetal stress. Women who do not 
live at high altitude but plan on exercising at 
any altitude above 2500 m should undergo 
appropriate acclimatization.

   Of note, Sports Medicine  Australia   published 
guidelines [ 21 ] addressing exercise in pregnant 
women and also participation in non-contact, 
limited contact, and a third category of unlimited 
contact and collision sports. The Australian 
Guidelines defi ne a non-contact sport as one with 
“virtually no risk of falling or contact with pro-
jectile/person” and cite swimming, low-impact 
aerobics, and stationary cycling as examples. 
They place no limitations on these activities aside 
from controlling degree of exertion and only par-
ticipating under appropriate medical supervision 
in the absence of any contraindications to exer-
cise. Limited contact sports are defi ned in the 
Australian  Guidelines   as any sport in which con-
tact occurs minimally (legally or illegally), and 
there is a small risk of falls or contact with a pro-
jectile, citing netball and racquet sports as exam-
ples. These are described as suitable during the 
fi rst trimester with ongoing participation into the 
second trimester being possible under the super-
vision of an obstetrician and sports medicine 
physician. 

 “Unlimited contact” and collision sport par-
ticipation is much more restrictive in the 
Australian Guidelines, similar to the expert opin-
ions of American [ 22 ,  23 ] and Canadian societies 
[ 19 ]. The  Sports Medicine Australia Guideline   
[ 21 ] defi nes these as any sport in which contact or 
collision is frequent and has the potential to be 
“quite forceful” and places the athlete at high risk 
for falls, blunt trauma to the abdomen, or contact 
with projectiles. These cited sports in the 
Australian Guideline are soccer, softball/base-
ball, Australian rules football, American football, 
martial arts, and gymnastics. They also recom-
mend maternal exclusion from any sport, exer-
cise, or activity that carries a high risk of falls or 
physical trauma. The guideline explicitly states 
that women should not participate in scuba div-
ing, downhill skiing, ice skating, horseback rid-
ing, martial arts, or gymnastics once she knows 

she is pregnant or if she suspects she is pregnant 
until confi rming she is in fact not pregnant. 

 The Sports Medicine Australia Guideline [ 21 ] 
   for participation of the pregnant athlete addition-
ally addresses maternal risk of overheating dur-
ing exercise and suggests the avoidance of 
exercise during the hottest or most humid por-
tions of the day; if climate is not suited for this, 
they recommend exercise in an indoor facility 
that has central cooling and is well ventilated. 

 Whatever their chosen sport or activity, it is 
important that pregnant women be properly 
counseled regarding what warning signs and 
symptoms warrant immediate cessation of activ-
ity/exercise and seeking immediate medical 
attention (Table  4.3 ). These warning signs were 
introduced by  ACOG   [ 23 ] and have been adopted 
by virtually every other sports medicine or exer-
cise physiology society in America, Canada, 
New Zealand, Australia, and Europe; they can be 
classifi ed as general medical problems and 
obstetric problems. 

       Exercise  Prescriptions      

   Prior to prescribing an exercise prescription in 
pregnancy, it is important to identify any absolute 
or relative contraindications to exercise during 
pregnancy. It is important for pregnant women to 
understand that certain conditions (placenta pre-
via) may only become a contraindication to exer-
cise in the latter stages of pregnancy or may 
develop later in a previously normal pregnancy 
(pregnancy-induced hypertension). While it is 

   Table 4.3     Warning signs to stop exercise     

    Vaginal bleeding 

    Shortness of breath before exertion 

    Headache 

    Chest pain 

    Dizziness 

    Calf swelling, redness, asymmetry, or pain 

    Uterine contractions 

    Amniotic fl uid leakage (or suspected rupture) 

    Decreased fetal movement 

  Adapted from ACOG committee opinion: exercise during 
pregnancy and the postpartum period  
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unethical and impractical to have random con-
trolled, double-blind trials comparing the exer-
cise habits of pregnant women with high-risk 
pregnancies, several conditions have been identi-
fi ed as exclusion criteria for subjects identifi ed in 
previously conducted research studies. As such, 
the following conditions are considered absolute 
contraindications to exercise during pregnancy 
based on expert opinion outlined in  ACOG   guide-
lines [ 23 ] and adopted or endorsed by several 
other medical societies (Table  4.4 ). It is often 
helpful to think of these as maternal medical con-
ditions or obstetric complications, although some 
overlaps may occur.

   The guidance and outline of relative contrain-
dications to exercise during pregnancy also rely 
upon expert opinion with most societies adopting 

or endorsing  ACOG   guidelines. Simply put, any 
condition in which the relative risk of exercise 
would outweigh the benefi ts of exercise during 
pregnancy should be considered a relative contra-
indication to exercise. Any women with a relative 
contraindication to exercise identifi ed should 
only make the decision to participate in physical 
activity based on the advice and counseling of the 
physician providing their prenatal care. These 
relative contraindications predominantly focus 
on chronic maternal medical conditions, with the 
exception of anemia (which could be acute or 
chronic) and current intrauterine growth restric-
tion (IUGR). 

 Additionally, when helping to develop an exer-
cise prescription during pregnancy, it is important 
to consider the aforementioned changes in mater-
nal physiology, mainly the increased resting heart 
rate and as a result blunted heart rate response to 
exercise. The  Canadian Society for Exercise 
Physiology  created modifi ed heart rate target 
zones for women who desire to perform aerobic 
exercise during pregnancy; this recommendation 
has been endorsed by other organizations as well 
[ 19 ]. For women without access to heart rate mon-
itoring devices, a simple modifi cation could be the 
use of the “talk test” to assess maternal exertion—
the patient should be able to maintain a conversa-
tion during exercise; if not, she should decrease 
her exercise intensity. This also provides an oppor-
tunity for the physician to encourage the patient’s 
spouse, father of the child, or members of her 
social support circle to exercise with the patient to 
help improve the health of everyone who will be 
involved with the support and care of the mother 
during pregnancy and newborn following dis-
charge from the hospital. 

 Women who desire to maintain aerobic fi tness 
and/or continue frequent aerobic exercise in preg-
nancy should be counseled; when studied, preg-
nant runners report a reduction in total training but 
very few reported injuries during pregnancy. Of 
110 long-distance runners who ran competitively 
prior to pregnancy, only 31 % ran during their third 
trimester and overall women reduced their training 
intensity by one half [ 24 ]. Another interesting 
fi nding of the same study was that women who ran 
during breastfeeding were less likely to be diag-
nosed with postpartum depression, but there was 

   Table 4.4     Contraindications to exercise     

  Absolute contraindications — maternal medical 
conditions : 
    Hemodynamically signifi cant heart disease 
    Restrictive lung disease 

  Absolute contraindications — obstetric 
complications : 
    Known cervical incompetence or having undergone 

placement of cervical cerclage 
    Rupture of membranes 
    Premature labor during current pregnancy 
    Hypertensive disorders of pregnancy (pregnancy- 

induced hypertension, preeclampsia, or HELLP 
syndrome) 

    Known intrauterine growth restriction of fetus 
    High-order multiple gestations (≥3 fetuses) 
    Placenta previa during or after the 26th week of 

estimated gestational age 
    Persistent second or third trimester bleeding 

  Relative contraindications — maternal medical 
conditions : 
    Unevaluated maternal cardiac arrhythmia 
    Chronic bronchitis 
    Poorly controlled type I diabetes 
    Extreme morbid obesity 
    Extreme underweight (prepregnancy BMI < 12) 
    History of extremely sedentary lifestyle 
    Poorly controlled chronic hypertension 
    Orthopedic limitations 
    Heavy smoker 
    Poorly controlled seizure disorder 
    Poorly controlled thyroid disorders 
    Thyroid disease 

  Relative contraindications — obstetric medical 
conditions : 
    Severe anemia (hemoglobin value of ≤10) 
    IUGR during current pregnancy 
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no statistically signifi cant difference in the rate of 
postpartum depression in women who ran during 
pregnancy versus those who did not run.     

    Exercise Prescription 
During Pregnancy 

    The Sedentary or Non-exercising 
 Patient      

   Regular exercise is an essential part of a healthy 
lifestyle and should be encouraged in all patients, 
including pregnant patients. Exercise may help pre-
vent the development of conditions that can compli-
cate pregnancy and negatively impact fetal 
well-being, including excess maternal weight gain, 
gestational diabetes, and LGA infants. In the 2008 
 Physical Activity Guidelines for Americans  [ 25 ], 
the US Department of Health and Human Services 
(HHS) recommended that women who have not 
been exercising prior to pregnancy should not begin 
a vigorous exercise program during pregnancy. The 
US Department of Health and Human Services 
2008 Physical Activity Guideline for Americans 
and the American College of Obstetricians and 
Gynecologists (ACOG) committee opinion on 
exercise during pregnancy [ 23 ] both discuss, but do 
not explicitly defi ne, “vigorous” or “strenuous” 
exercise in the pregnant patient or immediate post-
partum patient. The US Department of HHS defi nes 
“vigorous” as either anything greater than 6.0 meta-
bolic equivalents (METs) or 60–84 % of the maxi-
mum heart rate estimate based on age. 

 Further, research supports that when com-
pared with regularly or highly active pregnant 
females, previously sedentary females were able 
to increase their time to fatigue on a treadmill 
with intrapartum exercise and when performing 
moderate exercise did not demonstrate any signs 
of fetal or maternal morbidity. Those regularly 
active or highly active (non-sedentary) females 
were able to perform vigorous exercise without 
adverse consequences. In all of the groups, post- 
exercise fetal heart rate tracings were reactive 
(category I) within 20 min and biophysical pro-
fi les were reassuring [ 26 ]. Walking has been cited 
in obstetric and sports medicine literature as the 
most popular activity during pregnancy. 

 A recent study [ 27 ] examined the effect of a 
walking program of low intensity (30 % of maxi-
mum heart rate) versus high intensity (70 % of 
maximum heart rate) during on a standard tread-
mill. Normal-weight pregnant women were ran-
domized to low-intensity, high-intensity, or 
control groups and then underwent standard sub-
maximal treadmill test at 16–20 weeks gesta-
tional age (study entry) and tested again at 34–36 
weeks gestation to evaluate changes in cardiore-
spiratory responses. Increased body mass was 
similar between all groups studied; pre- and post- 
walking program intervention revealed an 
unchanged VO2 and VCO2 in the low-intensity 
group but decreased values in the high-intensity 
group. This study demonstrated that previously 
inactive pregnant women could have unchanged 
(low-intensity group) or decreased (high- intensity 
group) energy cost/demand from walking in the 
latter stages of their pregnancy. This demon-
strated that aerobic conditioning response was 
conferred despite similar body mass at time of 
post-intervention testing in all groups. All par-
ticipants in this study delivered healthy, viable 
infants.    

    The  Regular Exercising Patient      

   Regular exercising patients may continue to exer-
cise at the previous rate and intensity of exercise 
while pregnant without adverse consequence. A 
study of highly active and regularly active preg-
nant females between 28 and 32 weeks gesta-
tional age with treadmill exercise evaluated fetal 
well-being before and after exercise. Fetal well- 
being was measured with pre- and immediate 
post-exercise umbilical artery Doppler, fetal 
heart rate tracing, fetal heart rate, and biophysical 
profi le. There were statistically signifi cant 
decreases in immediate post-exercise umbilical 
artery Doppler fl ow in each group; however, 
post-exercise fetal heart rate tracings were all 
reactive and category 1 within 20 min for both 
groups with normal biophysical profi les [ 26 ]. 

 Regular exercising patients should be written 
a FITT exercise prescription similar to sedentary 
patients except with greater frequency and dura-
tion (time). They should be advised to exercise 
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3–5 times per week at 65–80 % of maximum 
heart rate and may perform activities that are not 
a contraindication to participation in their stage 
in pregnancy (running/jogging, tennis, cross- 
country skiing) and/or low-impact exercises that 
would be prescribed to the sedentary patient.    

    The Elite  Athlete         

    Females that participate in sport as elite athletes 
have dedicated many years of training and com-
petition to achieve this level of success. Further, 
their fi nancial livelihood may depend on their 
ability to train or compete while pregnant. 
However, the  ACOG   reports that quality research 
on strenuous or vigorous intensity exercise dur-
ing pregnancy is scarce and such activities require 
close medical supervision. No professional 
guidelines or any other available data identify an 
upper limit of safety with regard to exercise dur-
ing pregnancy; also, neither guidelines address 
maximal exercise in high-level athletes. 

 When high-functioning or elite athletes 
address exercise with their provider during pre-
natal counseling and routine obstetric care, the 
physician is unable to provide an evidence-based 
answer to patient inquiry. While expert opinion 
only offers vague guidance for joint decision 
making between patient and provider, recent 
research studies provide some limited insight 
into the effects of strenuous exercise during the 
second and third trimester of pregnancy. 

 Although there is not a wealth of evidence on 
exercise in elite-level females, a recent study sug-
gests that fetal well-being may be compromised 
during near-maximal exercise among pregnant 
elite athletes. Six Olympic-level females, who 
reported performing 15–20 h per week of strenu-
ous training before they were pregnant, were 
tested at 60–90 % of maximal oxygen consump-
tion during the second trimester. During the test, 
mean uterine artery blood fl ow was reduced dur-
ing the exercise testing; however, the fetal heart 
rate stayed within normal limits. But, when the 
women exercised at greater than 90 % of their 
VO2 max, the mean uterine artery was decreased 
to below 50 % of the pre-exercise levels [ 28 ]. 

 Further, another study [ 29 ] demonstrated that 
in previous highly active pregnant females, a 
small subset of highly active women demon-
strated transient FHR decelerations and altera-
tions in umbilical and uterine artery Doppler 
indices immediately after near-maximal exercise. 
Therefore, it is reasonable to recommend that 
elite female athletes should not exercise at higher 
than 90 % of MHR during pregnancy. Because of 
the lack of evidence and the differences in maxi-
mal heart rate per individual athlete, pregnant 
athletes—particularly elite athletes—may benefi t 
from individualized exercise prescriptions. The 
key aspect of the exercise prescription in these 
women is to set boundaries so they do not overex-
ert themselves and reach a level of exertion or 
maximal heart rate that could compromise fetal 
well-being (Table  4.5 ).   

   Table 4.5    Summary of fetal responses to strenuous maternal exercise   

 Study  Maternal testing 
 Measures of fetal 
well-being  Population studied  Observed results 

 Salvesen et al. 
[ 28 ] 

 VO2 maximum 
testing during peak 
treadmill test to 
volitional fatigue 

 Doppler U/S of 
uterine and 
umbilical arteries 
before, during, and 
after exercise 

 6 Olympic-level athletes 
at 23–29 weeks EGA 

 Fetal bradycardia at 
≥90 % of maternal 
oxygen consumption by 
VO2 maximum 

 Szymanski 
and Satin [ 29 ] 

 Peak treadmill test 
to volitional fatigue 

 Umbilical and 
uterine artery 
Doppler U/S, fetal 
heart rate tracing, 
and BPP pre- and 
post-exercise 

 45 women, varying 
activity levels 
    15 sedentary 
    15 regular exercisers 
    15 highly active 

patients at 28–32 
weeks EGA 

 Transient fetal heart rate 
deceleration in one-third 
of highly active women 
immediately after 
exercise 

J.M. Bright and C.A. Asplund



53

        Conclusion 

 Exercise is an important aspect of a healthy, well- 
balanced lifestyle for all women, including those 
of childbearing age. Aerobic exercise during 
pregnancy has the ability to infl uence maternal 
and fetal health. The acute physiologic changes 
during exercise and long-term adaptations from 
repeated bouts of exercise can have a consider-
able impact on fetal development and maternal 
well-being. In the absence of contraindicated 
obstetric or maternal medical conditions, data 
demonstrates that aerobic exercise can safely be 
performed during pregnancy in all women, 
regardless of their prepregnancy level of activity. 
It should be noted that certain activities may 
place the fetus in physical or physiologic danger 
secondary to risk of blunt abdominal trauma and/
or the lack of maternal physiologic safeguards to 
protect the developing fetus from stress. It is 
 universally recommended that such activities be 
avoided during pregnancy, which are outlined in 
Table  4.2 . Additionally, there is limited data to 
suggest that reaching near-maximal levels of 
exertion in highly active and elite athletes can 
create physiologic circumstances which can 
compromise fetal well-being. 

 Prior to engaging in an exercise program, it is 
recommended that all pregnant women consult 
with their obstetric provider to develop an exer-
cise prescription that will promote further mater-
nal and fetal health while mitigating the risk of 
exercise. Exercise, especially in the fi rst and sec-
ond trimester, has been associated with lower evi-
dence of fetal distress, shorter duration of labor, 
and overall improved maternal and fetal well- 
being. All providers who regularly interact with 
obstetric patients should encourage patients to 
participate in a safe form of exercise during their 
pregnancy. Exercise prescriptions written by these 
providers can help set up safe boundaries for 
women to avoid overexertion which could poten-
tially compromise fetal or maternal well-being.     
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      Abbreviations 

   ACSM    American College of Sports Medicine   
  ADH    Antidiuretic hormone   
  ALP    Alkaline phosphatase   
  BMD    Bone mineral density   
  BMI    Body mass index   
  BMP    Basic metabolic panel   
  CAH    Congenital adrenal hyperplasia   
  CBC    Complete blood count   
  CO    Cardiac output   
  CPM    Central pontine myelinolysis   
  DEXA    Dual-energy X-ray absorptiometry   
  DHEA-S    Dehydroepiandrosterone sulfate   
  DSM-IV    Diagnostic and Statistical Manual of 

Mental Disorders 4th Edition   
  EAC    Exercise-associated collapse   
  EAH    Exercise-associated hyponatremia   

  EBV    Epstein-Barr virus   
  ESR    Erythrocyte sedimentation rate   
  FAT    Female athlete triad   
  FHA    Functional hypothalamic amenorrhea   
  FSH    Follicle-stimulating hormone   
  GnRH    Gonadotropin-releasing hormone   
  HcG    Human chorionic gonadotropin   
  ICP    Intracranial pressure   
  IV    Intravenous   
  LH    Luteinizing hormone   
  OCP    Oral contraceptive pill   
  PCOS    Polycystic ovary syndrome   
  PTH    Parathyroid hormone   
  RED-S    Relative energy defi ciency in sport   
  SUI    Stress urinary incontinence   
  TFTs    Thyroid function tests   
  TIBC    Total iron binding capacity   
  TPR    Total peripheral resistance   
  TSH    Thyroid-stimulating hormone   
  UA    Urinalysis   
  VO2 max     Maximal oxygen consumption   

         Historical Perspective   

  Women’s participation in sport has made leaps 
and bounds in recent decades. In ancient Greek 
times, women were not allowed to even partake 
as spectators of the Olympics, and certainly they 
could not participate. Turn the clock forward, and 
in 2004, more than 4000 women participated in 
the majority of the events at the Olympics [ 1 ]. 
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The adoption of Title IX in 1972 was an impor-
tant legislative event in the United States that 
catapulted women’s participation in athletics. 
Prior to this bill, 310,000 women were estimated 
to be participating in sports. In 2010, this number 
exceeded three million [ 2 ,  3 ]. 

 Women participating in endurance events are 
an even newer phenomenon. Men have been run-
ning the marathon at the modern Olympics since 
London in 1908, while it wasn’t until Beth 
Bonner made the leap in 1971 at the Philadelphia 
marathon that women even began competing in 
such distance events [ 4 ]. However, it did not take 
long for women to start excelling, as evident by 
Pamela Reed’s accomplishment beating all com-
ers at the 2003 Badwater 131 mile Ultramarathon. 
Triathlons did not begin until 1978 when 12 men 
battled the Hawaii Ironman Triathlon. By 1981, 
20 women had completed this race, while in 
2010, more than 470 women, or 27 % of the par-
ticipants, completed Hawaii Ironman. In fact, 
USA Triathlon’s membership numbers had 
climbed to 38 % women in 2011. In longer races, 
such as ultra-triathlons, women’s participation 
remains relatively low, reported at <10 % [ 5 ].   

    Anatomical and Physiological 
Differences in  the   Female 
Endurance Athlete 

  Male and female endurance athletes have differ-
ent medical conditions, and some of these stem 
from some basic differences in their anatomy and 
physiology. These differences also play a role in 
training and performance. Anatomic differences 
in women such as smaller hearts pumping a 
smaller blood volume and lower muscle masses 
lead to different physiological adaptations. 
Muscle mass is greater in men than in women 
and certainly impacts performance. For example, 
male endurance cyclists have greater lower 
extremity muscle mass that seems to account for 
at least some of their peak and mean power out-
put advantages compared to women [ 6 ]. Muscle 
fi ber size seems to be the underlying principle 
behind this strength advantage [ 7 ]. Smaller lung 
volumes lead to a higher work of breathing in 

women, although these lung volumes are adapt-
able to endurance exercise [ 8 ,  9 ]. These changes 
in women are highlighted by a lower potential 
maximal oxygen consumption, or VO2 max , along 
with other physiological considerations such as 
their lactate threshold and muscle economy. 

    VO2 max  

   VO2 max , or maximal oxygen  consumption     , is 
widely accepted as the gold standard measure for 
assessing one’s ability to perform endurance 
exercise, and strength training has little effect on 
this [ 10 ]. A 20–29-year-old male with fair fi tness 
will have a VO2 max  between 36.5 and 40.9 ml/kg/
min, while the same young, untrained female will 
be between 29 and 32.9 ml/kg/min. Even with 
signifi cant endurance training, superior VO2 max  
normative data indicate that a female in this same 
age range can top 41 ml/kg/min, while males will 
surpass 52.4 ml/kg/min [ 11 ]. Anatomic differ-
ences in body weight, body fat, and subsequently 
oxygen delivery with lower hemoglobin all drive 
this gap [ 12 ,  13 ]. We have already accounted for 
the differences in body weight with the above 
normative data, as it is a function of one’s body 
weight. The difference in the true absolute 
VO2 max  would thus be even greater between the 
sexes, as men on average are taller and heavier 
than their female counterparts. Women also have 
higher percentages of body fat compared to men 
and thus less muscle mass that can contribute to 
oxygen delivery. The  American Council on 
Exercise   body fat chart shows that women require 
10–13 % body fat as essential fats compared to 
their male counterparts at 2–5 %. Breast tissue, 
hormones, sexual organs, and ovulation account 
for the majority of this difference, as they require 
higher fat content for optimal physiology. Thus, 
high-level male athletes can have body fats in the 
6–13 % range, while women generally are in the 
14–20 % range [ 14 ]. As an aside, higher body fat 
content may be helpful as an insulator in cold 
water swimming endurance events and can add 
buoyancy [ 15 ,  16 ]. Multiple studies have also 
shown that a lower body fat does not necessarily 
correlate with faster race times in women as it 
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does in men, but performance seems more depen-
dent on training volume [ 17 – 21 ]. Once again, 
however, if we level the playing fi eld and account 
for these differences, men would still hold a 
slight advantage in VO2 max . 

 Cardiac output (CO), oxygen carrying capacity, 
and pulmonary diffusion capacity are all principles 
that must be accounted for in determining one’s 
VO2 max  based on the  Fick principle  .  CO   is a func-
tion of heart rate and stroke volume, while oxygen 
carrying capacity is infl uenced mainly by one’s 
hemoglobin content and to a lesser extent one’s 
oxygen saturation. Other smaller, peripheral fac-
tors such as muscle diffusion capacity, mitochon-
drial enzymes, and capillary density all play a role, 
but are less important. Stroke volume is a function 
mainly of fat-free mass [ 22 ], and thus males tend 
to have higher stroke volumes and thus a higher 
cardiac output. Women also on average tend to 
have a lower hemoglobin content (about 10 % less) 
than men and thus decreased oxygen delivery. 
This stems mainly from losses associated with 
menstruation and other hormonal differences. 

 Improvements in VO2 max  secondary to aerobic 
endurance training occur via different cardiac 
adaptations in younger and older women. 
Younger women have a greater change in their 
maximal cardiac output that drives their VO2 max , 
while older women rely more on the interactions 
of maximal arterial and venous oxygen differ-
ences [ 23 ]. This change in older women has been 
further delineated in that endurance-trained older 
women have better matching of oxygen delivery 
to oxygen utilization via increases in capillary 
density leading to an increased rate of adjustment 
for pulmonary oxygen uptake compared to their 
untrained peers [ 24 ]. Endurance training more so 
than sprint training can lead to myocardial wall 
thickening [ 25 ]. Furthermore, atrial remodeling 
seems to be more modest in female athletes in 
response to training [ 26 ].    

    Other Sex Differences 

 Hormones play a role in performance as well. 
There is certainly ample data on estrogen and its 
role in bone health and the development of  stress 

fractures  . The effects of progesterone and the 
menstrual cycle itself have to be analyzed as 
well. A woman’s core body temperature thresh-
old changes based on their menstrual cycle, and 
so what stage of the menstrual cycle a woman is 
in can affect heat loss and their training capacity 
[ 27 ]. Training capacity is even infl uenced by car-
bohydrate consumption based on the particular 
menstrual phase that a woman is in [ 28 ]. As a 
corollary, testosterone and its effect on one’s 
recovery capacity may infl uence training volume 
and maximal output from one’s training regimen 
[ 29 ].  Testosterone   is important in building mus-
cle mass and strength, and older women in par-
ticular may have limited gains in muscle strength 
with underlying low testosterone levels [ 13 ,  30 ]. 

 Psychosocial factors have to be contemplated 
as well, and whether it’s one’s body image or pas-
sion for competition that drives one to succeed, 
these differences may alter the time it takes to 
cross the fi nish line. Mental fatigue can under-
mine performance, while imagery, self-talk, and 
goal setting can all help to improve performance 
[ 31 ]. Mirinda Carfrae’s world record time of 
8:52.14 in 2013 at the Kona Ironman World 
Championships was a phenomenal feat, but it 
was still 48 min slower than the fastest male time 
set in 2011. Most studies looking at sex differ-
ences in performance secondary to the aforemen-
tioned VO2 max  differences show a 10–15 % gap in 
endurance race times. A couple of studies, one in 
100 km running and one in ultra open water 
swimming, have shown slightly smaller gaps in 
the 3.7–5.0 % range [ 32 – 35 ].    

    Medical Conditions in the  Female 
Endurance Athlete   

   Endurance athletes often battle with a spectrum of 
injuries as well as medical conditions that are 
unique within the fi eld of sports medicine. Overuse 
injuries such as patellofemoral pain  syndrome and 
IT band syndrome are common, as well as  stress 
fractures  . However, there are medical conditions 
that are often seen in endurance athletes at a much 
higher prevalence than in non- endurance athletes. 
The female endurance athlete in particular seems 
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to be at greater risk for certain conditions, such as 
anemia, stress urinary incontinence (SUI), and 
 overtraining syndrome  , all of which can adversely 
impact performance.  Iron depletion   and iron defi -
ciency anemia have certainly come to light in 
recent years, and women endurance athletes are 
one of the groups at the highest risk. Stress urinary 
incontinence, once an idea revolving around 
elderly and parous women, has been shown to be 
quite the common condition in endurance-trained 
women.  Overtraining syndrome   is being recog-
nized more and more as athletes are training harder 
than ever. Women are now facing this problem just 
as often as men given their increased participation 
in athletics. Even the most common medical con-
ditions seen during endurance events, exercise-
associated collapse (EAC) and hyponatremia 
(EAH), appear to have a higher prevalence among 
women endurance athletes. Medical conditions 
common in the female endurance athlete popula-
tion are summarized in Table  5.1 .  

      Iron Defi ciency Anemia and Iron 
 Depletion         

    Anemia is a common medical condition that is 
seen in both men and women, most often associ-
ated with iron defi ciency. Women are at greater 

risk for anemia than men, and as many as 20–30 % 
of the general population of adolescent and 
young women have iron depletion. This rises to 
40–50 % when discussing adolescent female ath-
letes [ 3 ]. Iron defi ciency with anemia can be seen 
with a prevalence of 3–5 % among 18–44-year- 
old women [ 36 ]. Other contributing causes such 
as dietary intake, hemolysis, increased losses 
from the GI or GU tract, as well as poor iron 
absorption can lead to anemia. Other risk factors 
besides female gender for anemia would include 
athletic activity, long-distance running, adoles-
cence, and being a vegetarian. 

 In iron defi ciency anemia, hemoglobin is 
reduced leading to less oxygen delivery to the 
peripheral tissues and thus a decrease in maximal 
oxygen consumption, or VO2 max . In fact, 65 % of 
body iron is incorporated into hemoglobin [ 37 ]. 
However, the impact of iron defi ciency without 
anemia on performance is less clear. There are 
oxidative enzymes and respiratory proteins that 
are dependent upon iron, and thus one would 
hypothesize that iron defi ciency itself would 
impair one’s ability to sustain maximal perfor-
mance during endurance exercise. Older studies, 
such as Klingshirn et al., showed that 8 weeks of 
iron supplementation in female endurance run-
ners improved iron stores but did not affect 
endurance capacity [ 38 ]. More recently, multiple 

   Table 5.1    Common  medical conditions in   female endurance athletes   

 Clinical condition  Signs and symptoms  Female concerns  Treatment 

 Iron defi ciency 
anemia and iron 
depletion 

 Poor performance and 
fatigue; reduced VO2 max  

 Increased prevalence, 
especially endurance 
athletes; up to 50 % female 
adolescent athletes are iron 
depleted 

 325 mg ferrous sulfate 1 tab 
1–3 times daily 
 Ensure adequate dietary intake 
 Target ferritin of 60 

 Stress urinary 
incontinence (SUI) 

 Involuntary leakage of urine 
as a result of increased 
abdominal pressure 

 Up to 50 % of female 
endurance athletes report 
SUI 

 Pelvic fl oor exercises; 
electrical stimulation and 
surgery rarely needed 

 Overtraining 
syndrome 

 Decreased performance and 
fatigue; persist despite 2 
weeks of rest 

 More susceptible to 
recurrent infection and 
upper respiratory 
symptoms 

 Rest for weeks to months; 
consider cross-training and 
short 5–10-min aerobic 
sessions 

 Exercise-associated 
collapse (EAC) and 
hyponatremia 
(EAH) 

 Collapse after vigorous 
exercise; weight gain from 
overhydration, weakness, 
vomiting, and possibly 
neurological symptoms 
with hyponatremia 

 Increased prevalence; may 
be more directly related to 
lower BMI and longer 
time-outs on the course in 
women 

 Oral hydration and 
Trendelenburg positioning for 
EAC; 3 % hypertonic saline for 
severe symptoms with 
hyponatremia; prevention drink 
based on athlete’s thirst 
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studies have provided convincing data that iron 
depletion and not just anemia can have a negative 
impact on performance. Hinton et al. showed that 
iron-depleted, nonanemic women who under-
went iron supplementation in conjunction with a 
training program did signifi cantly improve their 
endurance capacity as evident by improved 
15 km time trial times [ 36 ]. McClung et al. 
showed in a randomized control trial that daily 
supplementation with 100 mg of iron sulfate can 
attenuate iron depletion often observed during 
basic combat training as well as improving physi-
cal performance in those soldiers with iron defi -
ciency anemia [ 39 ]. Dellavalle et al. investigated 
a cohort of female rowers and found that iron- 
depleted, nonanemic rowers’ exertion and energy 
costs were increased to do the same workload 
[ 40 ]. They also showed that those that trained 
less hard had a more profound impact on their 
performance [ 41 ]. Thus, this growing body of 
evidence is certainly showing that athletes with 
iron depletion in the absence of anemia, in addi-
tion to athletes with anemia, will likely benefi t 
from iron supplementation, especially in endur-
ance events. 

 Treatment of  iron depletion   as well as iron 
defi ciency anemia is with iron supplementation 
and a diet with highly bioavailable sources of 
iron. Meat, legumes, and seafood are good 
sources of dietary iron. Vitamin C intake in con-
junction with dietary iron and/or iron supple-
ments can help to enhance iron absorption, 
especially in those individuals taking histamine- 
2- blocking and proton pump-inhibiting medica-
tions, as the ascorbic acid helps chelate the iron 
making it more bioavailable. The  American 
College of Sports Medicine   in their joint position 
statement in 2009 recommended iron as a dietary 
supplement for endurance athletes, as they are at 
risk for depleting their stores of iron with train-
ing. Most studies have shown that treatment 
with 100 mg day −1  of heme iron in the form of 
ferrous sulfate can replenish iron stores within 
2–3 months. A basal serum ferritin level 
<35 mg l −1  is often used as the cutoff to begin 
supplementation, with a target of 60 mg l −1 . 
Ferritin is usually checked on an annual or 
biannual basis depending on one’s age and risk 

factors [ 42 ]. Iron supplementation should be 
discontinued when serum ferritin values have 
reached their target to avoid adverse effects asso-
ciated with iron toxicity [ 43 ]. Iron supplementa-
tion has not been shown to be helpful in those 
without iron depletion or iron defi ciency anemia 
and may be harmful.     

    Stress Urinary  Incontinence            

   Until recently, urinary incontinence was felt to 
affect primarily elderly and parous women. 
However, with more and more women participat-
ing in sport, including endurance sports and other 
high-impact activities, it has been shown that 
incontinence is more prevalent than once thought. 
Urinary incontinence is defi ned as involuntary 
loss of urine. This is usually characterized as 
stress, urge, or mixed. Stress urinary inconti-
nence (SUI) is involuntary leakage of urine as a 
result of effort, exertion, sneezing, or coughing 
that increases one’s intra-abdominal pressure. 
This is the most common form and occurs sec-
ondary to changes in the fascia and subcutaneous 
tissues as well as weakness of the pelvic fl oor 
muscles. Professional sport has been a known 
risk factor for SUI, along with pregnancy, sur-
gery, and congenital anomalies. The prevalence 
of SUI in training athletes has been identifi ed, 
and reported ranges are from a low of 10 % in 
studies where a large majority of the athletes are 
nulliparous to a high of 56 % [ 44 ]. Athletes par-
ticipating in gymnastics seem to report the high-
est rates, reported at 56 %, and jumping is the 
activity with the highest association. In a study of 
female endurance athletes, Poświata et al. showed 
that 50 % of their study subjects reported inconti-
nence, 45 % of these being of the stress variety 
[ 45 ]. The prevalence of urinary incontinence 
does not seem to be higher among former athletes 
than age-matched controls. However, athletes 
who report incontinence early in life, especially 
during competition, are at increased risk of incon-
tinence later in life [ 46 ]. Studies are confl icting on 
whether or not elite female athletes have a higher 
prevalence of SUI than age- matched controls. 
One study that did show a difference was Caylet 
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et al. who reported a prevalence of 28 % among 
elite female athletes while observing a rate of only 
9.8 % in the general population [ 47 ]. 

 The morbidity associated with SUI can have 
an impact on one’s quality of life. For example, 
27–30 % of athletes report avoiding sport or mod-
ifying activity when they have symptoms of 
incontinence [ 48 ]. The fi rst line of treatment is 
generally pelvic fl oor muscle exercises. 
Randomized controlled trials have shown that 
pelvic fl oor exercises are superior to both placebo 
as well as electrical stimulation. It has been 
reported that only a week of practice where 
women voluntarily contract before and during 
coughing can signifi cantly reduce urinary leak-
age [ 44 ]. Cure and improvement rates have been 
reported between 56 and 70 % for stress and 
mixed incontinence [ 49 ]. Theoretically, a combi-
nation of teaching women to precontract prior to 
an increase in abdominal pressure as well as per-
forming strength training exercises of the pelvic 
fl oor muscles would lead to optimal improve-
ment in symptoms. Electrical stimulation and 
surgery are other options as well, although rarely 
needed.    

     Overtraining Syndrome      

   Overtraining syndrome is a clinical entity where 
athletes are overwhelmed by their training regi-
men and their bodies are unable to adapt. There is 
a wide clinical spectrum for this condition, and it 
is essentially a systemic overuse injury. Burnout, 
staleness, and chronic fatigue in athletes are other 
terms that have been used to describe this condi-
tion. Decreased performance and fatigue are the 
hallmarks, but poor sleep, “heavy legs,” and 
increased rates of other injuries and infections 
are often seen as well. In fact, more than 90 % of 
cases will have poor sleep associated with them 
[ 50 ]. Recurrent infections can occur as well when 
the athlete tries to return to training. This may be 
more problematic in women endurance athletes, 
as they seem to be a bit more susceptible to upper 
respiratory infections than their male counterparts 
[ 51 ]. Increased infections are often seen in over-
training syndrome, but this is likely associated 

with impaired immune parameters secondary to 
prolonged high-intensity training. By defi nition, 
these symptoms persist despite 2 weeks of rest 
and time away from sport. 

 Overtraining results from under-recovery in 
the setting of prolonged and/or intense exercise. 
This may be in conjunction with a physical or 
psychological stress or a recent increase in train-
ing. Regardless, most athletes can recover within 
2 weeks and the term overreaching is used. This 
can be quite helpful in building one’s perfor-
mance. But when an athlete cannot recover within 
2 weeks, overtraining is present. Lab tests can be 
obtained to look for other causes of fatigue, but 
there are no labs that are specifi c for overtraining. 
For example, a  complete blood count (CBC)   may 
help to look for anemia, while  Epstein-Barr viral 
(EBV)   titers may show that they are suffering 
from a post viral syndrome. Sleep, nutrition, and 
social stressors are important diagnostic consid-
erations. A sleep log can help to identify if poor 
sleep hygiene is contributing to their fatigue. 
Newer technologies such as the wearable fi tness 
trackers often have sleep assessments built in that 
can aid a clinician in this assessment. A sports 
exercise test can be used if baseline data is avail-
able to show that the athlete is suffering from a 
decrease in performance. VO2 max  will be reduced 
and resting heart rate will be increased. 
Overtraining is typically a diagnosis of exclu-
sion, thus making the diagnosis often requires 
evaluating for and ruling out other possible 
causes of fatigue. Table  5.2  summarizes some of 
the frequently encountered conditions to consider 
when entertaining the diagnosis of overtraining 
syndrome.

   Training intensity and the spacing of the train-
ing sessions seem to be the most critical in opti-
mizing performance while decreasing the risk of 
overtraining. Rest, tapering, and periodization 
are all important components to a training pro-
gram, especially because many athletes compete 
year round and do not have an “off season” [ 52 ]. 
Treatment is vital and consists of rest and time 
away from sport. This can require several weeks 
or even several months. Often compliance is an 
issue as no athlete wants to be told that they can-
not train. Therefore, cross-training and utilizing 
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short training sessions of 5–10 min of aerobic 
activity a day may be helpful while the symptoms 
abate. These sessions can be increased over a 
6–12-week period. Antidepressants may have a 
transient role if the athlete is suffering from con-
current depression, although no specifi c medica-
tions have been shown to be helpful for 
overtraining alone.    

    Exercise-Associated Collapse 
and  Hyponatremia            

     EAC is a common entity seen at the end of endur-
ance events, comprising 59–85 % of all visits 
after marathons and ultramarathons to the medi-
cal tent [ 53 ]. The majority of these cases are a 
benign form of transient hypotension secondary 
to venous pooling in the lower extremities after 
cessation of exercise with an inadequate barore-
fl ex response. During the recovery phase imme-
diately after endurance exercise, skin and arm 
blood fl ow is increased along with blood fl ow 
back to the visceral organs, while one’s active 
muscles maintain their increased blood fl ow ini-
tially. Post-exercise hypotension occurs equally 
in both men and women, but this may occur via 
different mechanisms.  Total peripheral resistance 
(TPR)   is reduced and is not completely offset by 
an increased CO, thus leading to post-exercise 
hypotension in women [ 54 ,  55 ]. In endurance- 

trained men, vasodilation occurs more as a result 
of decreased CO, while there is little change in 
TPR [ 56 ]. 

 The diagnostic challenge for clinicians is sort-
ing out this benign cause versus potentially more 
severe causes such as hyponatremia, heat-related 
illness, or cardiovascular events. The athlete with 
EAC is unable to stand or walk unaided second-
ary to syncope or dizziness after completion of an 
event. Treatment consists of elevation of the ath-
lete’s legs and feet along with oral rehydration, 
and this should lead to resolution of symptoms. 
Skin surface cooling has shown some evidence as 
a supplemental therapy as well. Runners who are 
prone to this condition may even benefi t from 
wearing compression hose while running [ 53 ]. 
Compression socks have also been shown in some 
studies to improve performance [ 57 ]. Should 
symptoms persist, one must search for other 
causes as mentioned above. 

 Exercise-associated hyponatremia (EAH) 
occurs secondary to overhydration with hypo-
tonic fl uids during an endurance event. This is 
defi ned by a serum sodium less than 135 mEq/l 
during or within 24 h post-race. Overdrinking, 
antidiuretic hormone (ADH) secretion, and a fail-
ure to mobilize sodium are felt to be the main 
factors causing this [ 58 ]. The latter of the three, 
related to losses from sweat, is probably the most 
controversial and contributes the least. EAH is seen 
more commonly in female endurance athletes, as 

   Table 5.2    Common diagnostic considerations in the evaluation of  overtraining syndrome        

 Clinical condition  Historical clues  Evaluation and diagnostic work-up 

 Nutritional defi ciency  Increased training volume without increasing 
caloric intake; losing weight while training 

 25-OH vitamin D, basic metabolic 
panel, magnesium, phosphorus 
 Food diary 

 Anemia  Exertional fatigue; inadequate iron intake, heavy 
menstrual periods 

 CBC, iron studies (iron, ferritin, 
TIBC, transferrin, % saturation) 

 Psychological problems  Morning fatigue, impaired mental performance, 
apathy, disinterest, performance anxiety 

 No specifi c laboratory work-up is 
useful 

 Hyper-/hypothyroidism  Hypothyroidism: cold intolerance, weight gain, 
constipation, and periorbital edema 
 Hyperthyroidism: heat intolerance, warm skin, 
weight loss, diarrhea, urinary frequency, and 
exophthalmos 

 TSH (thyroid-stimulating hormone) 
with refl ex free T4 

 Post-viral syndrome  Fever, lymphadenopathy, myalgias, pharyngitis, 
cough, and rash 2–12 weeks prior 

 Viral-specifi c testing (Heterophile 
antibody or EBV titers for 
mononucleosis) 
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well as those that are slower runners who are subse-
quently out on the course longer or competing in 
longer events [ 59 ]. The prevalence of EAH in the 
literature has been quite variable, with ranges as 
high as 50 % [ 60 ]. One study in marathoners 
showed the prevalence to be around 12–13 % for 
elite marathoners, as opposed to 22 % in non-elite 
marathoners. Even longer races, such as Ironman 
triathlons, have reported prevalence rates as high 
as 29 % [ 58 ]. Female athletes also tend to have 
higher prevalence rates as compared to males. 
The effects of progesterone and estrogen on one’s 
thirst threshold as well as on ADH secretion may 
help to explain why females seem to be at greater 
risk for developing EAH. However, when 
adjusted for time- out on the course and body 
mass index (BMI), gender does not seem to make 
as much of a difference [ 60 ]. 

 Athletes may have gained weight during the 
endurance event secondary to excess fl uid intake. 
These athletes may also complain of bloating, 
weakness, weight gain, and vomiting. In severe 
cases, altered mental status, seizures, and respira-
tory distress from pulmonary edema can occur. 
This can progress to cerebral edema and death if 
not recognized and treated promptly. These ath-
letes are typically not hyperthermic, in contrast to 
collapse associated with heat illness. 

 Treatment of exercise-associated hyponatre-
mia consists of hypertonic saline. A 100 ml intra-
venous (IV) bolus of 3 % hypertonic saline can 
usually reverse severe symptoms from hypona-
tremia within a few minutes, while oral rehydra-
tion solutions may be more appropriate for mild 
symptoms. Three IV boluses spaced at 10 min 
apart can be given to relieve severe symptoms. 
Central pontine myelinolysis (CPM) is always a 
fear when reversing hyponatremia rapidly, but an 
acute drop in sodium that occurs during an endur-
ance event suggests that one will tolerate quick 
normalization of the sodium. In fact, there have 
not been any cases of CPM in athletes reported to 
date [ 61 ]. Both isotonic saline (0.9 %) and lac-
tated Ringer’s have been shown to prolong recov-
ery and are not recommended. 

 Avoiding overhydration and thus prevention 
are key. Consuming 400–800 ml of fl uid per hour 

instead of 800–1000 ml/h in events longer than 
4 h may help prevent hyponatremia [ 62 ]. It has 
been shown that hyponatremic marathoners con-
sume on average 0.84 L/h [ 60 ]. Other studies 
have suggested that athletes who drink only in 
response to thirst have not developed EAH [ 58 ]. 
Spacing out drink stations every 3 km can help 
mitigate this problem as well.       

    The Female Athlete Triad 
and the Relative Energy Defi ciency 
in  Sport         

    With the increase in sports participation by 
women after Title IX was passed in the United 
States in the 1970s, several medical conditions 
became more apparent in women. It started with 
the recognition that professional ballet dancers 
suffered from a high incidence of  stress fractures   
as well as amenorrhea. Soon thereafter, an asso-
ciation was identifi ed between disordered eating, 
amenorrhea, and musculoskeletal injuries. In 
1992, the Task Force on Women’s Issues of the 
American College of Sports Medicine (ACSM) 
coined the term the female athlete triad (FAT). By 
defi nition, disordered eating, amenorrhea, and 
osteoporosis had to be present to qualify for the 
diagnosis. Over the next 15 years, it was 
 concluded that the condition was being under- 
reported and under-recognized. Then in 2007, the 
 ACSM   updated its defi nition as a spectrum of 
dysfunction in energy availability, menstrual 
function, and bone mineral density (BMD). No 
longer did an athlete have to suffer from all three 
conditions to qualify for the diagnosis, but having 
one condition should prompt clinicians to search 
for the other components. This dramatically 
increased the prevalence and recognition of the 
disorder. Then in 2012 and 2013, the Female 
Athlete Triad Coalition convened. The goals of 
this convention were to address screening, treat-
ment, and return to play. They identifi ed 11 risk 
factors that should be screened. Each risk factor 
was assigned a different point, and if the athlete 
was identifi ed as having six or more points, they 
should be restricted from participation. Screening 
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is recommended at the pre-participation exam or 
annual health exam. The 2014 IOC consensus 
statement took the female athlete triad one step 
further adapting a broader term called relative 
energy defi ciency in sport or RED-S. This syn-
drome encompasses the components of the 
female athlete triad but also includes metabolic 
rate, immunity, protein synthesis, cardiovascular 
health, and psychological health and can be 
applied to male athletes as well [ 63 ]. Melin et al. 
showed that hypotension, hypoglycemia, and 
hyperlipidemia are common clinical features 
along with female athlete triad conditions [ 64 ]. 
Table  5.3  summarizes the medical conditions sur-
rounding the female athlete triad (Fig.  5.1 ).   

        Energy Availability            

     Formerly called disordered eating, energy avail-
ability is the new term identifying the spectrum 
of nutritional optimization of a female athlete. 
 Eating disorders   such as anorexia nervosa and 
bulimia fall under this umbrella, but are not 
essential for diagnosis. These disorders are 10 
times more likely in women than in men and far 
more common in athletes than non-athletes. Sports 
that emphasize low body weights and thinness 
such as ballet, gymnastics, fi gure skating, and 

distance running have even higher rates. The 
prevalence of this disorder is diffi cult to calculate 
and currently unknown, but some estimates have 
ranged from 15 to 62 % in female athletes [ 3 ]. In 
one study, 5.4 % of athletes with  eating disorders   
had suicide attempts, emphasizing the signifi cant 
morbidity of the condition [ 65 ]. There are two 
main causes of poor energy availability: one, the 
athlete is restricting calories or not consuming 
enough calories, such as in bulimia or anorexia 
nervosa, and two, they are burning more calories 
than the body is designed to handle. Calculating 
energy availability is simple in principle but is 
often diffi cult clinically. It is obtained by sub-
tracting the calories expended from those con-
sumed divided by lean body weight. Low energy 
availability is seen with <45 kcal/kg of lean body 
mass, with most symptoms developing with 
<30 kcal/kg. Perhaps a better screening tool is 
looking at BMI. A BMI <17.5 kg/m 2  usually rep-
resents an athlete with low energy stores. 
However, triad-associated conditions are com-
monly seen in elite endurance athletes despite a 
normal BMI [ 64 ]. A detailed diet and exercise 
history is essential to help identify those athletes 
that are not so clear cut. 

  Eating disorders   represent the spectrum of 
energy availability with the most severe pathol-
ogy. Anorexia nervosa is defi ned as refusal to 

   Table 5.3    Medical conditions associated with the female athlete  triad     . When one condition is present, the clinician 
should evaluate for the other ones   

 Clinical condition  Signs and symptoms  Diagnostic work-up  Treatment 

 Low energy 
availability 

 Restricting calories or 
excessive exercise; BMI 
<17.5; eating disorders 

 Labs to consider: CBC, ESR, TSH, 
ferritin, Mg, Phos, 25OH vitamin 
D, vitamin B12; may require EKG 
or DEXA scan 

 Multidisciplinary 
approach; increase caloric 
intake to gain weight 

 Menstrual 
dysfunction 

 No menarche by age 15; 3 
consecutive months without 
periods 

 Initial labs to consider: pregnancy 
test, LH, FSH, TSH, prolactin; may 
require pelvic US 

 Varies depending on 
etiology; if FHA, need to 
increase calories; OCPs 
falling out of favor 

 Poor bone health  Consider with stress 
fracture and after 6 months 
of amenorrhea, 
oligomenorrhea, disordered 
eating, or an eating disorder 

 Labs to consider: CBC, BMP, TSH, 
PTH, ALP, 24-h urine calcium, 
cortisol, and celiac antibodies; 
requires a DEXA scan 

 1200–1500 mg of 
elemental calcium and 
400–800 IU of vitamin D; 
assess risk factors (e.g., 
cessation of tobacco use) 

 Stress fractures  Pain over bony structure, 
worse with weight bearing; 
can progress to pain at rest 

 Plain radiographs often negative 
within fi rst 2–4 weeks and then 
may show periosteal reaction or 
fracture line; MRI and bone scan 
are more sensitive 

 Relative rest; stiff soled 
plate for metatarsal stress 
fractures; high-risk stress 
fractures usually require 
orthopedic referral 
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maintain minimal body weight for height (<85 % 
of expected weight), intense fear of weight gain, 
disturbed body image, and 3 months of consecu-
tive secondary amenorrhea or primary amenor-
rhea at the age of 16. Bulimia is defi ned as 
recurrent binge eating, overeating, compensa-
tory behavior from overeating (such as vomiting 
or laxative abuse), or fasting. This is often asso-
ciated with excessive exercise with a negative 
body image. Binge eating and purging occur at 
least twice weekly for 3 months. Examination 
can be helpful in identifying those who may be 
battling low energy availability and an eating 
 disorder  . Bradycardia, lanugo, orthostatic hypo-
tension, poor dentition, chipmunk cheeks (swol-
len parotid glands), and Russell’s sign (callus on 
dorsum of fi nger) may be present. In addition to 
a low BMI, clinicians who are adept at recogniz-
ing the above exam fi ndings can help to identify 
those with possible low energy availability. 
Laboratory work-up should include electrolytes, a 
CBC, erythrocyte sedimentation rate (ESR), 

thyroid- stimulating hormone (TSH), and urinal-
ysis (UA) [ 65 ]. Other labs to consider would 
include ferritin, magnesium, phosphorus, vita-
min D, and vitamin B12. An EKG is often done 
to evaluate for bradycardic arrhythmias, while a 
dual-energy X-ray absorptiometry (DEXA)    scan 
can assist in evaluating bone health. 

 Treatment of low energy availability is also 
simple in principle and diffi cult in practice. The 
athlete needs more calories and increased weight. 
This typically requires a multidisciplinary team 
including a dietician, primary care physician with 
expertise in the fi eld, and a mental health profes-
sional. Antidepressants may have a role, espe-
cially if an eating  disorder   is concurrent by 
DSM-IV defi nitions. Identifying those athletes 
with low energy availability early on may help 
prevent associated conditions such as amenor-
rhea and  osteoporosis   as well as  stress fractures  . 
Those athletes with disordered eating are at a two- 
to fourfold increase likelihood of developing a 
sports injury [ 2 ].      
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     Menstrual Dysfunction            

     Menstrual dysfunction can come in a variety of 
shapes and sizes and is also quite frequent in 
female endurance athletes. Amenorrhea can be 
primary or secondary where primary is defi ned as 
an absence of menarche after the age of 15 while 
secondary occurs with the cessation of menses 
for three consecutive cycles. Oligomenorrhea can 
also occur, with cycles longer than 35 days or 
fewer than 9 per year. The prevalence of amenor-
rhea among female athletes has ranged from 18 
to 54 % in studies, with most of these focusing on 
the high school athlete [ 2 ]. That of the general 
population is 2–5 %. 

 Prolonged exertion and weight loss have been 
shown to affect  gonadotropin-releasing hormone 
(GnRH)  , although the exact mechanism remains 
unclear. This leads to downstream effects of 
luteinizing hormone (LH) and  follicle- stimulating 
hormone (FSH)  , which disrupts estrogen release 
from the ovaries. This produces a functional 
hypothalamic amenorrhea or FHA. When evalu-
ating an athlete for menstrual dysfunction, it is 
critical to consider other causes besides FHA 
such as thyroid abnormalities, structural anoma-
lies, pregnancy, polycystic ovary syndrome, or 
even pituitary masses. Work-up of these condi-
tions often includes a pregnancy test, FSH, LH, 
prolactin, and TSH. If signs of androgen excess 
are apparent, free testosterone and DHEA sulfate 
can be checked. Estradiol and progesterone chal-
lenge test may be needed as well (Fig.  5.2 ).

   Estrogen plays an important role in bone 
health. It has been shown that estrogen defi ciency 
leads to loss of bone mass, and thus amenorrheic 
women have lower bone mineral density than 
eumenorrheic women. Athletes have higher 
BMD than their non-athletic peers as well [ 66 ]. 
Estrogen also helps to mediate vascular adapta-
tions in postmenopausal women who are engaged 
in endurance exercise and may have a cardiopro-
tective role [ 67 ]. 

 Treatment of  FHA   begins with a focus on 
increasing one’s energy availability, as this is 
typically the driving force. As long as energy 
expenditure is relatively controlled, increasing 
caloric intake will cause weight gain and resumption 

of normal menses.  Oral contraceptive pills 
(OCPs)   have been traditionally used as second- 
line agents in athletes over 16 years of age. 
However, they should only be instituted after 
caloric intake is increased, bone mineral density 
continues to decrease, and amenorrhea persists. 
The data is inconclusive on the benefi ts of  OCPs   
for treating  FHA  , and long-term OCP use may 
cause a reduction in bone mineral density if used 
for more than 2 years, thus this practice is falling 
out of favor [ 2 ].      

    Poor Bone  Health            

     Ninety to ninety-fi ve percent of peak bone min-
eral density (PMD) is reached by 18 years of age, 
with the greatest accrual during puberty between 
the ages of 11 and 14. Optimal nutrition and ade-
quate caloric intake are vital, even at such young 
ages. Moderate physical activity with weight- 
bearing exercise is another crucial component to 
building BMD. However, high training volumes 
with high-intensity exercise may have a detrimen-
tal effect on bone health [ 68 ]. Once an athlete 
reaches peak bone mass into their 20s and 30s, the 
rest of life is geared toward maintaining and pre-
venting losses. An amenorrheic runner at age 25 
may have comparable bone density to that of a 
50-year-old woman [ 69 ]. Low BMD is defi ned as 
a history of nutritional defi ciencies, hypoestro-
genism, stress fractures, or other clinical risks for 
fracture in conjunction with a Z score <1.0 [ 70 ]. 
The prevalence of poor bone health in athletes is 
diffi cult to accurately assess, and ranges for low 
bone mineral density are from 16 to 34 %, with 
the higher values being identifi ed in elite endur-
ance athletes [ 2 ]. Multiple studies have shown 
that there is a positive association between high 
training volume, low BMI, and BMD reduction in 
elite endurance runners [ 71 ,  72 ]. 

 A DEXA  scan   is the diagnostic procedure of 
choice when evaluating an athlete’s bone mineral 
density. The Z score along with a PA of the lum-
bar spine is often used when looking at bone min-
eral density in premenopausal female athletes. 
Z scores are used to compare subjects with con-
trols of the same age and sex. In premenopausal 
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  Fig. 5.2    Algorithm showing the diagnostic considerations when evaluating a patient with primary or secondary 
amenorrhea       
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female athletes, a Z score more than 1.0 standard 
deviation below the mean is considered abnormal 
and requires further work-up and/or treatment. 
 DEXA   should be obtained after a stress or low 
impact fracture and after 6 months of amenor-
rhea, oligomenorrhea, disordered eating, or an 
eating  disorder  . Vitamin D and calcium should be 
checked at a minimum, and other possible labs 
would include CBC, basic metabolic panel 
(BMP), TSH, parathyroid hormone (PTH), alka-
line phosphatase (ALP), 24-h urine calcium, cor-
tisol, and celiac antibodies [ 70 ]. 

 Treatment once again starts with optimizing 
nutrition and ensuring adequate and appropriate 
exercise. Weight-bearing and dynamic exercises 
seem to have the most positive effect on bone 
health. Calcium and vitamin D intake are also 
important. 1200–1500 mg of elemental calcium 
and 400–800 IU of vitamin D per day are the rec-
ommended daily intakes [ 73 ]. Bisphosphonates 
are not approved to treat bone loss in young ath-
letes. As mentioned previously, maintaining nor-
mal menstrual function is important as estrogen is 
vital for bone health. However, menstrual dysfunc-
tion is likely a secondary component to low energy 
availability, and thus this needs to be addressed 
fi rst along with identifying high training volumes 
[ 74 ]. Other medical conditions that have to be con-
sidered in the work-up of poor bone health would 
include cigarette smoking, alcohol consumption, 
corticosteroid use, hyperthyroidism, renal disease, 
and hyperparathyroidism [ 75 ].      

     Stress Fractures            

     Stress fractures occur when bone is subjected to 
repetitive loading and microtrauma develops. 
Bony remodeling cannot keep pace with these 
changes, and a stress injury ensues. Athletes with 
poor bone health have even less capacity to keep 
up and thus are more susceptible to injury. Female 
athletes have a higher incidence of stress frac-
tures than their male counterparts. They also 
seem to have stress fractures at different sites 
than males. They occur more commonly in amen-
orrheic women than normally menstruating women, 
2–4 times more commonly in fact [ 1 ,  65 ]. 

Compulsive exercise and lower leg lean tissue 
mass in female endurance athletes have been 
identifi ed as risk factors as well [ 76 ]. Fractures of 
the femoral neck, tarsal navicular, metatarsals, 
and pelvis are seen more commonly in women 
than in men. 

 Treatment consists of rest and cross-training 
when possible and a gradual return to activity. 
High-risk stress fractures at the superior femoral 
neck (tension side), patella, middle third of the 
anterior tibia (tension side), medial malleolus, 
talus, tarsal navicular, fi fth metatarsal, and great 
toe sesamoids often require more aggressive treat-
ment and frequently are managed by orthopedic 
surgeons who may advise surgical management.          
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          Background 

  Similar to more  traditional   sports for children 
and adolescents, endurance sports are increasing 
in popularity. Even though half of running race 
fi nishers 5 K distance and longer in 2014 were 
aged 25–44, the 6–17 age group accounted for 
10 % of overall US timed race fi nishers [ 1 ]. 
Specifi cally for the marathon distance, over 
550,000 people fi nished marathons in 2014, 
which was an all-time high; 2 % of those fi nishers 
were “juniors” (under 20 years of age) [ 2 ]. That 
percentage of junior fi nishers has remained 
steady at about 2 % since 1995, as the number of 
fi nishers overall has nearly doubled since then. 
The Asics LA event annually has the most junior 
fi nishers, with nearly 4000 in 2014. Junior fi nish-
ers accounted for 4 % of over two million half- 
marathon fi nishers in 2014 [ 3 ]. Again, that 
percentage is stable, even as the number of fi n-
ishers nearly doubled since 2009. Even though 
we may consider junior endurance athletes to be 
the exception rather than the rule, it appears that 
tens of thousands of adolescent runners are train-
ing for, and completing, half-marathon and mara-

thon distances. In addition, according to data 
collected by the National Federation of High 
Schools, Associations, over 472,000 students 
competed in cross-country in the 2014–2015 
season; this is an increase of over 30,000 runners 
from fi ve seasons prior [ 4 ,  5 ]. We should expect 
to see endurance athletes in our clinics, needing 
injury treatment and counseling about training.  

    Is Long-Distance  Running Safe?   

  There is little written about long-distance running 
for children and adolescents. There is no published 
research on safety or evidence-based training 
guidelines. However, there is injury data on high 
school cross-country participation. The injury 
rate is low. Additionally, it is easy to understand 
that since the majority of stress in running occurs 
in the legs, this is where most injuries will pres-
ent. In the 2013–2014 school year, the injury rate 
for boys’ cross-country (ages 14–18) was 0.72 
per 1000 athlete exposures; the girls’ cross-coun-
try (ages 13–18) injury rate was 0.76 for the same 
school year. In boys, the most common site of 
injury was the lower leg (27 %), followed by the 
hip/thigh/upper leg (21.6 %). The knee was spe-
cifi cally injured in 16.2 % of cases, and the ankle 
accounted for 14.4 % of injuries. The vast major-
ity of injuries were categorized as “sprain/strain” 
or “other.” Girls had similar injury characteris-
tics, with most being “sprain/strain” or “other” 
(not fracture). A quarter of the injuries were 
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lower leg, 18.3 % were ankle, 18.3 % were of the 
knee, 17.3 % were of the hip/thigh/upper leg, and 
14.4 % were foot. Only one injury in both groups 
required surgery [ 6 ]. Races in high school cross-
country are 5000 m, or 3.1 miles, for both boys 
and girls. In junior high (grades 7 and 8), the 
maximum distance is 2 miles. Training for these 
distances varies greatly based on desire and 
coaching. If less-experienced or poorly trained 
runners are required to do high-mileage training 
before they are ready, injuries may be more likely 
to occur, as they would in any sport. The practice 
of doing high-mileage training programs before 
and during cross-country seasons, even for rela-
tively short races, seems to be part of the culture 
of cross-country; whether this leads to higher 
injury rates is not clear. From the RIO high school 
data, the injury rate appears to be very low in 
school runners and involves largely nonsurgical 
injuries to the legs. 

 The discussion of safety for longer distance 
events (10 K, half-marathon, marathon, and lon-
ger) becomes much more controversial. The few 
articles that have been written on the topic are not 
recent and are not research studies; they are 
review and policy statements. The  American 
Academy of Pediatrics (AAP)  , in its clinical 
report “Overuse Injuries, Overtraining, and 
Burnout in Child and Adolescent Athletes” [ 7 ], 
briefl y discusses endurance events. It rightly 
reports “There is, at present, no scientifi c evi-
dence that supports or refutes the safety of chil-
dren who participate in marathons.” The clinical 
report recommends a “clearly devised weekly 
plan” that involves education on nutrition, hydra-
tion, and environmental conditions; it also rec-
ommends allowing participation of a willing 
young runner “as long as the athlete enjoys the 
activity and is asymptomatic.” Some authors 
have argued passionately for the safe inclusion of 
young runners in long-distance races, recogniz-
ing that risk for injury at any age is likely to 
increase as training volume increases; this occurs 
at any age, not just in youth [ 8 ,  9 ]. 

 It is important to acknowledge that several 
characteristics of the immature skeleton may 
make endurance running more stressful than in 
an adult: shorter stride length leads to more rep-

etitions; immature articular cartilage is at higher 
risk for damage relative to that of an adult; repeti-
tive trauma to the growth plate has been impli-
cated in hip arthritis; rapid periods of growth 
place muscles, tendons, and apophyses under 
additional stress [ 10 ]. Again, while recognizing 
these potential problems, long-distance running, 
while understudied, appears to be safe for young 
athletes. Any running program should be care-
fully planned and monitored while initiated and 
motivated by the child. External stressors should 
not be driving the child to run. Education should 
be provided to the athlete and the family about 
common injuries, nutrition, and hydration. 
Female runners should be educated about the 
female athlete triad; there is clear connection 
between running and negative energy balance, 
leading to disturbances in menstruation and bony 
health [ 11 ].   

    Endurance Training  Physiology   

  As youth sports competition grows, so too does 
the quest for performance benefi ts linked to train-
ing. Numerous preadolescent youth participate in 
sports-specifi c training programs. However, the 
profi ts of such efforts are unclear [ 12 ,  13 ]. 
Designing and implementing research studies to 
better understand aerobic fi tness in youth has 
proved diffi cult. The equipment and protocols 
used to test aerobic fi tness in adults may not be 
well suited for youth. Compared to adults, youth 
tend to have a greater baseline physical activity, 
which may serve as a confounder for aerobic per-
formance gains with training. Still, there are fac-
tors worth illustrating. Youth have physiologic 
adaptations through growth and puberty that 
afford gains in aerobic fi tness. Additionally, 
youth do appear to show gains in aerobic fi tness 
through training. 

 The two well-recognized determinants of aer-
obic fi tness in humans are maximal oxygen 
uptake (VO 2max ) and anaerobic threshold (AT). 
VO 2max  describes the maximal uptake of oxygen 
during incremental exercise. Originally described 
by exercise physiology pioneers A. V. Hill 
H. Lupton in the 1920s [ 14 ], VO 2max  correlates to 
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a plateau or upper limit for any individual to take 
in and utilize oxygen despite increases in work-
load. Children, however, do not classically 
exhibit this plateau in oxygen consumption. 
Rather, peak VO 2 , which is the utmost VO 2  
reached during an exercise test to exhaustion, is a 
much better predictor of VO 2max  in children [ 15 ]. 
First thought to represent the threshold level of 
work where metabolic acidosis would ensue 
causing resultant Bohr effect, AT is better recog-
nized as the balance between lactate production 
and elimination [ 13 ]. In adults, the reference 
commonly used is 4.0 mM. However, this may 
not be appropriate for youth as exercising at the 
same relative intensity produces lower lactate 
levels compared with adults. It has been recom-
mended that a reference threshold of 2.5 mM be 
used in children and adolescents [ 16 ]. Increases 
in VO 2max  and/or AT will afford an athlete to 
maintain enhanced rates of aerobic energy 
expenditure.   

    Growth 

  Growth and maturation   appear to play a large 
role on aerobic performance. Growth is relatively 
stable in preadolescence [ 17 ]. However, the onset 
of puberty contributes to marked hormonal 
changes, particularly increases in growth hor-
mone and testosterone, along with growth of the 
cardiorespiratory and musculoskeletal systems 
[ 18 ].  Testosterone   appears to be a key hormonal 
factor related to gains in VO 2 . A study linking 
resting testosterone pre- and post-training of pre-
pubescent males (aged 11–12 years old) illus-
trated testosterone levels almost three times 
higher than controls after a year of training [ 19 ]. 
Additionally, there appears to be sex differences 
in the trainability of aerobic fi tness in children. 
Boys appear to have greater capacity for train-
ing-induced gains in aerobic performance. In a 
2003 study, Obert et al. was able to illustrate 15 
and 8 % gains in peak VO 2  in boys and girls, 
respectively [ 20 ]. One could infer that a training-
induced rise in testosterone, preferentially affect-
ing males, is at least partially responsible for 
such gains in aerobic performance.  

     Training   

 It has been shown that training can cause an 
increase in exercise performance. The extent of 
such training-induced increases is not clear. 
Improvements in VO 2  have most commonly been 
reported to be minimal at 5–6 %, with higher 
gains correlating to elevated exercise intensities 
greater than 80 % of maximal heart rate (HR max ) 
[ 12 ,  21 ]. Banquet et al. wrote that when studies 
not reporting signifi cant changes were excluded, 
VO 2  improvements rose to 8–10 % [ 12 ]. Rowland 
and Boyajian were able to demonstrate a 6 % 
average increase VO 2max  from baseline with the 
training intervention consisting of three 30-min 
exercise sessions per week with participants 
exercising at an intensity of 80–85 % of their 
HR max  [ 21 ]. Interestingly, this is signifi cantly less 
than the current physical activity recommenda-
tions of 60 min of moderate to vigorous physical 
activity [ 22 ,  23 ]. It is possible that youth exhibit 
a higher baseline level of fi tness when compared 
to adults, who are relatively more sedentary [ 24 ]. 
Thus, training responses may be more attenuated 
in youth.  

     Cardiac Changes   

  The cardiovascular composition of athletes has 
been studied at length. In adults, gains in VO 2max  
are related to increases in maximal cardiac output 
( Q  max ) and maximal arteriovenous oxygen differ-
ence (AVO-D max ) [ 25 ,  26 ]. Cardiac output is 
directly proportional to stroke volume (SV) and 
HR. Adults show a gradual decline in HR max  with 
age. However, exercise has been shown as a way 
to attenuate such declines. In adults, it is possible 
that gains in  Q  max  are partially attributable to exer-
cise-induced attenuation of HR max  [ 27 ]. In chil-
dren, however, HR appears to have less of an 
impact on cardiovascular adaptations associated 
with performance gains in exercise. Early studies 
pointed only to SV as the etiology for increased 
VO 2max  in exercise-trained children [ 28 ]. Ventri-
cular size and SV gains are found in exercise- 
trained youth [ 29 ]. Together these have a profound 
effect on the cardiac output in exercise- trained 
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youth [ 25 ]. Obert et al., through the use of echo-
cardiography, corroborated signifi cantly elevated 
SV, with concomitant gains in VO 2max , in trained 
prepubertal cyclists aged 10–11 years old vs age-
matched controls [ 20 ]. These authors concluded 
that the gains in VO 2max , reported at 10 % from 
pre-training values, in their study cohort, were 
attributable primarily to their elevated SV. Overall, 
 Q  max  changes secondary to aerobic exercise are 
mediated by inotropic principles rather than chro-
notropic principles. 

  AVO-D   is a measure of the difference in arte-
rial oxygen content versus venous oxygen con-
tent. Simply, it is a measure of how effi cient the 
body is in extracting oxygen from blood within 
capillaries. Factors affecting diffusion are thought 
to include capillary density, myoglobin concen-
tration, mitochondrial concentration, and pH. In 
adults, submaximal aerobic exercise has been 
shown to increase the  AVO-D   [ 23 ]. The  AVO-D   
is felt to be most benefi cial at submaximal efforts. 
In children, no difference in AVO-D has been 
reported. It is possible that the greater proportion 
of slow-twitch (oxidative) muscle fi bers vs fast- 
twitch glycolytic muscle fi bers in children is 
responsible for this fi nding.       
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         Stress fractures   are not a single consistent injury. 
They occur along a spectrum of severity which 
can impact treatment and prognosis [ 1 – 3 ]. Not 
only does the extent of these injuries vary, but the 
clinical behavior of these injuries varies by loca-
tion and causative activity [ 4 ,  5 ]. An understand-
ing of common sports-specifi c stress injuries can 
help the clinician in the diagnosis, prevention, 
and treatment of these sports-related stress inju-
ries given that certain sports are more commonly 
associated with stress fractures, including run-
ning (69 %), fi tness class/cross-fi t (8 %), racket 
sports (5 %), and basketball (4 %) [ 6 ]. The most 
frequently reported anatomic sites of stress frac-
tures in the literature involve the tibia, metatar-
sals, and fi bula [ 7 ]. 

 When treating these injuries, it should be 
borne in mind that no two stress fractures behave 
exactly alike. Treatment protocols should be 
individualized to the patient, the causative activ-
ity, the anatomical site, and the severity of the 
fracture. As athletes become more competitive 
and focus solely on one sport, the incidence of 
stress fractures continues to increase. A holistic 
approach to the treatment of these injuries should 
be taken by orthopedists and sports medicine 

specialists. This is refl ected in the treatment algo-
rithm employed by the authors and presented 
later in this manuscript.  

     Pathophysiology   

  Stress fractures are a fatigue failure of the bone 
[ 8 – 10 ]. These stress injuries result from an over-
use mechanism. Repeated episodes of bone strain 
can result in the accumulation of enough micro-
damage to become a clinically symptomatic 
stress fracture [ 9 ,  11 ]. Any stress or load causes 
some strain of or deformation to the bone, and 
any strain of the bone results in some microdam-
age [ 9 ,  12 ]. Healthy bone is in homeostasis 
between microcrack creation and repair. 

 Fatigue failure of the bone has three stages: 
crack initiation, crack propagation, and complete 
fracture. Crack initiation typically occurs at sites of 
stress concentration during bone loading [ 13 ]. 
Stress concentration occurs at sites of differential 
bone consistency such as lacunae or canaliculi 
[ 13 ]. Crack propagation occurs if loading contin-
ues at a frequency or intensity above the level at 
which the new bone can be laid down and micro-
cracks repaired. Propagation, or extension of a 
microcrack, typically occurs along the cement 
lines of the bone. Continued loading and crack 
propagation allow for the coalescence of multiple 
cracks to the point of becoming a clinically symp-
tomatic stress fracture [ 10 ,  14 ]. If the loading epi-
sodes are not modifi ed or the reparative response is 
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not increased, crack propagation can continue until 
structural failure or complete fracture occurs [ 2 , 
 15 ]. Through the adaptive process of remodeling, 
the bone is able to respond to crack initiation and 
propagation such that the loaded bone is strength-
ened in preparation for future loading [ 16 ]. This 
positive adaptive response is known as  Wolff’s law   
and is an essential part of bone health [ 9 ,  10 ].   

    Risk Factors for  Stress Fractures   

  A variety of biological and mechanical factors 
are thought to infl uence the body’s ability to 
remodel the bone and therefore impact an indi-
vidual’s risk for developing a stress fracture. 
These include, but are not limited to, sex, age, 
race, hormonal status, nutrition, neuromuscular 
function, and genetic factors. Other predisposing 
factors to consider include abnormal bony align-
ment, improper technique/biomechanics, poor 
running form, poor blood supply to specifi c 
bones, improper or worn-out footwear, and hard 
training surfaces [ 11 ,  17 ,  18 ]. It is important to 
remember that the cause of stress fractures is 
multifactorial, and individual athletes will vary in 
their susceptibility to stress injuries. 

 The key modifi able risk factors in the develop-
ment of overuse injuries of the bone relate to the 
pre-participation condition of the bone and the 
frequency, duration, and intensity of the caus-
ative activity. Without preconditioning and accli-
mation to a particular activity, athletes are at 
signifi cantly increased risk for the development 
of overuse and fatigue-related injuries of the 
bone [ 19 – 21 ]. Multiple intrinsic and extrinsic 
factors can infl uence the balance between the cre-
ation/propagation of microcracks and the body’s 
ability to repair them (Table  7.1 ). 

        Intrinsic Factors   

  Anatomic alignment and kinematics can predis-
pose a particular area to stress fracture and must 
be considered in the treatment of these injuries 
(e.g., a patient with a fi fth metatarsal or navicular 
stress fracture) [ 3 ]. Without consideration of the 

surrounding anatomy, poor outcomes may result. 
Some stress fractures are affected by delayed or 
nonunion because of insuffi cient blood supply to 
the region. Proximal fi fth metatarsal and tarsal 
navicular fractures are particularly diffi cult to 
heal because they occur within the vascular 
“watershed” region at the metaphyseal- diaphyseal 
junction [ 3 ]. 

 Muscle strength can also affect an individual’s 
susceptibility to stress fractures. Proper neuro-
muscular function can dissipate the energy of 
externally applied impact loads on bones and 
joints that can occur during running and jumping 
[ 3 ]. Muscle fatigue may be an important factor in 
fatigue fractures. This is referred to as the   neuro-
muscular hypothesis   . As muscle fatigues, its 
capacity to dissipate the energy of an externally 
applied load diminishes, resulting in higher peak 
stresses and thus more rapid accumulation of 
microdamage [ 2 ]. Overall, general fi tness is pro-
tective, and studies have shown that military 
recruits with higher activity levels before enlist-
ment had fewer stress fractures during basic 
training [ 22 ,  23 ]. 

 Recent studies have also looked at the associa-
tion between vitamin D levels and the formation 
of stress fractures in military personnel. A pro-
spective study of Finnish military recruits found 
that the average serum vitamin D concentration 
was signifi cantly lower in the group that had sus-
tained a stress fracture. This suggests that a lower 
level of serum vitamin D may be a predisposing 

   Table 7.1    Etiologic factors for  stress fractures   
(Reproduced from Kaeding et al. [ 3 ])   

 Intrinsic factors 

    Muscle imbalance muscle weakness 

    Alignment/anatomic abnormalities 

    Tibial torsion fl exibility 

    Leg length discrepancy 

    Aging/hormonal 

 Extrinsic factors 

    Improper training 

    Improper equipment 

    Improper technique 

    Varied training surfaces (terrain, hills) 

    Environmental 

    Extrinsic pressure 
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factor for the development of stress fractures. 
Another randomized, double-blind, placebo- 
controlled study examined whether calcium and 
vitamin D intervention could reduce the inci-
dence of stress fractures in female recruits during 
basic training. Their study suggested that calcium 
and vitamin D supplementation could have pre-
vented a signifi cant percentage of their recruits 
from sustaining a stress fracture, which would 
have been associated with a signifi cant decrease 
in morbidity and fi nancial costs [ 24 ]. As these 
studies highlight, supplementation of vitamin D 
to prevent stress fractures is a subject of ongoing 
and future research [ 25 ]. 

 Additionally, certain endocrine and nutritional 
conditions can impair the delicate balance 
between bone formation and resorption, thus pre-
disposing one to stress fractures. Oligomenorrheic 
or amenorrheic female athletes are at increased 
risk for stress fractures. This may be secondary to 
decreased estrogen levels and increased osteo-
clastic activity. Stress fractures are also associ-
ated with lower fat intake, lower calorie intake, 
eating disorders, and body weight of <75 % ideal 
body weight. The female athlete triad (menstrual 
irregularity, disordered eating, and osteopenia) 
has been associated with increased susceptibility 
to stress fractures and may contribute to the 
increased stress fracture risk seen in female ath-
letes and female military recruits compared with 
their male counterparts. High-intensity training 
may suppress menses, which can exacerbate 
these risk factors [ 26 ].   

     Extrinsic Factors   

  It has been estimated that up to 60 % of running 
injuries are associated with training errors [ 9 ]. 
Training and technique errors include rapidly 
escalating frequency, duration, or intensity of 
training or perform a task with poor form, pos-
ture, or footstrike. Stress fractures are increased 
in the fi rst 2 weeks after increased training of less 
than 30 % in duration or intensity over a single 
season and in college freshman runners adjusting 
to demands of collegiate training regimens [ 5 ]. 
Stress fractures are often associated with changes 

in footwear or training surfaces, which can 
increase focal stresses in the lower extremity. 
Poorly fi tting shoes (particularly those that have 
poor heel counters), poor cushioning, or poor 
midfoot stability may lead to excessive heel 
motion, overload of the metatarsals, or poor 
shock absorption. The use of appropriate sports- 
specifi c equipment including shoes or custom 
insoles may be valuable in preventing overload 
and stress [ 2 ].   

     Clinical Presentation   

  Pain that is initially present only during activity 
is common in patients presenting with a stress 
fracture. Symptom onset is usually insidious, and 
typically patients cannot recall a specifi c injury 
or trauma to the affected area. If activity level is 
not decreased or modifi ed, symptoms persist or 
worsen. Those who continue to train without 
modifi cation of their activities may develop pain 
with normal daily activity and potentially sustain 
a complete fracture [ 26 ]. Physical examination 
reveals reproducible point tenderness with direct 
palpation of the affected bone site. There may or 
may not be swelling or a palpable soft tissue or 
bone reaction.   

    Imaging Evaluation 

     Radiography      

    Plain X-rays   are usually negative early on in the 
course of a stress fracture, especially in the fi rst 
2–3 weeks [ 27 ,  28 ]. Two-thirds of initial X-rays 
are negative, but half ultimately prove positive 
once healing begins to occur making standard 
radiographs specifi c but not sensitive [ 29 ]. Even 
after healing has begun to occur, radiographic 
fi ndings can be subtle and may be easily over-
looked if the images are not thoroughly scruti-
nized [ 30 ]. Figure  7.1  shows the anteroposterior 
radiograph of a healing nondisplaced distal fi bu-
lar stress fracture. Likewise, diagnostic ultra-
sound imaging has not been shown to be reliable 
for diagnosing stress injuries of the bone [ 31 ].  
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        Bone Scintigraphy      

   Bone scintigraphy had for many years been 
regarded as the gold standard for evaluating stress-
induced injuries, and although recently supplanted 
by  MRI  , it continues to be widely utilized in many 
situations. It measures bone response to injury by 
depicting areas of increased osseous metabolism 
through the localization of radionuclide tracers, 
particularly  Tc-99m-MDP  . The degree of uptake 
depends on the rate of bone turnover and local 
blood fl ow, and abnormal uptake may be seen 
within 6–72 h of injury [ 19 ,  32 ,  33 ]. Whole body 
bone scans can be performed with relatively low 
cost and have the advantage of being able to image 
the entire skeletal system at once, which is useful 
in cases when more than one area is symptomatic. 
The sensitivity of bone scintigraphy is nearly 
100 % [ 32 ]. 

 The characteristic scintigraphic appearance of 
a stress fracture in delayed static images is 
intense, fusiform cortical uptake along the long 
axis of the bone at the level of the fracture 

(Fig.  7.2 ) [ 34 ]. However, there can be a wide 
spectrum of fi ndings representative of the patho-
physiologic continuum of the process and the 
variations in the orientation of the fracture such 
as in a longitudinal fracture. A  stress reaction   is 
manifested by an area of less intense radionu-
clide uptake along the cortex corresponding to 
areas of remodeling the bone during the period 
that radiographs are typically normal.  

        Ultrasound      

   Ultrasonography has a very limited role in the 
evaluation of stress fractures and is not recom-
mended as a stand-alone study [ 35 ]. However, 
studies have shown that this modality may occa-
sionally be used to assess the superfi cial surface 
of the cortex in bones that are located close to the 
skin such as in the ankle/feet and tibia [ 36 ]. 
Cortical irregularities such as periostitis and cal-
lus formation can be depicted as well as muscular 
edema around the bone, and compression of the 
probe is useful in confi rming pain.  Color Doppler 
imaging   can demonstrate areas of hyperperfusion 

  Fig. 7.1    Anteroposterior radiograph of a healing nondis-
placed Grade 3 distal fi bular stress fracture in a 19-year- 
old female collegiate lacrosse player. Callus formation is 
evident after 6 weeks of activity modifi cation       

  Fig. 7.2    Nuclear bone scintigraphy image of a 20-year- 
old female rower with ongoing left rib pain. A Grade 2 
stress fracture is present of the left tenth rib       
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at and near the stress fracture. Recent studies 
have demonstrated a sensitivity of 82 % and a 
specifi city of 67–76 %, but predictive values offer 
a wide range with studies reporting a 59–99 % 
positive predictive value and a 14–92 % negative 
predictive value [ 37 ,  38 ].    

     SPECT Scan      

   Single-photon emission computed tomography 
(SPECT) scan is a more specifi c nuclear medi-
cine scanning technique than planar bone scan. 
Using analysis of the metabolic rate of cells, it is 
especially helpful in detecting stress fractures of 
the vertebral pars interarticularis, pelvis, and 
femoral neck [ 39 ].    

     Computed Tomography      

   Computed tomography (CT) delineates the bone 
well and is useful when the diagnosis of a stress 
injury is diffi cult, particularly in the case of tarsal 
navicular stress fractures (Fig.  7.3 ) as well as 
those of the pars interarticularis or linear stress 
fractures. CT scanning is useful for demonstrat-
ing evidence of healing by clearly showing the 
periosteal reaction and the absence of a discrete 
lucency or sclerotic fracture line [ 27 ,  39 – 41 ]. It is 
also helpful in determining if the fracture is com-
plete or incomplete [ 42 ,  43 ].  

        MRI      

   MRI is an effective diagnostic technique in 
patients who show strong clinical manifestations 
of a stress fracture but have normal initial radio-
graphs [ 44 ,  45 ]. Like scintigraphy, MRI depicts 
changes in the bone and periosteum weeks before 
any radiographic abnormality develops. The 
early stages of a stress fracture are characterized 
by focal hyperemia and bone marrow edema that 
correlates with the development of microfrac-
tures and osseous resorption (Fig.  7.4 ). Endosteal 
reactive changes, periostitis, and peri-osseous 
edema are important early observations on STIR 

or T2-weighted spin-echo images and are charac-
teristic of  stress reactions   [ 46 ,  47 ]. The most 
common patterns of a fatigue stress fracture on 
MRI are a linear, uni-cortically based abnormal-
ity of low signal intensity surrounded by a larger, 
ill-defi ned region of marrow edema or a linear 
cortical abnormality with adjacent muscular or 
soft tissue edema [ 48 – 50 ]. Callus formation indi-
cates a more chronic stress fracture.

   MRI has comparable sensitivity to nuclear 
scintigraphy. Specifi city, accuracy, positive pre-
dictive value, and negative predictive value are 
all superior at 100 %, 90 %, 100 %, and 62 %, 
respectively [ 51 ]. Additionally, MRI has a dis-
tinct advantage by depicting the surrounding soft 
tissue structures thus permitting concomitant 
evaluation of muscular, tendinous, or ligamen-
tous structures. In the athletic population, injuries 
to any of these structures may mimic the symp-
toms of a stress fracture, which are sources that 
reduce the specifi city of nuclear scintigraphic 

  Fig. 7.3    Axial CT scan of a Grade 5 tarsal navicular 
stress fracture in an 18-year-old high school football 
player. Evidence of a nonunion is present       
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studies. Another feature of MRI that should be 
underscored is its ability to assess regions of the 
skeleton that are challenging with other imaging 
modalities.    

    Classifi cation/ Grading   

  Stress fractures are classifi ed in multiple ways 
but most commonly by the size of the fracture 
line seen on imaging, the severity of pain or dis-
ability, the biologic healing potential of the par-
ticular injury or location, the natural history of 
the particular fracture, or some combination of 
these parameters [ 52 ,  53 ]. The classifi cation of 
stress fractures as either “high risk” or “low risk” 
has been suggested by multiple authors [ 4 ,  5 ,  54 ]. 
High-risk  stress fractures   have at least one of the 
following characteristics: risk of delayed or non-
union, risk of refracture, and signifi cant long- 
term consequences if they progress to complete 
fracture [ 2 ,  5 ]. Table  7.2  shows a list of anatomic 

locations considered high-risk for stress fractures. 
This distinction allows clinicians to quickly 
determine if they can be aggressive or conserva-
tive with the decision to return an athlete to train-
ing or competition.

   In addition to knowing the classifi cation of 
whether a stress fracture is high risk or low  risk   as 
determined by its anatomic site, the extent of the 
fatigue failure or “grade” of the stress fracture is 
also needed to completely describe the injury and 
make appropriate treatment plans [ 2 ,  3 ,  26 ,  55 ]. 
As described above, stress injuries to the bone 
occur on a continuum from simple bone marrow 
edema (stress reaction) to a small microcrack with 
minor cortical disruption to a complete fracture 
with or without nonunion. The management of 
bony stress injuries should be based on the loca-
tion and grade of the injury. 

 Recently, Kaeding and Miller proposed a 
comprehensive descriptive system for stress 
 fractures [ 56 ]. This includes a grading scale for 
classifying the extent of structural failure from 
Grade 1 to Grade 5. Grade 1 injuries are asymp-
tomatic, usually incidental fi ndings on imaging 
studies. Grade 2 injuries have imaging evidence 
of fatigue failure of the bone but no fracture line 
(Fig.  7.3 ). Grade 3 injuries have a fracture line 
with no displacement (Fig.  7.1 ). Grade 4 frac-
tures are displaced (Figs.  7.4  and  7.5 ), and Grade 
5 stress fractures are chronic having gone onto 
nonunion (Fig.  7.3 ). This system is summarized 
in Table  7.3 .

    Two key features of the Kaeding–Miller  sys-
tem      are that it is generalizable and has been vali-
dated with intra- and interobserver reliability. 
This classifi cation system has been shown to 
have high inter- and intra-observer reliability [ 56 ]. 
Coupling this fracture grade with the location of 

  Fig. 7.4    Axial T2 MRI of a 19-year-old female middle 
distance runner with midfoot pain. A Grade 4 stress frac-
ture is present at the midbody of the tarsal navicular       

     Table 7.2    Anatomic sites for high-risk  stress fractures   [ 5 ]   

 Femoral neck (tension side) 

 Patella (tension side) 

 Anterior tibial cortex 

 Medial malleolus 

 Talar neck 

 Dorsal tarsal navicular cortex 

 Fifth metatarsal proximal metaphysis 

 Sesamoids of the great toe 
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the fracture provides a more comprehensive 
description of the injury that takes into account 
both the extent of structural failure and healing 
potential of the injury. When reporting the stress 
fracture grade in this system, the imaging modal-
ity used should be reported. Almost perfect intra-
observer agreement was found among 15 
evaluators of the classifi cation system which 
included orthopedists, primary care sports medi-
cine specialists, and physician assistants. 
Substantial to almost perfect interobserver reli-
ability was observed for the classifi cation grades 
among the same evaluators.    

    High-Risk  Stress Fractures   
Versus Low-Risk  Stress Fractures   

   Low-risk stress fractures include the femoral 
shaft, medial tibia, ribs, ulnar shaft, and fi rst 
through fourth metatarsals, all of which have a 
favorable natural history. These sites tend to be 
on the compressive side of the bone and respond 
well to activity modifi cation. Low-risk stress 
fractures are less likely to reoccur, develop non-
union, or have a signifi cant complication should 
it progress to complete fracture [ 4 ]. 

 High-risk stress fracture locations are noted 
in Table  7.2 . Not only do fractures at these ana-
tomical sites have a predilection to progress to 
complete fracture, delayed union, or nonunion, 
have a refracture, or have signifi cant long-term 
consequences should they progress to a com-
plete fracture, but they also often have worsen-
ing prognosis if they have a delay in diagnosis. 
A delay in treatment may prolong the patient’s 
period of complete rest of the fracture site and 
potentially alter the treatment strategy to 
include surgical fi xation with or without bone 
grafting. Due to their location on the tension 
side of the respective bones, these fractures 
possess common biomechanical properties 
regarding propagation of the fracture line. In 
comparison to low-risk stress fractures, high-
risk stress fractures do not have an overall 
favorable natural history. With delay in diagno-
sis or with less aggressive treatment, high-risk 
stress fractures tend to progress to nonunion or 
complete fracture, require operative manage-
ment, and recur in the same location [ 5 ,  57 ].    

    Rib and  Upper Extremity         Stress 
Fractures 

    Though over 90 % of stress fractures occur in the 
lower extremities as a result of impact loading [ 7 , 
 29 ,  30 ], athletes who perform repetitive tasks 
with the shoulder and upper extremity may also 
develop stress injuries of the bone. Rib and 
shoulder girdle stress fractures are most com-
monly reported in rowers and throwing athletes 
along with those requiring repetitive rotation of 

  Fig. 7.5    Lateral radiograph of the elbow of a 25 year-old 
baseball pitcher with a displaced (Grade 4) olecranon 
stress fracture       

   Table 7.3     Kaeding–Miller stress fracture classifi cation 
system      [ 56 ]   

 Grade  Pain 
 Radiographic fi ndings (CT, MRI, bone 
scan, or X-ray) 

 I  −  Imaging evidence of stress FX 
 No fracture line 

 II  +  Imaging evidence of stress FX 
 No fracture line 

 III  +  Nondisplaced fracture line 

 IV  +  Displaced fracture (>2 mm) 

 V  +  Nonunion 

  Shown is a combined clinical and radiographic classifi ca-
tion system for stress fractures that has shown high intra- 
and interobserver reliability  
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the torso. The most common mechanisms for 
these injuries involve repetitive bony torsion, 
weight bearing, and muscle contraction overload 
[ 58 – 60 ]. Any athlete complaining of the nontrau-
matic onset of pain in the ribs or upper extremity 
that occurs during or shortly after the repetitive 
activity should raise concern for a possible stress 
fracture [ 58 ,  60 ]. 

 In recent years, there has been increased atten-
tion focused on upper extremity stress fractures, 
and case reports of these injuries have increased 
in athletes such as baseball players who train con-
tinuously for one sport. Incidence has also paral-
leled the increase in popularity of cross-fi t sports. 
In 2012, Miller and Kaeding reviewed 70 cases of 
stress fractures of the ribs and upper extremity, 
the largest series in the literature [ 60 ]. The authors 
noted that individuals performing weight-bearing 
activities of the upper extremity (e.g., gymnastics, 
cheerleading) developed nearly all of their stress 
fractures at or distal to the elbow, indicating that 
with such activities signifi cant bony overload 
occurs in the distal upper extremity as opposed to 
the proximal portion [ 60 ]. 

 The great majority of rib and upper extremity 
stress injuries are considered low risk and usually 
require only activity modifi cation to heal. One of 
the few exceptions to this that may require surgi-
cal intervention is the olecranon stress fracture in 
a competitive thrower (Fig.  7.5 ). Though this 
injury has the potential to heal with conservative 
management, when a fracture line (Grade 3 
injury) is discovered in a throwing athlete’s olec-
ranon process, internal fi xation is the ideal treat-
ment [ 61 – 63 ].     

    General  Treatment Principles   

  Treatment principles for stress fractures include 
reestablishing the normal balance between the 
creation and repair of microcracks in the bone. In 
order to decrease the creation of microcracks, 
one must evaluate the patient’s training regimen, 
biomechanics, and equipment. In order to maxi-
mize the patient’s biologic capacity to repair 

microcracks, one must evaluate the general health 
of the patient, including nutritional status, hor-
monal status, and medication use. The clinician 
should be aware of the female athletic triad and 
its potential detrimental effect on healing poten-
tial [ 17 ,  18 ,  26 ,  64 ]. A treatment algorithm 
employed by the authors and based on the 
Kaeding–Miller classifi cation systems is pre-
sented in Fig.  7.6 . 

       Management of  High-Risk   Stress 
Fractures 

  Treatment decision-making for high-risk stress 
fractures should be based on radiographic fi nd-
ings with less consideration given to symptom 
severity. The immediate goal of treatment of a 
high-risk stress fracture is to avoid progression 
and get the fracture to heal. Typically, this 
requires either complete elimination of loading 
of the site or surgical stabilization. Ideally, while 
the fracture is healing, one works to avoid decon-
ditioning of the athlete while minimizing the risk 
of a signifi cant complication of fracture healing 
[ 1 ,  26 ]. While overtreatment of a low-risk stress 
fracture may result in unnecessary decondition-
ing and loss of playing time, undertreatment of a 
high-risk injury puts the athlete at risk of 
 signifi cant complications. In this case, relative 
rest may be achieved with alternative training 
options such as aquatic training which may 
include an aquatic treadmill (Fig.  7.7 ) or sus-
pended treadmill training.

   The presence of a visible fracture line on a 
plain radiograph in a high-risk stress fracture 
should prompt serious consideration of operative 
management. Depending on injury classifi cation, 
patients with stress injuries in high-risk locations 
may require immediate immobilization and/or 
restriction from weight-bearing activities with 
close monitoring. If an incomplete fracture is 
present on plain fi lms with evidence of fracture 
on MRI or CT in a high-risk location, immobili-
zation and strict non-weight bearing is indicated. 
Worsening symptoms or radiographic evidence 
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of fracture progression despite nonoperative 
treatment is an indication for surgical fi xation. 

 All complete fractures at high-risk sites should 
receive serious consideration for surgical treatment. 
In summary, surgical fi xation should be considered 
for high-risk stress fractures for several reasons. 
These include expediting healing of the fracture 
to allow earlier return to full activity as well as to 
minimize the risk of nonunion, delayed union, 
and refracture. Finally, surgical intervention may 
be necessary to prevent catastrophic fracture pro-
gression such as in the case of a tension-sided 
femoral neck fracture [ 5 ,  15 ].   

     Return to Sports Participation   

  Generally in athletes, return to play should only 
be recommended after proper treatment and com-
plete healing of the injury. Because of the signifi -
cant complications associated with progression to 
complete fracture, it is not recommended that an 
individual be allowed to continue to participate in 
their activity with evidence of a high-risk stress 
fracture [ 1 ]. Return to play decision- making for a 
low-grade injury at a high-risk location should be 
predicated on the patient’s compliance level, 

Stress Injury Diagnosed

Optimize patient’s nutritional
and hormonal status

Grade*

I

Observation†

Complete Rest†††Relative Rest††

Complete Rest

Symptoms persistent
or no imaging

evidence of interval
healing after 6 weeks.

Systems persistent
or imaging evidence
of interval healing

after 6 weeks.

Systems persistent or no
imaging evidence of

healing after 6 weeks.

Anatomic Site

Low Risk Low RiskHigh Risk High Risk

Anatomic Site
Surgical
fixation

Surgical
fixation

Surgical
fixation

Surgical fixation

Surgical
fixation

with bone
grafting

II III IV V

  Fig. 7.6    Author’s recommended treatment algorithm for 
stress injuries of the bone (Reproduced from Rockwood and 
Green’s Fractures in Adults, 2012). *Grading based on the 
 Kaeding–Miller classifi cation system      presented in Table  7.2  
[ 56 ]. † Observation  return to activity with close follow-up. 

Consider relative rest and cross-training. †† Relative rest  
decrease frequency or intensity of inciting activity. May 
cross-train. Gradual return to full pain-free activity. 
††† Complete rest  discontinuation of any activity that places 
stress at fracture site. May include immobilization       
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healing potential, and risk of worsening of the 
injury. A key difference between a low-grade 
stress fracture at a high-risk location and a low-
risk location is that with the low-risk site, the ath-
lete or patient can be allowed to continue to train, 
whereas the high-risk site needs to heal prior to 
full return to activity. 

 Regardless of the grade and location, the risk 
of continued participation should be discussed 
with each athlete, and the management of each 
fracture should be individualized. Cross-training 
while resting from the inciting activity allows 
maintenance of cardiovascular fi tness while 
decreasing stresses at the healing fracture site 
[ 26 ,  65 ]. Return to participation should be a joint 
decision between the physician, athletic trainer, 
coach, and athlete. If a stress fracture is diag-
nosed in the noncompetitive season, most ath-
letes seek to achieve complete healing prior to 
return to training or competition. If the injury 
occurs at mid-season or in the championship sea-
son, elite athletes may limit the volume and 
intensity of their training while continuing to 

compete. Complete healing of the fracture is then 
sought once the season is over.   

    Prevention of Stress  Injuries   

  Prevention is the ideal treatment of stress injuries 
of the bone. An assessment of the athlete’s risks 
should be made at pre-participation evaluations, 
especially in those with a history of previous 
stress fractures [ 1 ,  26 ]. Correction of amenorrhea 
in females and calcium and Vitamin D supple-
mentation is recommended in addition to general 
nutritional optimization. If biomechanical abnor-
malities are encountered, the use of appropriately 
designed orthotic devices should be considered 
as an initial corrective measure. However, gait 
analysis and appropriate running form and tech-
nique changes may be necessary to prevent future 
injuries. Additionally, bone density with body 
composition evaluation (iDEXA)    may be 
required in individuals with recurrent bony stress 
injuries. An example report of an  iDEXA evalua-
tion   is shown in Fig.  7.8 . Keys to preventing 
stress fractures are listed in Table  7.4 . 

        Summary 

 Stress fractures are common injuries particularly 
in endurance athletes and military recruits. The 
Kaeding-Miller classifi cation system for stress 
fractures characterizes these injuries based on the 
patient’s symptoms as well as their position on a 
radiographic continuum of severity. The treat-
ment algorithm included in this chapter further 
stratifi es these injuries as either high-risk or low-
risk based upon the biomechanical environment 
in which they are located. Stress fracture man-
agement should employ a holistic approach and 
should be individualized to the patient taking into 
consideration injury site (low vs. high risk), 
grade (extent of microdamage accumulation), the 
individual’s activity level, competitive situation, 
and risk tolerance.     

  Fig. 7.7    Underwater view of 23-year-old male profes-
sional sprinter/long jumper running on an aquatic treadmill 
during recovery from a tarsal navicular stress fracture       
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           Achilles Tendinosis            

    Introduction 

 Achilles tendon pain is common in endurance ath-
letes. Injuries to this tendon are often the result of 
repetitive stress from excessive activity; however, 
symptoms of pain can also be noted in sedentary 
individuals. Patients may have pain at the midpor-
tion of the tendon with palpation and/or activity.  

     Terminology      

     Often termed Achilles tendinitis, this may not 
most accurately describe the condition. While a 
true tendinitis can be seen, most often, infl amma-
tion is not seen on histopathologic specimens of 
painful Achilles. Instead, one notes collagen dis-
array, increased proteoglycans, and disordered 
healing, more accurately refl ecting a tendinosis 
(Fig.  8.1 ). Tendinosis is often thought to be the 
result of overuse, causing microtrauma to the ten-
don such that it cannot adequately repair itself. 
Leadbetter defi ned tendinosis as a failure of the 
cell matrix to adapt to repetitive trauma caused 

by an imbalance between the degeneration and 
synthesis of the matrix [ 1 ]. Maffulli described 
Achilles tendinopathy as a clinical syndrome 
characterized by three elements: pain, swelling, 
and functional impairment corresponding to the 
histopathologic pattern of tendinosis [ 2 ].  

        Anatomy      

   The Achilles tendon represents the distal combi-
nation of the medial and lateral gastrocnemius 
with the soleus. It is approximately 15 cm long. 
As it descends, it twists approximately 90° (30°–
150°) on itself, and then the tendon inserts onto 
the calcaneus (Fig.  8.2 ). Thus, the tendon has two 
junctional regions, the myotendinous junction 
and the osteotendinous junction. The vascular 
supply for the Achilles tends to occur at both of 
these junctions which may leave the midportion 
vulnerable for potential vascular compromise. 
There is no true synovial sheath, but there is a 
paratendon which assists with gliding of the ten-
don. This paratendon also contributes to the vas-
cular supply of the Achilles. Contraction of this 
muscle will cause plantar fl exion of the foot and 
generate power for locomotion. The Achilles ten-
don can generate power up to 12 times one’s body 
weight during fast running. The predominant col-
lagen in the Achilles tendon is type 1 with the 
fi bers being arranged in a parallel  manner. Ground 
substance, proteoglycans, and glycosaminogly-
can chains surround the collagen.  
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       Pathophysiology of  Tendinosis      

   Overuse and improper loading of a tendon may 
damage tissue and cause breakdown. Inadequate 
repair of this breakdown initiates the process of 
tendinosis. Biopsies of tendinotic tendons reveal 
increased cell numbers, ground substance, colla-

gen disarray, and neovascularization. Typical 
prostaglandin-mediated infl ammatory mediators 
are absent. Often, however, neurogenic mediators 
accompany this increased neovascularization and 
contribute to the pain associated with Achilles 
tendinosis. In fact, substance P and calcitonin 
gene-related peptides have been isolated.    

     Epidemiology      

   Achilles tendinosis is often associated with land- 
based endurance-type activities such as running. 
There are variable reports of incidence in the lit-
erature [ 3 ]. The annual incidence of  Achilles ten-
dinosis   is 7–9 % in top-level runners. However, 
Kujala noted lifetime incidence of Achilles tendi-
nosis to be up to 24 % in competitive athletes and 
up to 40–50 % in competitive runners. The major-
ity of individuals tend to have midportion issues. 
In fact, Kvist looked at 698 athletes and noted 
66 % of these athletes had midportion Achilles 
tendinopathy, and 23 % of them had insertional 
issues [ 4 ].    

     Etiology      

   The etiology of Achilles tendon disorders is multi-
factorial with some discrepancies noted in the lit-
erature. Common thinking is that abnormal 
stresses on the Achilles tendon, its midportion, or 
insertion may lead to microtrauma with resultant 
poor healing and subsequent tendinosis. Kvist 
revealed that poor alignment of the lower extrem-
ity leads to Achilles issues [ 5 ]. Common malalign-
ment issues were overpronation, over- supination, 
hindfoot varus or valgus, leg length discrepancy, 
decreased fl exibility, and joint laxity. In addition to 
mechanical risk for the development of Achilles 
tendinosis, there are general factors that may 
increase the risk: male gender, increased age, and 
obesity. Certain training habits have also been 
associated with increased risk. These include 
excessive training, training errors, hill training, 
and specialized training (i.e., only running) [ 6 ]. 

  Fluoroquinolones   have frequently been impli-
cated in risk for developing Achilles tendon 

  Fig. 8.1    Histologic picture revealing tendinosis       

  Fig. 8.2     Anatomic picture   of Achilles tendon       
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problems. Sode noted 12 episodes of Achilles 
tendon rupture per 100,000 fl uoroquinolone 
treatment episodes [ 7 ]. Another study by Van der 
Lin looked at 46,776 patients treated with  fl uoro-
quinolones   and noted 3.2 cases of tendon prob-
lems for every 1000 years of exposure [ 8 ]. 
Symptoms occurred within 1 month of initiating 
treatment and resolved within 2 months of dis-
continuing treatment. Concomitant use of sys-
temic glucocorticoids with fl uoroquinolones also 
increased the risk. 

 Oral glucocorticoids and cortisone injections 
also increase the risk of the development of 
Achilles rupture and tendinosis [ 8 ,  9 ].    

     Physical Exam      

   Individuals will typically describe an area of pain 
2–6 cm proximal to the insertion of the Achilles 
tendon on the calcaneus. The pain is typically 
described as burning and achy and worse with 
activity, especially stairs and hills. However, the 
pain is sometimes also present in the morning. 
Individuals may have cut back or ceased activi-
ties that worsen their symptoms like running. 
Passive range of motion is typically full, but plan-
tar fl exion may be decreased secondary to pain. 
Affected side single-leg heel raise strength and 
endurance are also compromised. Provocation of 
pain with palpation at the midportion of the 
Achilles is also present. Oftentimes, there are a 
concomitant thickening of the Achilles or a pain-
ful palpable nodule (Fig.  8.3 ). Observation of the 
patient’s gait may reveal some of the abnormali-
ties listed above as risk factors for Achilles tendi-
nosis like overpronation. Always compare the 
injured, symptomatic limb with the unaffected, 
contralateral limb.

       Imaging                  
       Imaging may be helpful, but often the diagnosis 
can be made from history and physical exam. 
Imaging may contribute to the workup if the 
diagnosis is not clear. Plain fi lms may reveal a 
bony prominence such as  Haglund’s deformity   
which may contribute to Achilles tendon pain 
(Fig.  8.4 ). Ultrasound is a modality with increas-

ing usefulness in evaluating tendinopathies. It is 
inexpensive and can clearly defi ne pathology. 
Common fi ndings on ultrasound are thickened 
Achilles tendon, hypoechogenic areas, collagen 
disarray, and tendon sheath swelling or fl uid. 
Ultrasound can also be used to determine partial 
from complete Achilles tendon tears (Fig.  8.5 ). 
MRI can be used for further detail of the anatomy 
of the Achilles tendon and for preoperative 
 planning. Common MRI fi ndings for those with 
chronic Achilles tendinosis are tendon thickening 
and increase uptake or signal intensity within the 
tendon on the T1 images (Fig.  8.6 ).        

  Fig. 8.3    Achilles tendon  thickening         

  Fig. 8.4     X-ray of Haglund’s deformity            
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            Treatment      

   Relative rest and activity modifi cation are ini-
tially recommended for treatment. Avoidance of 
painful activities such as running and jumping 
also should be discussed with the patient. If spe-
cifi c biomechanical abnormalities are noted on 
physical examination, certain methods may be 

employed to correct these issues. These may 
include heel lifts, arch supports, orthotics, motion 
control running shoes, stretching tight calves, 
changing training surfaces, or decreasing the 
intensity of training. If the patient’s pain is severe 
with simple ambulation, temporary immobiliza-
tion in a CAM walking boot may be effective. 
Night-time splints pulling the foot into dorsifl ex-
ion may also help to reduce morning symptoms.    

     Medications         

    Nonsteroidal anti-infl ammatory drugs (NSAIDs) 
are also frequently used to treat Achilles tendino-
sis. However, since the bulk of midportion Achilles 
pain is not secondary to an infl ammatory process, 
patients may fi nd a decrease in their pain simply 
from the analgesic component of these medica-
tions. Thus, acetaminophen is also a reasonable 
choice for pain relief for midportion Achilles pain. 
Astrom and Westllin compared piroxicam to pla-
cebo for patients with Achilles tendinosis in a ran-
domized placebo-controlled trial of 70 individuals 
and found that the medication was not superior for 
treatment of Achilles tendinosis for pain, range of 
motion, and strength [ 10 ].     

     Rehabilitation         

    Rehabilitation should be a cornerstone of treat-
ment for Achilles tendinosis. In fact, treatment 
should be considered early in the symptom pre-
sentation. Harnessing the body’s own reparative 
ability during a controlled exercise regimen can 
be helpful.  Eccentric exercises   have been studied 
as a treatment for this condition. Alfredson stud-
ied 15 recreational individuals with chronic 
Achilles tendinosis and found improvement in 
symptoms when treated with a heavy eccentric 
loading exercise regimen for twice daily for 12 
weeks [ 11 ]. These patients were then followed 
for 2 years, and 14/15 are still running pain free. 
Multiple other studies have further supported the 
use of eccentric  exercise   chronic tendinopathic 
conditions [ 12 ]. However, it has also been noted 
that eccentric exercises may be more effective for 

  Fig. 8.5    Ultrasound picture of  Achilles tendinosis            

  Fig. 8.6    MRI with  Achilles tendinosis            
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midportion Achilles tendinosis rather than inser-
tional tendinosis with a treatment success rate of 
89 and 32 % [ 13 ]. In addition, Magnussen et al. 
performed a systematic review that revealed 
 eccentric exercises   to be effective for treatment 
of midportion Achilles tendinosis but not inser-
tional tendinosis [ 12 ]. These exercises need to be 
performed in a slow and controlled manner to 
assist in allowing the collagen to form parallel to 
the lines of stress. Mild discomfort is allowed in 
the rehabilitation process (Fig.  8.7 ).

   Rehabilitation for insertional Achilles tendino-
sis has less robust evidence and may be more dif-
fi cult to treat. Again, Fahlstrom demonstrated 
improvement with midportion Achilles tendinosis 
of 89 % versus only 32 % improvement for inser-
tional Achilles tendinosis. A variation in rehabili-
tation was proposed by Jonsson and Alfredson in 
2008 for the treatment of insertional Achilles ten-
dinosis. Eccentric exercises were performed, but 
the patient was limited to stay out of dorsifl exion. 
At 4 months, 67 % were satisfi ed and back to their 
activity [ 14 ]. Despite all of this, a systematic 
review in 2006 by Woodley questioned the quality 
of evidence supporting  eccentric exercises   for 
chronic tendinosis and called for better studies to 
evaluate their effectiveness [ 15 ].     

     Extracorporeal Shock Wave 
Therapy (ESWT)         

    ESWT has demonstrated some promise in treat-
ment of chronic Achilles tendinosis. A system-
atic review by noted ESWT to be an effective 

treatment for chronic insertional and non- 
insertional Achilles tendinosis [ 16 ]. A large RCT 
revealed the shock wave therapy was superior to 
eccentric exercises in the treatment of chronic 
insertional Achilles tendinopathy [ 17 ]. Finally, 
Furia also looked at ECWT plus  eccentric exer-
cises   versus eccentric exercises alone for chronic 
non-insertional Achilles tendinosis and found 
that the combination was superior [ 18 ]. A sys-
tematic review published by Kearney et al. in 
2010 for treatment of insertional Achilles tendi-
nosis concluded that conservative treatment 
should be attempted fi rst. Conservative treat-
ment for insertional achilles tendinosis should 
start with eccentric loading and shock wave 
therapy before surgical intervention is consid-
ered [ 19 ]. 

    Injection Therapies 

 There are a multitude of injection options for the 
treatment of Achilles tendinosis with varying 
degrees of effectiveness. 

  Cortisone injections   are frequently employed 
by Sports Medicine providers to treat endurance 
medicine maladies. As stated earlier, typically 
Achilles pain is secondary to an overused, 
poorly healing tendon, rather than an acutely 
infl amed tendon. As expected, studies are con-
fl icting with respect to effectiveness. Short-term 
benefi t has been seen in one study [ 20 ]. But 
another one revealed no signifi cant improve-
ment [ 21 ]. Risk of rupture is a concern, and this 
should preclude consideration for cortisone 
injections as early therapy in the treatment of 
Achilles tendinosis. 

  Pro-infl ammatory injections   have also demon-
strated effectiveness in the treatment of chronic 
Achilles tendinosis. Injecting any substance into 
or around a tendon will cause an infl ammatory 
response, which when paired with appropriate 
physical therapy will hopefully lead to proper 
and permanent healing. Some concerns with pro- 
infl ammatory injection are the lack of 
 standardized injections as well as standardized 
rehabilitation protocols. There is also variability 
as to whether or not ultrasound guidance is used. 

  Fig. 8.7    Individual doing an eccentric heel drop       
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Ultrasound-guided injection of hyperosmolar 
dextrose into the Achilles tendon decreased pain 
for both insertional and midportion Achilles pain 
in 99 patients [ 22 ]. In addition, dextrose injections 
and dextrose injections plus  eccentric exercises   
demonstrated a greater improvement in pain for 
midportion Achilles pain when compared to 
eccentric exercises alone [ 23 ]. 

  Platelet-rich plasma (PRP)   has also been 
studied for the treatment of chronic Achilles 
tendinosis. Injecting concentrated platelets into 
the Achilles tendon is thought to stimulate 
infl ammation and promote proper healing 
(Fig.  8.8 ). However, de Vos et al. followed 54 
people with midportion Achilles tendinosis for 1 
year after randomizing to either receive a PRP 
injection or a saline injection in addition to the a 
program of  eccentric exercises  . Both groups 
improved, but there was no signifi cant differ-
ence between the two groups. These patients 
were then followed for a year and still no sig-
nifi cant difference was noted [ 24 ]. Small studies 
have revealed varying response to midportion 
Achilles pain from an autologous blood injec-
tion as well [ 25 ,  26 ].

   The idea of injecting sclerosing agents into an 
area of a tendon with painful neovascularization 
has also been studied for chronic Achilles tendon 
pain. Alfredson performed a small double- 
blinded randomized controlled trial of injections 
of either polidocanol or lidocaine and noted 
decreased pain in the polidocanol group [ 27 ]. 
Ohberg also found similar improvements after 
injections of polidocanol in a prospective study 
of 11 patients [ 28 ]. And fi nally, Clemetson noted 
similar improvement for polidocanol injections 
in a retrospective review of 25 patients [ 29 ].      

    Topical  Treatment      

    Topical glyceryl nitrate patches have also been 
studied to treat chronic Achilles tendinosis. 
Paoloni et al. conducted a double-blinded pla-
cebo-controlled randomized controlled trial 
( DBPCRT)   that revealed that topical glyceryl 
nitrate was superior to placebo in reducing pain 
from chronic Achilles tendinosis [ 30 ]. Hunte also 
came to a similar conclusion noting that topical 
glyceryl nitrate was superior to placebo in a 
DBPCRT [ 31 ]. However, mild controversy exists 
because Kane et al. preformed a randomized con-
trolled trial comparing topical glyceryl nitrate 
plus physical therapy to physical therapy alone 
and found no signifi cant difference [ 32 ].     

     Surgery      

   About 25 % of patients will continue to have 
symptoms despite conservative care; thus, vari-
ous surgical options are available for recalcitrant 
cases of chronic midportion Achilles tendinosis. 
Typically, an open surgical approach will involve 
resection of posterior superior calacaneal promi-
nence, retrocalcaneal bursa, and intratendinous 
calcifi cations and extensive debridement of 
fi brotic adhesions. However, there has also been 
some evidence of percutaneous needle tenotomy 
as an effective surgical treatment [ 33 ]. Endoscopic 
debridement of the tendon is another surgical 
option with good outcomes [ 34 ]. Typically, those 
individuals who present with an acute full thick-

  Fig. 8.8     PRP         
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ness Achilles tendon tear are recommended to 
have surgical repair. However, recently there has 
been some evidence for conservative treatment of 
full thickness tears with reasonable outcomes 
[ 35 – 37 ].      

    Patellar  Tendinosis   

     Introduction      

   Patellar tendinosis is a relatively common fi nding 
in athletes with repetitive activities like running 
and jumping and typically is an overuse injury 
presenting with anterior knee pain. There can be 
signifi cant disability secondary to this condition 
resulting in chronic pain.  

     Terminology      

   Similar to other chronic tendon pain issues, 
chronic patellar pain is also more correctly 
described as a tendinosis or a tendinopathy, not a 
tendinitis secondary to the absence of infl amma-
tory changes on histopathologic specimens of 
chronically painful patella tendons. Rather, one 
often sees a failure of a proper healing response 
to mechanical overuse with resultant collagen 
disarray and painful neovascularization 
(Fig.  8.9 ). Specifi c histologic changes include 
increased glycosaminoglycans and decreased 
expression of type I collagen with increased type 
III collagen expression. This condition is often 

termed “jumper’s knee” but also should possibly 
be more accurately labeled “lander’s knee” as 
the tendon experiences greater eccentric forces 
during landing over jumping. This increased 
force is thought to contribute to the development 
of this condition.  

        Anatomy      

   The patella tendon is the tendon that stretched 
from its origin on the distal pole of the patella to 
its insertion on the tibial tuberosity (Fig.  8.10 ). It 
may be more accurately termed a ligament as it 
stretches from bone to bone. The tendon assists 
in the lever motion of the knee for leg extension. 
In adults, the tendon is typically 5–6 cm long, 
2–3 cm wide, and 0.5 cm thick. A fat pad is also 
located posterior to the patella tendon.  

        Epidemiology      

   Between 2001 and 2009, Hagglund et al. looked 
at 2229 elite soccer players and noted an inci-
dence of 0.12 injuries/1000 h. In each season, 
2.4 % of the players were affected [ 38 ]. 

 A questionnaire was completed by 891 male 
and female nonelite athletes from seven popular 
sports in the Netherlands: basketball, volleyball, 
handball, korfball, soccer, fi eld hockey, and track 
and fi eld. The overall prevalence of jumper’s knee 
was 8.5 % (78 of 891 athletes), showing a signifi -
cant difference between sports with different 

  Fig. 8.9    Tendinosis         Fig. 8.10    Anatomic picture  of   patella tendon       
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loading characteristics. Prevalence was highest 
among volleyball players (14.4 %) and lowest 
among soccer players (2.5 %); it was signifi cantly 
higher among male athletes (10.2 %) than female 
athletes (6.4 %). The mean duration of symptoms 
was 18.9 months [ 39 ]. 

 Lian et al. also looked at 50 Norwegian male 
and female athletes at the national elite level from 
each of the following nine sports: sprinting, bas-
ketball, ice hockey, volleyball, orienteering, road 
cycling, soccer, team handball, and wrestling. 
They found the overall prevalence of patellar ten-
dinitis was 14.2 %. The prevalence of current 
symptoms was highest in volleyball (44.6 %) and 
basketball (31.9 %), whereas there were no cases 
in cycling or orienteering [ 40 ].   

     Risk Factors      
   In elite soccer players, high total exposure hours 
and increased body mass increased the risk of 
developing patellar tendinosis. 

 Hagglund also noted increased risk for the 
development of patellar tendinosis in athletes 
who were signifi cantly younger, taller, and 
heavier than those without jumper’s knee, and 
Lian noted increased incidence in males over 
females. 

 Patellar tendinopathy was also more common in 
females with specialization in only one sport [ 41 ]. 

 An older study looked at risk factors for patellar 
tendinopathy and found that poor quadriceps and 
hamstring fl exibility were also risk factors [ 42 ].      

     History and Physical Exam      

   Symptomatic individuals will often report ante-
rior knee pain with jumping, running, and explo-
sive movements. The pain is typically worse with 
repetitive knee fl exion movements and lessens 
with rest. The pain is often described as achy. Its 
occurrence is insidious without a specifi c trauma 
or twist that precludes symptom presentation. 
Provocative maneuvers are squatting on a decline. 
The pain can also be worse with palpation. The 
location of pain associated with anterior patella 
pain is typically at the distal patella pole/origin of 

patella tendon (70 %), quad tendon insertion on 
the proximal patella (20 %), or at the patella ten-
don insertion at the tibial tuberosity (10 %). The 
remainder of the knee exam is typically unre-
markable, with no laxity on provocative 
maneuvers.    

    Workup 

 Laboratory studies are typically not useful in the 
workup of chronic patellar tendinosis.  

     Imaging                  

       Although radiographic evaluation is not univer-
sally needed in the workup and diagnosis of 
patellar tendinosis, it can be helpful in differen-
tiation and confi rmation of a patient’s symptoms. 
Plain fi lm radiographs are rarely useful.  Plain 
radiographs   may reveal enthesopathic changes at 
the origin or insertion of the patella tendon 
(Fig.  8.11 ). Plain radiographs may also reveal lat-
eral subluxation of the patella which can be a risk 
factor for developing tendinosis. Sports ultra-
sound is emerging as an excellent tool to aid in 
the diagnosis and also treatment of patellar tendi-

  Fig. 8.11     Plain fi lm      of patella enthesopathy       
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nosis. Ultrasound will typically reveal a thicken-
ing of the tendon with area of hypoechogenic 
signal and evidence of neovascularization on 
color Doppler fl ow (Fig.  8.12 ).

    MRI is also a useful tool to assist in the diag-
nosis and management of chronic patellar tendi-
nosis. MRI reveals a thickened tendon with 
increased T1 signal intensity at the area of tendi-
nosis (Fig.  8.13 ). Ultrasound and MRI can also 
be helpful in evaluating for patella tendon tears.

   A recent study looked at the accuracy of imag-
ing for clinically diagnosed patella tendinosis 
and found that color Doppler and gray scale 
ultrasound had an accuracy of 83 % each, while 
MRI had an accuracy of 70 % [ 43 ].        

    Treatment 

     Medication         

    Nonsteroidal anti-infl ammatory (NSAIDs) medi-
cations may have a role in the treatment of acute 
patellar tendinitis; however, their role on chronic 
poorly healing tendinosis may be limited to sim-
ply analgesia as no infl ammation is present in this 
condition. As a result, analgesic medications 
such as acetaminophen may also be a reasonable 
option for individuals with chronic patellar ten-
don pain.      

     Rehabilitation         

    Rest and/or relative rest is often employed as an 
initial treatment option for chronic patellar tendi-
nosis, but typically the symptoms return after 
resuming their previous level of activity. 

  Fig. 8.12    Ultrasound 
with hypoechogenic and 
thickened patella  tendon            

  Fig. 8.13    MRI with increased TI signal  intensity            
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 Physical therapy should be employed as fi rst- 
line treatment for chronic patellar tendinosis. 
Eccentric rehabilitation has been a mainstay in 
the treatment of patellar tendinosis with a large 
body of evidence supporting its effectiveness. 
Common thoughts as to the rationale for eccentric 
training being effective for the treatment of 
chronic tendon pain is the idea that it reduces 
blood fl ow through the neovessels causing them 
to collapse which would in turn decrease to pain 
that accompanies these neovessels. The 25° 
decline eccentric squat seems to be the most 
effective [ 44 ] (Fig.  8.14 ). Eccentric training was 
also found to be superior to concentric training 
for the treatment of chronic patellar tendinosis. 
Eccentric training was also compared with surgi-
cal treatment, and there was no signifi cant differ-
ence in outcome [ 45 ]. Multiple reviews have 
found  eccentric exercises   to be effective for the 
treatment of chronic patellar tendinosis [ 46 ,  47 ]. 
However, Visnes noted that eccentric training 
was not as effective for treatment when employed 
during the competitive season [ 48 ]. Eccentric 
training when used as a prophylaxis for the devel-

opment of patella tendinosis was not found to be 
effective in reducing risk of injury [ 49 ].

   Much of the evidence for the effectiveness of 
patellar tendon straps (Fig.  8.15 ) has been 
anecdotal. There have been reported decrease in 
general anterior knee pain with an infrapatellar 
straps, but studies specifi cally looking at treat-
ment of chronic patellar tendinosis with an 
infrapatellar strap have been lacking. One recent 
study however did note that infrapatellar straps 
decreased patella tendon strain [ 50 ].   

       Extracorporeal Shock Wave 
Therapy ( ESWT)         

    ESWT is a procedure where acoustic waves are 
focused on a specifi c site on the body. Subsequent 
dissipation of energy is thought to cause altera-
tions in tissue and stimulate healing and decrease 
pain receptor activation (Fig.  8.16 ). A small ran-
domized controlled study revealed a benefi t for 
treatment of chronic patellar tendinosis versus 

  Fig. 8.14    25° Decline eccentric squat       

  Fig. 8.15     Infrapatellar strap         

  Fig. 8.16     ESWT         
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conservative treatment [ 51 ]. Some other studies 
reveal a benefi t of treatment with ESWT for 
chronic patellar tendinosis, but many of these 
studies are limited by lack of a control group or 
prospective study design [ 52 ,  53 ]. A review of 
seven studies with differing protocols in 2007 
concluded that ESWT is an effective treatment 
for chronic patellar tendinosis [ 54 ].

   However, it is important to note that if one 
applies ESWT during the competitive season, the 
results (similar to eccentric exercises) do not 
demonstrate any benefi t [ 55 ]. 

 Peers compared ESWT to surgical interven-
tion for chronic patellar tendinopathy and found 
similar outcomes [ 56 ]. 

     Injections      

   Numerous injection therapies with varying evi-
dence and effectiveness have been proposed to 
treat chronic patellar tendinosis.  Corticosteroid 
injections   are commonly considered in the treat-
ment of tendon pain. However, as previously elu-
cidated, chronic patellar tendinosis is more of a 
poorly healing response rather than an acute 
infl ammatory response, thus limiting the poten-
tial effectiveness of cortisone injections. 
Available studies are weak to support cortisone 
injections for chronic patellar tendinosis for 
long-term pain relief [ 57 ]. One also needs to be 
cautious of an increased risk of tendon rupture 
after the injection of cortisone around a tendon 
and especially into a tendon. 

  Hyperosmolar dextrose   has also been used to 
treat chronic tendon pain. Ryan et al. prospec-
tively treated patients who had chronic patellar 
tendinosis pain with a series of four injections 
of hyperosmolar dextrose. This treatment 
yielded a signifi cant decrease in pain and also 
neovascularization and hypoechogenicity on 
ultrasound [ 58 ]. 

 Simultaneous dry needling and autologous 
blood injection were effective in a prospective 
study of refractory chronic patellar tendinosis 
when the individuals also followed a prescribed 
rehabilitation protocol after the injection [ 59 ]. A 
very recent double-blinded randomized controlled 

trial evaluated ultrasound-guided autologous 
blood injection versus saline injection for chronic 
patellar tendinosis. Both groups reported a signifi cant 
decrease in symptoms with no signifi cant difference 
between the two groups [ 60 ]. 

  Platelet-rich plasma (PRP) injections   have 
generated a lot of interest in the treatment of soft 
tissue injuries over the past decade. Injection of 
concentrated platelets is thought to induce 
infl ammation and promote healing with the pres-
ence of various bioactive growth factors. Thus, 
PRP injections have been studied for the treat-
ment of chronic patellar tendinosis. Two prospec-
tive studies revealed improvement in pain after a 
PRP injection and a standardized rehabilitation 
protocol [ 61 ,  62 ]. A recent double-blinded study 
compared ultrasound-guided injection of PRP to 
dry needling alone followed by an eccentric  exer-
cise   regimen for individuals with chronic patellar 
tendinosis. At 12 weeks, both groups had 
improved, but the PRP group had improved sig-
nifi cantly more than the dry needling group 
alone. This benefi t was diminished at 26 weeks, 
however [ 63 ]. When comparing PRP injection to 
ESWT, Vetrano noted both groups demonstrated 
improvement, but the PRP group had a signifi -
cantly greater improvement in pain at 6- and 
12-month follow-up [ 64 ]. Smith noted that in 
athletes with chronic patellar tendinopathy, both 
groups responded positively to PRP injection and 
ESWT. However, the PRP-treated patients dem-
onstrated signifi cantly greater improvements in 
VISA-P and pain scores by 6 months and signifi -
cantly better functional outcomes and satisfac-
tion based on a modifi ed Blazina scale at 12 
months [ 65 ]. A systematic review by Liddle 
stated that the superiority of PRP to other treat-
ments is unproven, and further study is needed 
[ 66 ]. Another systematic review by Di Matteo 
revealed that PRP is an effective treatment for 
chronic patellar tendinosis [ 67 ]. 

  Sclerosing injections   are another option often 
cited to treat chronic patellar tendinosis. Typically, 
this entails ultrasound-guided injections of a 
sclerosing substance like polidocanol. When 
compared with ultrasound-guided injections of 
lidocaine and epinephrine, polidocanol was more 
effective in reducing pain and restoring function 
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in high-level individuals with chronic patellar 
tendinosis [ 68 ]. The same authors completed a 
prospective study looking at over a 100 individu-
als with chronic patellar pain and noted reduced 
pain and improved function at 24 and 44 months. 
However, while two thirds of the patients did 
well, one third of the patients went on to surgery 
at the 44-month mark [ 69 ,  70 ]. Alfredson treated 
individuals with chronic patellar tendinosis with 
polidocanol injections with ultrasound guidance 
targeting neovessels and found improvements in 
pain and neovessels in 80 % tendons at 6 months 
[ 71 ]. However, when comparing injections of 
polidocanol to arthroscopic shaving, individuals 
who underwent shaving reported less pain and 
were more satisfi ed with treatment. There was no 
structured rehabilitation after either intervention 
in this study [ 72 ]. 

 Surgery should be considered after an appro-
priate trial of conservative care, eccentric exer-
cises, injection, or ESWT treatments. One RCT 
looked at eccentric training versus open surgery 
and found no difference in pain scores between 
the two groups at 12 months [ 73 ]. There have 
also been variable outcomes with various surgi-
cal approaches outlined in the literature [ 74 ]. 
However, a recent systematic review revealed 
that minimally invasive, arthroscopically assisted, 
or all arthroscopic procedures may lead to a sig-
nifi cantly faster return to sporting activities and 
may, therefore, be the preferred method of surgi-
cal treatment [ 45 ].          

    Greater Trochanteric Pain 
Syndrome (GTPS) or Gluteal 
Tendinopathy 

     Defi nition         

    This condition encompasses a broad spectrum of 
conditions, and the etiologies are various. Often 
termed greater trochanteric bursitis, this specifi c 
description does not accurately identify the typi-
cal pathophysiology underlying a patient’s com-
plaints of lateral hip pain. In fact, when looking 
at patients with lateral hip pain, MRI and ultra-
sound revealed an infl amed greater trochanteric 

bursa in less than 10 % of individuals [ 75 ]. More 
often, the cause of lateral hip pain is secondary to 
hip abductor and external rotator weakness with 
resultant tendinopathy.  

     Epidemiology         

    Gluteal tendinopathy is more common in females 
with a 4:1 ratio and in individuals 40–60 years of 
age. It affects about 10–25 % of individuals in 
general.     

     Anatomy         

    The gluteus medius originates on the superior 
half of the ilium and inserts superiolaterally on 
the greater trochanter of the femur. The function 
of the gluteus medius is to abduct to the hip and 
also to assist with hip internal rotation and with 
pelvic stability while running. The gluteus mini-
mus also originates on the ilium between the 
anterior and inferior gluteal lines and inserts just 
inferior and anterior to the medius on the greater 
trochanter. It functions similar to the gluteus 
medius assisting with abduction, internal rota-
tion, and pelvis stability. Other important mus-
cles in this area are the hip external rotators, the 
piriformis, superior and inferior gemelli, and the 
obturator internus. These muscles can share a 
conjoined tendon that will insert on the greater 
trochanter and can confound and contribute to 
lateral hip pain in the endurance athlete 
(Fig.  8.17 ). However, there can also be some 
variability in the insertion of the various muscles 
on the greater trochanter adding to some confu-
sion. Understanding this basic anatomy is crucial 
in understanding the pathophysiology of lateral 
hip pain in endurance athletes. Often described as 
a  bursitis   or a tendinitis, the underlying mecha-
nism is more often gluteal tendinopathy or a ten-
dinosis. Characteristic fi ndings in tendinosis are a 
lack of infl ammatory cells. One also observes dis-
ordered healing, increased proteoglycans, and 
angiofi broblastic neovascularization in the tendon. 
In tendinosis, there is also often a change from 
type I collagen to type III. These tendinopathic 
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areas are traditionally diffi cult to treat secondary 
to a relatively poor blood supply. Compressive 
forces in this area contribute to the development 
of tendinosis of the gluteal tendons. The subglu-
teus maximus bursa is the bursa typically impli-
cated in greater trochanteric  bursitis  , but there are 
also subgluteal medius and minimus bursae in 
this area.   

         Risk Factors/History         

    Gluteal tendinopathy is more common on indi-
viduals who are obese and sedentary individuals; 
however, it can also affect endurance athletes. 
This condition is common in runners with 
increased hip adduction when running. It is also 
seen in runners who run on a domed road affect-
ing the hip that is closest to the side of the road. 
Patients typically report an increase in pain when 
sleeping on the affected side at night but also 
may report pain on the contralateral side second-
ary to excessive adduction of the affected hip at 
night. Pain is also noted with going up and 
downstairs and when training on hills. Patients 
may also complain of increased pain after pro-
longed sitting, epically when rising after the hip 
has been fl exed to greater than 90°, like when 
sitting low in a car.     

     Physical Examination         

    Begin with inspection. Examine for leg length 
discrepancy by measuring the distance from the 
anterior superior iliac spine (ASIS) to the 
medial malleolus of each side. The shorter leg 
side will have increased adduction and thus 
stress the lateral hip and may contribute to the 
development of GTPS. Also observe the patient 
walk and have them stand on one leg to look for 
a positive Trendelenburg sign: This test is con-
sidered positive when standing on one leg; the 
pelvis tilts down toward the raised foot. This is 
a result of weakness of the abductor muscles of 
the hip on which they are standing (Fig.  8.18 ). 
One will also often note valgus deviation or 
adduction of the knee when single-leg squatting 
(Fig.  8.19 ). All of these abnormalities increase 
the stress and compressive forces on the lateral 
hip contributing to greater trochanteric pain 
syndrome.

    Pain with palpation over the greater trochan-
teric area is also a common but insensitive fi nd-
ing. In addition, there may be pain along the 
bodies of the gluteus medius, minimus and piri-
formis muscles, and at their insertion. Patients 
may also have pain with resisted active abduction 
and with full passive adduction. A positive  fl exion 

  Fig. 8.17    Anatomic picture of lateral hip with gluteus medius, minimus, piriformis, gemelli, obturator, and greater 
trochanter       
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abduction and external rotation (FABER)   may be 
noted for pain in the lateral hip area (Fig.  8.20 ). 
Limitation of range of motion or deep groin pain 
with this test should raise concern for intra-artic-
ular hip issues, not GTPS. Typically, GTPS pain 
may be noted on resisted internal rotation of the 
hip. Affected patients may also report a stretch-
ing or pulling sensation with  fl exion adduction 

and internal rotation (FADIR)  . A tight iliotibial 
band with a positive Ober’s test may also contrib-
ute to pain at the lateral hip. Bird looked at the 
sensitivities and specifi cities of some of these 
tests and found a positive Trendelenburg test to 
be the most sensitive at 72.7 %, and it had a speci-
fi city of 76.9 %. This was followed by pain with 
resisted hip abduction (sensitivity 72.7 % and 
specifi city 46.2 %) and pain on resisted hip inter-
nal rotation (sensitivity 54.5 % and specifi city at 
69.2 %) [ 76 ].

   In addition, Lequesne noted that lateral hip 
pain with single-leg standing for 30 s was 100 % 
sensitive and 97.3 % specifi c for GTPS. Pain with 
resisted hip external derotation was 88 % sensi-
tive and 97 % specifi c [ 77 ]. 

 One study noted that the absence of diffi culty 
with manipulating shoes and socks along with 
pain with palpation of the greater trochanter and 
lateral hip pain with FABER testing are likely to 
have greater trochanteric pain syndrome [ 78 ]. 

 Examining the athletes’ running gait can also 
uncover some potential contributing factors to 
GTPS or gluteal tendinopathy. Increased hip 
adduction during running will increase pressure 
on the greater trochanteric area. Weak hip abduc-
tors obviously contribute to this condition and are 
easily identifi able on physical examination or 
gait analysis. Thus, strengthening these muscles 
should be a focus of treatment. Further analysis 
of gait reveals that a slow cadence and a longer 
stride length are both associated with greater hip 
adduction. This could be an area on which to 
focus rehabilitative treatment.     

  Fig. 8.18     Trendelenburg sign         

  Fig. 8.19    Valgus deviation with single-leg squatting       

  Fig. 8.20     FABER test         

 

 

 

B. Walrod



107

    Laboratory Studies 

 Laboratory studies are generally not helpful in 
the diagnosis and management of gluteal 
tendinopathy.  

    Radiographic  Workup            

      Plain fi lm radiographs   can be helpful to rule in or 
out other potential contributing factors to hip 
pain. Advanced hip degenerative arthritis can be 
seen on X-rays. In the setting of gluteal tendi-
nopathy, one would expect normal appearing 
femoral acetabular articulation and joint space; 
however, calcifi c changes near the gluteal ten-
dons and enthesopathic changes may be evident 
(Fig.  8.21 ). Plain fi lm radiographs can also assess 
for femoral neck stress fractures and femoral 
acetabular impingement (FAI).

    MRI   can be helpful in the evaluation of lateral 
hip pain. It can better identify the potentially 
variable anatomy. Some characteristic fi ndings 
on MRI in GTPS are edema at the insertion of the 
gluteus medius and minimus tendons (Fig.  8.22 ). 
MRI can also evaluate for partial tears and tendi-
nosis of these tendons. On one study, Bird et al. 
examined 24 patients with clinical features 

consistent with GTPS and found 83 % of those 
individuals had gluteus medius pathology with 
only 8 % of cases having bursal distension con-
sistent with  bursitis   [ 76 ].

    Ultrasound   is emerging as an excellent and 
possibly could be considered the initial radio-
graphic evaluation of lateral hip pain. Ultrasound 
is signifi cantly cheaper than an MRI and is better 
at detecting calcifi cations in the tendon. It is also 
readily available and can be done in the offi ce on 
the same day as the offi ce visit. However, it should 
be noted that MRI is still considered the gold stan-
dard at this time. Ultrasound can reveal heteroge-
nous echogenicity and increased vascularity on 
color Doppler [ 79 ] (Fig.  8.23 ). Ultrasound can 

  Fig. 8.21    X-ray  with enthesopathic changes   at greater 
trochanter       

  Fig. 8.22     MRI      with edema at insertion of gluteus medius       

  Fig. 8.23     Ultrasound   with heterogenous echogenicity 
and thickening of gluteal tendons       
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also demonstrate tendon thickening in chronic 
tendinosis and is also helpful in evaluating partial 
tears from full thickness tears. Bursal fl uid and 
calcifi c tendinitis can also be evaluated on ultra-
sound, and this modality may assist with image-
guided procedures like aspiration. A recent study 
by Long evaluated 877 patients with GTPS, 
almost 80 % did not have  bursitis   on ultrasound, 
50 % had gluteal tendinosis, 29 % had a thickened 
iliotibial band, and only 20 % had bursitis [ 75 ].    

        Management         

    Gluteal tendinopathy can progress into a chronic 
and diffi cult to treat condition. There are various 
treatment options available to consider. 

 Relative rest and avoidance of painful activi-
ties should be considered as initial treatment. 
Endurance athletes may need to temporarily stop 
running and consider cross-training pain with 
free activities like swimming, cycling, weight 
training, and elliptical training as tolerated. One 
may also need to gradually return to running but 
avoid activities like hill running and speed work 
until the symptoms abate.    

     Medications               

      It is not unreasonable to treat lateral hip pain with 
a temporary course of an analgesic like acetamin-
ophen or an NSAID like ibuprofen. Again, sec-
ondary to the fact that lateral hip pain is often the 
result of a poorly healing tendinosis and not an 
acutely infl amed condition, analgesia is the prop-
erty of these medications that will hopefully 
decrease symptoms.        

     Physical Therapy         

    The goal of physical therapy should be to identify 
and correct biomechanical abnormalities that lead 
to the development of this condition. Decreasing 
pressure and the lateral hip and greater trochan-
teric areas is an important concept. Strengthening 
the hip abductors and rotators can take some of 

the pressure off of this area. Also addressing 
muscle imbalance and/or tightness in the pelvic 
ring and targeting core strength can be helpful. 
Assisting with gait in endurance athletes can also 
decrease symptoms. Decreasing stride length and 
limiting hip adduction with running can decrease 
the load on the lateral hip.     

    Injection  Therapy         

     Cortisone injections   are also widely used in the 
management of greater trochanteric pain syn-
drome. As previously stated, it is uncommon to 
fi nd an infl amed bursa in individuals with lateral 
hip pain. However, injections into the lateral hip 
area can be effective. It is thought that decreasing 
the pain with an injection of cortisone will have 
an analgesic not anti- infl ammatory effect on lat-
eral hip pain. This will then allow for increased 
tolerance to strengthening relatively weak mus-
cles in physical therapy. A systematic review by 
Del Buono et al. revealed consistently positive 
responses of treating GTPS with cortisone injec-
tions [ 80 ] although, as is typically seen with cor-
ticosteroid injections, some of the improvements 
were temporary [ 81 ]. It is thought that if patients 
do not address the underlying tendinopathy and 
weakness, the improvement with cortisone injec-
tions will be short-lived. Interestingly, Cohen 
et al. compared fl uoroscopically guided greater 
trochanteric injections to landmark-guided injec-
tions and found no intergroup difference [ 82 ]. 
Another consideration with respect to injection 
of a combination of a local anesthetic like lido-
caine in addition to cortisone is an immediate 
improvement in symptoms. Pain relief from a 
local anesthetic into an area confi rms that area to 
be the source of pain. Thus, these injections can 
be somewhat diagnostic as well as therapeutic.     

    Extracorporeal Shock Wave 
Therapy ( ESWT)            

     ESWT has been frequently employed to treat 
chronic tendon issues and is thought to have an 
analgesic and potentially healing effect. ESWT has 
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been studied in the treatment of GTPS in 
various studies. 

 Multimodal approaches to lateral hip pain have 
also been proposed and thus evaluated. Furia com-
pared two groups of patients with GTPS. One group 
had ESWT and the other had conservative care con-
sisting of rest, PT, and ultrasound-guided cortisone 
injection. Both groups had statistical improvement 
with the ESWT group demonstrating statistical 
improvement over the control group of conserva-
tive therapy [ 83 ]. Rompe et al. compared home 
training to cortisone injection and ESWT treat-
ments. After 4 months, 64 % of those in the SWT 
group were able to return to their previous sports 
compared with 49 % in the cortisone injection 
group and 34 % in the home training group [ 84 ].      

     Surgical Intervention         

    In individuals who have failed conservative care in 
the form of medications, injections, physical ther-
apy, and other modalities, surgical intervention may 
be considered. Surgical techniques are variable and 
often depend on the underlying pathology, i.e., bur-
sectomy versus tendon repair. Surgical treatment 
has demonstrated success in the patients as noted by 
a systematic review by Lustenburger et al. [ 85 ].     

    Newer  Considerations            

     Supporting that concept that often lateral hip pain 
is not secondary to an infl amed bursa but rather a 
disordered healing process like a tendinosis, con-
sideration for pro-infl ammatory injections may 
be entertained. Common injections that need 
more rigorous study include but are not limited to 
prolotherapy, autologous blood, and platelet-rich 
plasma (PRP) injections.            
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           Introduction   

  For those involved in endurance sports, such as 
distance runners or soccer athletes, pain in the 
lower leg can be a debilitating issue. When the 
athlete has pain with activity and there is no his-
tory of a traumatic incident, this should narrow 
the differential diagnosis. The diagnoses can be 
grouped into disorders of the bone, such as tibial 
stress fracture or posteromedial tibial stress syn-
drome; disorders of nerves, such as nerve entrap-
ment disorders or radiculopathy; and disorders of 
vessels, such as intermittent claudication or pop-
liteal artery entrapment syndrome. Chronic exer-
tional compartment syndrome (CECS) is a 
physiologic phenomenon primarily of soft tissue, 
but in extreme cases may involve vessels and 
nerves as well. 

 The fi rst  clinical description   of CECS was by 
Mavor in 1956, when a patient with  bilateral leg 
pain   with exercise presented after a recent inten-
sifi cation in his training regimen. The patient 
underwent bilateral lower extremity fasciotomies 
and, after a short period of convalescence, had a 
complete resolution of symptoms and returned to 
a more intense training regimen [ 1 ]. In the 
Proceedings of the Royal Society of Medicine in 
1954, Freedman offers an earlier account of pos-
sible CECS from an Antarctic expedition. He 
presents the case of Dr. Edward Wilson, a sur-
geon and zoologist who was a member of the 
unfortunate Terra Nova Expedition to the South 
Pole in 1912. Dr. Wilson’s journal entries 
describe a worsening swelling, erythema, and 
edema within the anterior compartment of his left 
leg after a rigorous march over the ice. Freedman 
attributes the symptoms in Wilson’s journal to 
“ischemic necrosis of the anterior crural muscles 
due to exertion,” a diagnosis he claims to have 
seen in his practice [ 2 ]. Throughout the next sev-
eral decades, this diagnosis gained signifi cant 
awareness as treatment was shown to be effective 
in selected cases. 

 French et al. were the fi rst to document corre-
lation between elevated intracompartmental pres-
sures and clinical symptoms of chronic exertional 
compartment syndrome [ 3 ]. In 1962, the authors 
described the cases of two young, active patients 
whose participation in sport was limited due to 
anterior  tibial pain   associated with physical training. 
Initially suspected to be an unusual presentation of 
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 intermittent claudication  , these patients were 
found to have no evidence of vascular disease 
and upon provocation via exercise that repro-
duced symptoms were noted to have fi rm and 
swollen anterior compartments in both legs. With 
Mavor’s work as the only cited exception, the 
authors commented on a lack of formal literature 
on such clinical presentations at the time of their 
writing. However, they did note that conversa-
tions with colleagues yielded an understanding 
that such presentations are not at all uncommon 
in a young, active, and otherwise healthy patient 
population. After measurement of tissue pressure 
in the anterior compartments of their subjects via 
needle manometry before and after exercise 
revealed levels signifi cantly higher than in normal 
controls, the authors performed bilateral fasciec-
tomies which resulted in a complete resolution of 
symptoms and full return to activity.   

     Epidemiology   

  As previously stated, CECS is a syndrome of ath-
letes. It is most often seen in distance runners but 
can affect anyone who participates in endurance- 
style training with a focus on lower extremity 
training. In fact, military recruits are a unique 
population in which CECS has been well docu-
mented and studied due to their intensive march-
ing and  running   regimens [ 4 – 6 ]. It has been 
estimated that 95 % of all cases of CECS occur in 
the leg [ 5 ]. Second only to medial tibial stress 
syndrome, the incidence is not well defi ned due 
to the diffi culty in diagnosis and delay in presen-
tation. It has been estimated to be between 14 and 
27 % in patients with  undiagnosed leg pain   [ 7 ]. 
For those diagnosed with CECS, 87 % are ath-
letes and 53–69 % are runners [ 8 ,  9 ]. It equally 
affects men and women athletes in their 20s and 
30s and is linked to an increase in training regi-
men. Unlike traumatic compartment syndrome, 
CECS is more often than not bilateral, with 
reported rates of bilateral symptoms ranging 
from 63 to 95 % in the literature [ 10 – 16 ]. CECS 
is further distinguished from acute compartment 
syndrome in that it increases in severity over time 
if the inciting activity is continued and will typically 

remit with rest. However, it will return with simi-
lar character and intensity should activity be rein-
stated [ 10 ,  17 – 19 ]. The anterior compartment is 
most commonly affected, involved in 40–60 % of 
cases [ 8 ,  11 ]. The deep posterior compartment is 
the second most commonly affected (32–60 %), 
followed by the lateral compartment (12–35 %), 
and rarely the superfi cial posterior [ 8 ,  9 ,  18 ]. 
Roughly one-third have single-compartment 
involvement, and another third have two- 
compartment disease [ 11 ].   

     Anatomy/Physiology   

  A simple review of the anatomy of the lower leg 
reveals that there are four soft tissue compart-
ments containing all of the muscular and neuro-
vascular structures. These are arranged around 
the tibia and fi bula, with the interosseous mem-
brane and fascia forming the borders of the com-
partments. The four compartments are the 
anterior, lateral, superfi cial posterior, and deep 
posterior and will be described in detail in the 
following paragraphs. Figures  9.1 ,  9.2 , and  9.3  
are cross section magnetic resonance images of 
the proximal, mid, and distal tibia, respectively.

     The anterior compartment contains the pri-
mary dorsifl exors of the ankle and extensors of 
the toes. These include the tibialis anterior, the 
extensor hallucis longus, the extensor digitorum 
longus, and the peroneus tertius. It also contains 
the deep peroneal nerve, which supplies the mus-
cles of this compartment and transmits sensory 
information from the skin of the fi rst dorsal web 
space. The anterior tibial artery and anterior tibial 
vein can be found along with the deep peroneal 
nerve for the majority of the length of the com-
partment, just anterior to the interosseous mem-
brane and between the tibialis anterior and 
extensor digitorum longus. The artery arises from 
the popliteal artery and supplies the entire com-
partment along its path. It provides several 
branches along the length of the compartment, 
crosses the ankle anteriorly, and fi nally  terminates 
as the dorsalis pedis over the dorsum of the foot. 

 The lateral compartment contains the evertors 
of the ankle, namely, the peroneus longus and 
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  Fig. 9.1    ( a ) Axial  MRI      cut of proximal tibia outlining the compartments of the leg. ( b ) Axial MRI cut identifying 
structures of the proximal tibia       

  Fig. 9.2    ( a ) Axial  MRI      cut of mid-tibia outlining the compartments of the leg. ( b ) Axial MRI cut identifying structures 
of the mid-tibia       

  Fig. 9.3    ( a ) Axial  MRI      cut of distal tibia outlining the compartments of the leg. ( b ) Axial MRI cut identifying struc-
tures of the distal tibia       

 

 

 

9 Chronic Exertional Compartment Syndrome



116

peroneus brevis. The superfi cial peroneal nerve 
splits off the common peroneal nerve just inferior 
to the fi bular head. It has a relatively short course 
within the lateral compartment where it inner-
vates the peroneal muscles, before piercing the 
fascia between the peroneus longus and extensor 
digitorum longus. It terminates as the medial and 
intermedial dorsal cutaneous branches, supplying 
the skin overlying the lateral aspect of the leg and 
the majority of the dorsum of the foot. 

 The superfi cial posterior compartment is com-
prised of the gastrocnemius and soleus muscles 
which insert together into the calcaneal tuberos-
ity and are the primary plantarfl exors of the foot. 
The sural nerve, a purely sensory nerve supply-
ing the posterolateral portion of the leg and lat-
eral foot, also runs in this compartment. There 
are no vessels within the superfi cial posterior 
compartment. 

 Within the deep posterior compartment lie the 
fl exor hallucis longus, fl exor digitorum longus, 
and tibialis posterior. These muscles fl ex the 
great toe and the lateral toes and invert the foot, 
respectively. The tibial nerve is the continuation 
of the sciatic nerve after giving off the common 
peroneal nerve. The tibial nerve runs under the 
arch of the soleus and within this compartment, 
supplying all muscles of both the superfi cial and 
deep posterior compartments. It terminates in 
branches that supply muscles on the plantar 
aspect of the foot, as well as the majority of the 
sensation to the plantar surface. 

 Compartment syndrome is a diagnosis that is 
commonly thought of in the setting of trauma. 
Typically seen after a tibial fracture (in 70 % of 
cases) or crush injury to the lower leg, increased 
pressure within one or more compartments of the 
leg can lead to painful ischemia. As seen above, 
the leg contains many structures in a relatively 
small, defi ned space. In extreme cases, elevated 
pressure can progress to the point of compressing 
the soft tissue structures. Depending on which 
compartment(s) are affected, arteries and/or 
nerves may be compressed, as the fascia of the 
lower leg has less compliance than these soft tis-
sues. The result is nerve compression and a loss 
of perfusion distally. Compartment syndrome 
due to a traumatic injury is often rapidly progres-

sive and is an orthopedic emergency with indica-
tions for immediate surgical intervention. 

 CECS, in contrast, is not a surgical emergency 
but can be a debilitating phenomenon for those 
that it affects. It is defi ned as pain in the lower leg 
that occurs with activity and resolves with rest. 
The pain is typically in the anterior compartment 
and occurs in a predictable fashion, such as after 
a certain distance of  running  . It then resolves 
after termination of activity, again in a predict-
able fashion. This classic presentation supports 
the theory that the pain is due to reversible tissue 
ischemia that results from decreased perfusion 
caused by elevated compartment pressure, just as 
in traumatic compartment syndrome. However, 
the inciting factor is not bleeding from fracture or 
muscle damage, but instead it is a result of mus-
cle hypertrophy and increased fl uid content 
within a defi ned osseofascial compartment [ 8 ]. 

 While the exact physiologic mechanism of 
CECS is not a matter of scientifi c fact, the lead-
ing hypothesis is that of pain caused by ischemia. 
During exercise, normal muscle physiology leads 
to an increase in blood fl ow as oxygen demand 
increases. In fact, intracompartmental pressure 
has been found to increase 3–4 times during exer-
cise in normal controls [ 20 ]. This leads to an 
increase in total volume within compartments, by 
as much as 20 % [ 21 ]. In athletes with low physi-
ologic volume reserve or in those who have 
developed signifi cant hypertrophy of muscles as 
a result of increased or prolonged training, this 
increase in volume is not tolerated well. However, 
when the exercise is discontinued, the oxygen 
demand of the muscles decreases. This allows for 
a decrease in circulatory volume and thus a drop 
in the compartmental pressure. The ischemia 
resolves as well, and thus the pain stimulus is 
removed, which results in the resolution of the 
patient’s complaints. 

 The borders of the compartment—fascia, 
bones, and the interosseous membrane between 
the tibia and fi bula—all have less elasticity than 
the soft tissues within. These relatively rigid bor-
ders provide a physiologic limit to the degree of 
perfusion and volumetric expansion that a given 
compartment can tolerate. Once the metabolic 
demands of the muscles exceed the rate of perfusion, 
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tissue ischemia begins to occur. With ischemia, 
there is a shift to anaerobic respiration and ele-
vated levels of lactate, as well as a local release of 
kinins. This is theorized to be the direct cause of 
pain within that compartment [ 8 ]. If exercise is 
terminated, the perfusion demands decrease, and 
the volume within the compartment begins to 
decrease. Once perfusion returns to the levels of 
demand, tissue ischemia resolves and normal 
physiology resumes. 

 Other factors that are theorized to contribute 
to the onset of symptoms are the muscle bulk 
itself, thickening of the fascia, vascular conges-
tion, direct irritation of fascia or periosteal nerves, 
and connective tissue stiffness [ 22 ]. The ongoing 
debate as to the cause of pain has been supported 
by the fi ndings that imaging evidence of tissue 
ischemia cannot be consistently reproduced at 
intracompartmental pressures that are typically 
noted in the symptomatic patient suffering from 
CECS of the leg [ 23 – 25 ]. Overtraining and rap-
idly increasing an exercise regimen are clear risk 
factors. The use of anabolic steroids or creatine 
may also increase the risk of CECS by raising the 
water content of muscle [ 8 ]. The quality and 
thickness of the fascia has been investigated and 
has not been shown to be signifi cantly different 
between patients with known CECS and asymp-
tomatic controls [ 26 ].   

     Diagnosis   

  When a patient presents with complaints of  leg 
pain   with exercise, a thorough history should fi rst 
be obtained. Type of activity and onset of symp-
toms should be detailed, as well as when the 
symptoms resolve. The astute clinician can often 
delineate CECS from other diagnoses based on 
these factors, and the work-up that follows will 
help to confi rm suspicions. As the participation 
rates, and subsequently injury rates, for recre-
ational  running   have increased dramatically in 
recent decades, the patient with such a presenta-
tion has become increasingly common [ 27 ]. 

 The pain of CECS typically begins within the 
fi rst 30 min of exercise and is described as a 
dull ache or cramping in the affected compartment. 

It may radiate to the ankle or foot on the affected 
side, with anterior or lateral compartment pain 
radiating to the dorsum of the foot and posterior 
compartment pain radiating more to the medial 
aspect of the foot. Paresthesias and, in extreme 
cases, even weakness may develop. 

 Once a history has been obtained that is suspi-
cious for CECS, a thorough exam should be per-
formed. In the initial outpatient setting, the exam 
is typically normal as the patient at rest is asymp-
tomatic. The full work-up of CECS requires an 
exercise challenge and full recovery period, with 
close monitoring throughout. The exercise chal-
lenge should be adequate to re-create the patient’s 
symptoms based on information obtained in the 
history. This is commonly performed using a 
treadmill, as it allows for a controlled environ-
ment and interval measurement of compartment 
pressures. Evaluation of the patient should be 
performed before, during, and after the desig-
nated exercise period. This evaluation should 
consist of the same physical exam performed for 
acute compartment syndrome seen in the trauma 
setting: each compartment’s tension and com-
pressibility should be assessed, any subjective or 
objective paresthesias should be noted, and 
pulses should be checked bilaterally, regardless 
of whether the complaints are bilateral. 

 Though history and physical exam fi ndings are 
often used to make a diagnosis, the gold standard 
for diagnosis is  intracompartmental pressure 
(ICP) monitoring   [ 28 ]. Again, this should be per-
formed before, during, and after the exercise chal-
lenge. The technique for measurement most 
commonly described in the literature is that of the 
slit catheter [ 20 ]. Other techniques include micro-
capillary infusion, wick catheterization, and nee-
dle manometry. Specifi cally, the most widely used 
device is the  Stryker Intracompartmental Pressure 
Monitoring System   (Kalamazoo, MI) due to its 
low cost relative to other systems and similar reli-
ability [ 5 ]. The system uses a slit catheter that can 
be inserted directly into the leg and is able to 
directly measure the pressure within the specifi c 
compartment. There is some debate as to whether 
the clinician should measure all four compart-
ments or just the affected compartment [ 28 – 30 ]. 
In one study, the authors measured only the 
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affected compartment, and 21.5 % of patients 
failed to improve after  fasciotomy  . The other 
compartments were tested postoperatively and 
found to be elevated at a diagnostic level. Further 
surgery was declined [ 29 ]. Other authors specifi -
cally advocate for not measuring asymptomatic 
compartment, citing a lack of reproducibility in 
protocol and variability to the measurement 
within a given compartment [ 21 ,  28 ]. For this rea-
son, strict needle placement and orientation 
should be used to maximize accuracy and repro-
ducibility throughout the examination period, as 
changes in the pressure within a compartment are 
diagnostic. 

 Despite the fact that there is no universally 
accepted protocol for diagnosing CECS via ICP, 
many clinicians use the description by Pedowitz 
et al. as a guideline for needle manometry [ 14 ]. 
The appropriate leg position for measurement is 
with the leg in 0–20° of ankle plantar fl exion and 
between 10 and 30° of knee fl exion [ 22 ,  31 ]. The 
anterior compartment should be measured mid-
way between the tibial crest and the intermuscu-
lar septum or alternatively at a point 2 cm lateral 
to the tibial crest. The lateral compartment should 
be measured midway between the anterior and 
posterior intermuscular septa. The superfi cial 
posterior compartment can be measured either 
posteromedially or posterolaterally, and both 
heads of the gastrocnemius can be assessed. The 
deep posterior compartment should be tested 
from a medial approach, inserting the needle just 
posterior to the tibia to avoid the posterior tibial 
artery and tibial nerve. The distance from the 
tibial tubercle should be held constant between 
measurements to reduce variability. One author 
describes 10 cm from the tibial tuberosity as an 
appropriate distance, while another uses 3 cm 
[ 31 ,  32 ]. There is no consistent site used in the 
literature. 

 While there is no consensus on exact values 
that should be used to diagnose CECS via needle 
manometry, most authors use some version of the 
guidelines set forth by Pedowitz [ 33 – 35 ]. 
Essentially, any one of the following parameters 
are diagnostic: pre-exercise pressure ≥15 mmHg, 
1-min post-exercise ≥30 mmHg, and 5-min post- 
exercise ≥20 mmHg [ 14 ]. Additionally, elevation 

in any compartment of ≥10 mmHg from pre- to 
post-exercise may be considered diagnostic [ 30 ]. 

 Despite  intracompartmental pressure monitor-
ing   being the gold standard for diagnosis, it 
should not be used in isolation to make a determi-
nation about surgery. The confi dence intervals 
for measurements between patients and controls 
frequently overlap, which brings the validity of 
the test into question [ 35 ]. However, based on the 
results of a large systematic review, Aweid et al. 
recommend for ICP measurements to be made 
1-min post-exercise challenge to maximize the 
diagnostic accuracy. This is founded in their 
discovery of a lack of overlap between the ranges 
of mean ICP levels in patients with CECS and 
asymptomatic controls that have been reported in 
the literature. Despite these recommendations, 
the authors do note the lack of quality data avail-
able in the current literature to establish standard-
ized ICP measurements for the diagnosis of 
CECS [ 20 ]. This suggests that pressure monitor-
ing should be used to aid the clinician in confi rm-
ing a diagnosis of CECS that is suspected 
clinically, and after other possible diagnoses have 
been ruled out [ 33 ]. 

 Conversely, if compartment pressures are 
below diagnostic levels, patients may still benefi t 
from surgical treatment. Verleisdonk et al. per-
formed fasciotomies in 18 patients in whom 
CECS was suspected clinically, but ICP measure-
ments were within the normal range. Twelve of 
the 18 showed signifi cant improvement, but the 
remainder had no change in pain. Using a 
dynamic  ICP   measurement technique to enable 
the assessment of ICP in real time as exercise is 
performed, Roscoe et al. produced the greatest 
positive likelihood ratio using a diagnostic cutoff 
value of 105 mmHg measured, while the most 
intense phase of an exercise challenge was being 
performed by the patient, corresponding to a sen-
sitivity of 65 % and specifi city of 95 % [ 31 ]. 
While considerably higher than the pressures 
described in the Pedowitz criteria, Aweid et al. 
noted a range of intra-exercise intracompartmen-
tal pressure in CECS patients of 42–150 mmHg 
in their review of the literature [ 20 ]. 

 Although imaging is not the modality of 
choice for diagnosing CECS, obtaining plain 
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fi lm radiographs or more advanced imaging to 
rule out  stress fracture   or other pathology should 
be included in the initial work-up. The radiographs 
of a patient with CECS will be normal, whereas 
other diagnoses may have positive fi ndings (see 
below).  Magnetic resonance imaging (MRI)      is not 
required to make a diagnosis, but T2 sequences 
may show increased signal intensity within the 
affected compartment [ 22 ,  36 ,  37 ]. Ringler et al. 
describe using an intra-MRI active dorsifl exion 
exercise protocol and found T2 signal intensity to 
correlate well to clinical diagnoses and intracom-
partmental measurements for patients with sus-
pected CECS [ 38 ].  Near-infrared spectroscopy      
has also been shown to correlate well to clinical 
diagnoses and intracompartmental measurements 
for patients with suspected CECS [ 4 ]. The advan-
tage of these techniques includes the lack of inva-
sive procedure, while limitations may include 
cost and coordination with exercise challenge 
protocols. Other imaging modalities such as dif-
fusion tensor imaging and SPET have not dem-
onstrated diagnostic utility [ 25 ,  36 ].   

     Differential Diagnosis   

  During the work-up, there are several common 
diagnoses in the differential that should be con-
sidered in conjunction with CECS. These include 
medial tibial stress syndrome, stress fracture, 
nerve entrapment syndromes, claudication, and 
fascial defects. 

 In contrast to CECS, medial tibial stress syn-
drome, commonly referred to as “ shin splints,” 
  may present as pain with activity that may either 
improve or worsen with ongoing exertion. It has 
been found to have a higher incidence than CECS 
[ 39 ]. This lower incidence, along with the absence 
of clear evidence of CECS on resting physical 
exam, may be partly to blame for the relative fre-
quency with which the diagnosis of CECS is 
missed [ 40 ]. The patient will often describe pain 
along the posteromedial aspect of the tibia from 
the midpoint distally toward the ankle. It will typi-
cally improve somewhat after cessation of 
activity, but not to the point of resolution. The 
differential should include deep posterior CECS, 

but during the exam, there will be point tenderness 
over the posteromedial tibia and fascia of the 
soleus. Additionally, further diagnostic work-up 
should show normal compartment pressures, and 
bone scintigraphy may reveal linear uptake within 
the tibia [ 22 ,  33 ,  39 ,  41 ]. 

 If the patient has pain with minimal activity or 
general weight bearing, there should be a high 
index of suspicion for tibial  stress fracture   [ 39 ]. 
Patients will describe a localized area of pain 
over the distal leg, which is usually relieved by 
rest. The history may include a change in training 
regimen, and symptoms may interfere with activ-
ities of daily living, not just exercise. Exam will 
reveal point tenderness, even at rest. Percussion 
over the area will usually cause a sharp increase 
in pain. Initially, radiographs will be negative, but 
as the pathology persists, the “dreaded black 
line” may appear, or there may be evidence of 
callous formation. If radiographs are normal but 
there is a high clinical suspicion, an MRI can 
confi rm the diagnosis [ 22 ,  39 ,  41 ]. 

  Nerve entrapment syndromes   are less common 
sources of  leg pain  . Pain should be present within 
a specifi c nerve distribution, which should cross 
the compartment borders and therefore can be 
well delineated with a careful exam. Additionally, 
nerve entrapment may progress to paresthesias 
and even weakness in more severe cases. Loss of 
sensation or weakness in a muscle group that 
correlates to the anatomic distribution will reveal 
the nerve affected. Electromyography and nerve 
conduction studies can confi rm the diagnosis 
[ 22 ,  41 ]. 

  Popliteal artery entrapment syndrome   is likely 
due to a congenital anomaly resulting in an 
abnormal course of the popliteal artery within the 
fossa. Pain is typically posterior and presents in 
males under the age of 30, typically occurring 
after periods of intense exertion, such as high- 
level athletics. It is thought to be a result of 
entrapment of the popliteal artery over the medial 
head of the gastrocnemius muscle in the fossa, so 
symptoms should be worse with passive dorsi-
fl exion or active plantar fl exion. Though the exact 
cause of pain is undetermined, ischemia as well 
as direct neurovascular compression has been 
described [ 42 ]. Exam is often normal at rest, 

9 Chronic Exertional Compartment Syndrome



120

although ipsilateral changes in the pulses of the 
ankle with motions described above is pathogno-
monic for disease. This is rare, as bilateral 
involvement is common [ 41 ]. Imaging via MRI 
or MRA will often aid in diagnosis, with arteri-
ography serving as the gold standard to confi rm 
the diagnosis. A Doppler ultrasound with the 
ankle in the provocative positions of dorsifl exion 
and plantar fl exion can also be used to make the 
diagnosis. 

  Intermittent claudication  , while a common 
cause of  bilateral leg pain   with activity, is rare in 
a young, healthy population. The physiology of 
the pain is similar to CECS—inadequate perfu-
sion and resultant ischemia. However, the cause 
of the perfusion defi cit is due to vascular disease, 
such as atherosclerosis, and not attributable to 
elevated pressure within the compartment. Exam 
should focus on the vascular status of the indi-
vidual, including pulses, skin changes, and 
Doppler studies or angiogram. 

 Finally, the diagnosis of fascial defects is one 
that may overlap with CECS [ 33 ]. They are often 
asymptomatic, but may cause localized muscle 
ischemia or even nerve entrapment if the defect is 
near the superfi cial peroneal nerve. Much like in 
CECS, elevated volume within the compartment 
during exercise will exacerbate symptoms. 
However, the cause of pain would be related to 
the herniation of the affected structure through 
the fascia. Physical exam may actually demon-
strate the fascial defects in thinner individuals, 
and the pain should be more localized than in the 
case of CECS. Compartment pressures should be 
tested to defi nitively rule out CECS, and MRI 
may be considered to rule out other causes of 
pain [ 22 ].   

     Treatment   

  CECS is a limiting diagnosis in terms of the 
patient’s ability to perform the desired activity, 
but it is not a surgical emergency. If the individ-
ual is willing to modify his lifestyle and decrease 
the intensity or duration of the inciting activity, 
then conservative management may be possible. 
Nonsteroidal anti-infl ammatory drugs (NSAIDs), 

icing, orthotics, stretching regimens, and even 
massage therapy have been employed [ 21 ,  43 ]. 
There has been some suggestion that altering the 
 running   and gait biomechanics of symptomatic 
athletes, namely, to bias more of a forefoot or 
midfoot strike rather than a heel strike pattern, 
may in fact reduce symptoms [ 44 ,  45 ]. In general, 
conservative management is often ineffective, as 
most patients wish to return to their previous 
level of activity or sports participation [ 9 ]. 
Regardless, a trial of conservative management 
should be employed for up to 3 months in the 
event that a surgery could be avoided. 

 If conservative management fails, then there is 
an indication for surgical intervention to relieve 
the pressure from the affected compartment. The 
treatment for acute compartment syndrome in the 
trauma setting involves long incisions and total 
release of all four compartments, with delayed 
closure once the swelling has subsided. For 
CECS, the fascia can be released with a less inva-
sive approach, and skin incisions should always 
be closed primarily since there should not be an 
issue with tissue tension at rest. Success seems to 
be dependent on the compartment affected, with 
the anterior and lateral compartments demonstrat-
ing higher rates of improvement [ 46 ]. Releases of 
the anterior and lateral compartments have a 
reported 65–100 % success rate after surgical 
release, while the deep posterior compartment 
improves in only 50–75 % [ 5 ,  18 ,  21 ]. Overall, the 
results of a systematic review indicated that surgi-
cal release has an 81–100 % success rate in 
patients who have fi rst failed a traditional course 
of conservative management [ 20 ]. 

 There are a variety of approaches described in 
the literature for performing a  fasciotomy   in the 
lower leg, including one- and two-incision open 
techniques, endoscopic assisted (also via one or 
two incisions), and, in recurrent cases,  fasciec-
tomy   [ 18 ]. While clinical evidence to support one 
technique over another is lacking in terms of out-
comes, recovery, or complications, some authors 
have demonstrated a slightly higher success rate 
with two-incision vs. one-incision techniques 
[ 8 ,  47 ]. The typical incisions for performing fas-
ciotomies are anterolateral for anterior and lateral 
compartment releases and posteromedial for 

R. West et al.



121

superfi cial and deep posterior compartments. The 
anterolateral incision is centered over the anterior 
intermuscular septum, approximately midway 
between the crest of the tibia and the fi bula. The 
posteromedial incision is made approximately 
1 cm posterior to the medial border of the tibia. 
After incision, soft tissue is dissected down to 
fascia, and the fascia is released under direct 
visualization throughout its entire length using 
Metzenbaum scissors. The fascia is left open and 
the subcutaneous tissue and skin is then closed 
primarily. Many authors recommend the use of a 
drain placed intraoperatively to prevent hema-
toma formation in an area already susceptible to 
compressive symptoms [ 29 ,  48 ].  

     Two-Incision Technique   

  Rorabeck initially outlined a two-incision tech-
nique beginning with two 4-cm incisions sepa-
rated by 15 cm, located at the midpoint between 
the tibial crest and fi bula (Figs.  9.4  and  9.5 ). Soft 
tissue is dissected down to fascia, and the skin is 
undermined in both directions. The superfi cial 
peroneal nerve (Fig.  9.6 ) and anterior intermus-
cular septum are identifi ed through the lower 
incision. The skin fl ap between incisions should 
be suffi ciently mobilized from the subcutaneous 
tissue in order to visualize the entire length of the 
fascia with proper retraction. Depending on 
which compartment is to be released (anterior 

  Fig. 9.4    Plan for anterior  compartment   two-incision skin 
incisions, with incisions 3–4 cm in length       

  Fig. 9.5    Plan for anterior compartment two-incision skin 
 incisions  , with incisions approximately 15–20 cm apart       

  Fig. 9.6    Identifi cation and protection of the superfi cial 
peroneal nerve       
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versus lateral), the skin is retracted anteriorly or 
posteriorly, respectively. The fascia is then 
incised (Fig.  9.7 ) approximately 1 cm anteriorly 
from the intermuscular septum for the anterior 
compartment and 1 cm posterior to the septum 
for the lateral compartment. It is then carried 
proximally and distally using Metzenbaum scis-
sors under direct visualization [ 46 ].

      Mouhsine describes making two 2-cm inci-
sions over the anterior compartment 15 cm apart. 
He also recommends undermining but also uses a 
fi nger to bluntly dissect the subcutaneous tissue 
down to fascia as well as connecting the incisions. 
His other modifi cation to Rorabeck’s description 
is to perform blunt dissection of the fascia with a 
gloved fi nger if direct visualization cannot be 
attained over its entire length [ 18 ]. 

 In the case of posterior compartment involve-
ment, the two incisions are made 1 cm posterior 
to the medial tibial border. The saphenous nerve 
and vein should be dissected out and visualized 
through the proximal incision and then retracted 
anteriorly. The subcutaneous tissue should be 
dissected down to the muscle, and the soleus 
bridge is identifi ed. After releasing the soleus, 

the fascia of the deep posterior compartment is 
identifi ed. It is incised over the fl exor digitorum 
longus over its entire length [ 46 ]. 

 Lohrer described a  minimally invasive tech-
nique   using a gynecologic speculum to dilate the 
subcutaneous approach and releasing the fascia 
under visualization via an endoscope. They advo-
cate for endoscopic release for the anterior and 
lateral compartments. Due to their reported risk 
of hemorrhage from perforating vessels, they do 
not recommend its use for the deep posterior 
compartment [ 48 ]. Wittstein et al. also employ an 
endoscopic approach but use a transverse inci-
sion proximally and a balloon dissector to delin-
eate the fascia from the overlying soft tissue. 
They cite an enhanced cosmetic effect while 
maintaining adequate visualization of the fascia 
and structures at risk [ 49 ]. Sebik et al. similarly 
describe the benefi ts of endoscopic technique, 
citing the theoretical avoidance of excessive scar 
tissue that may lead to symptom recurrence or 
risk of wound breakdown or infection that is rela-
tively more characteristic of open incisions [ 50 ]. 

 When fascial herniations are present in con-
junction with CECS, they should be incorporated 
into the incision, regardless of the approach. The 
use of a tourniquet is not recommended due to 
risk of hemorrhage and improved hemostasis 
prior to closure when not using one [ 18 ,  29 ,  48 ]. 

 During release of the lateral compartment, 
there is a risk of injury to the superfi cial peroneal 
nerve as it exits the compartment by piercing the 
fascia at the junction of the middle and distal 
thirds of the leg, roughly 10 cm superior to the 
lateral malleolus [ 18 ]. When releasing the poste-
rior compartments, the saphenous nerve and 
veins course from posterior to anterior along the 
medial aspect of the lower leg.    

     Outcomes   

  The literature on CECS is limited and plagued by 
a lack of strong studies due to low numbers and a 
lack of randomization. The lack of agreed-upon 
surgical indications also contributes to the diffi -
culty in interpreting the data. Despite this fact, 
there is still a strong body of evidence that surgical 

  Fig. 9.7    Fascia of the anterior compartment incised       
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release is benefi cial in helping athletes return 
to activity. 

 Parker et al. reported on 73 patients who 
underwent fasciotomies after failed conservative 
management for CECS. They found that anterior- 
only release had higher patient satisfaction rates 
for return to sports in 3 months. Those that had 
combined anterior and lateral releases did not do 
as well, and some never returned to the same 
level of participation. Based on this data, they do 
not recommend releasing the lateral compart-
ment prophylactically but rather only when there 
are symptoms specifi c to that compartment. 
These authors also discovered that treatment suc-
cess rates were signifi cantly higher in patients 
under the age of 23 than in their older counter-
parts [ 21 ]. 

 There seems to be an even lower rate of suc-
cess with release of the deep posterior compart-
ment. Van Zoest et al. evaluated 46 patients with 
unilateral symptoms of deep posterior CECS 
[ 51 ]. Of the 27 who had diagnosis confi rmed 
with intracompartmental pressure monitoring 
and underwent subsequent release, only 19 % had 
a good to excellent result. Forty-eight percent 
deemed surgical treatment a failure. The failure 
in treatment is a question of whether all four 
compartments should be released or whether 
CECS was the true cause of pain preoperatively. 
Winkes et al. performed a systematic review of 
studies specifi cally evaluating release of the deep 
posterior compartment [ 9 ]. They cite a largely 
diverse ICP cutoff, lack of standardization of 
diagnosis and operative intervention, and lack of 
high-power studies as possible sources of lower 
success rates for deep posterior release.   

     Complications   

  As with any surgical intervention, fasciotomies 
for CECS are not without the occasional compli-
cation. The overall complication rate is some-
where between 4.5 and 13 % [ 18 ]. Complication 
rates have been noted to be lower when the ante-
rior compartment alone is released relative to 
when multi-compartmental releases are per-
formed [ 21 ]. While superfi cial peroneal nerve 

damage is the most devastating, superfi cial infec-
tion, adhesions, scarring, and hematomas have 
also been reported [ 48 ,  52 ]. Lack of relief or 
recurrence of symptoms is typically due to insuf-
fi cient release and should be viewed as a compli-
cation as well. Waterman et al. report age, 
bilateral symptoms, perioperative incidents, and 
activity limitations as risk factors for surgical 
failure in a large cohort of military service mem-
bers who underwent  fasciotomy   to treat CECS 
[ 53 ]. Occasionally recurrence is due to fascial 
healing through fi brosis [ 5 ], and a revision  fasci-
ectomy   surgery should be performed to prevent 
healing postoperatively. Other potential causes of 
surgical failure that have been postulated are 
improper diagnosis or inadequate fascial release 
of all affected compartments or residual nerve 
entrapment [ 6 ].   

     Recovery/Return to Sport   

  Success in treatment is outlined as minimal to no 
pain and with full return to sport [ 21 ]. A conser-
vative time frame to offer to patients for returning 
to full activity after surgical treatment is approxi-
mately 3 months. The initial postoperative care is 
focused on range of motion and soft tissue heal-
ing. A splint is commonly employed for comfort 
measures and may consist of a simple short-leg 
posterior slab. If used, this should be discontin-
ued quickly to prevent stiffness. The patient is 
made weight bearing as tolerated and can expect 
to be full weight bearing at about a week. Low- 
impact activity and ambulation distance should 
gradually increase over the course of the next 3–5 
weeks, until unrestricted activity to tolerance is 
allowed at the 6-week mark [ 8 ,  9 ].   

    Summary 

 In any young and active patient presenting with 
pain in the lower leg, chronic exertional compart-
ment syndrome should be included in the differ-
ential diagnosis. If clinical history features pain 
that is reproducibly associated with exercise, and 
physical exam at the time of initial presentation is 
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normal, the suspicion for CECS should be raised 
signifi cantly. While details of technique and 
diagnostic value are debated in the literature, 
intracompartmental pressure measurement, and 
more recently some imaging studies, may aid the 
clinician in making the fi nal diagnosis. As con-
servative management of this condition has his-
torically been less effective than surgical 
treatment, many patients are eventually offered 
fasciotomy. With proper diagnosis, treatment, 
recovery, and rehabilitation, surgical release can 
reliably offer patients a return to full activity.     
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      Shoulder Injuries and Conditions 
in Swimmers                     

     Tyler     R.     Johnston     and     Geoffrey     D.     Abrams    

           Background   

   Shoulder pain   is the most common musculoskel-
etal complaint among swimmers, with an inci-
dence of up to 91 % and more than 20 % of 
swimmers reporting a history of shoulder pain 
which affects performance [ 1 – 7 ]. These injury 
rates stem from the fact that swimming is 
uniquely positioned as an almost exclusively 
upper extremity endurance sport, with elite 
swimmers logging one million or more arm 
cycles per year per limb [ 5 ]. 

 The development of  shoulder pain   in competi-
tive swimmers was initially recognized by 
Kennedy at the 1972 Summer Olympic Games 
[ 8 ]. This condition, termed “swimmer’s shoul-
der,” initially presents as pain after practice or 
competition. Without proper treatment or rest, 
shoulder discomfort progresses to occur during 
swimming activities and eventually leads to 
decreased performance or an inability to com-
pete. The development of “swimmer’s shoulder” 
is directly proportional to the age of the athlete, 
years of practice, and the level of competition [ 3 ].   

     Epidemiology   

  McMaster et al. performed one of the largest 
studies examining shoulder pain in competitive 
swimmers [ 4 ]. Administering surveys to nearly 
1300 swimmers in the United States with an 
average age of 19 years, they found that 71 % of 
males and 75 % of females reported shoulder 
pain at some time during their careers. The preva-
lence of shoulder pain at the time of survey was 
17 % in males and 35 % for females. 

 Another large study of 137 competitive swim-
mers ranging in age from 14 to 23 years reported 
a history of shoulder pain in 52 % of elite (top- 
level) swimmers and 57 % of championship-level 
swimmers [ 5 ]. In contrast to the McMaster et al. 
fi ndings, a higher percentage of males reported a 
history of shoulder pain versus females (46 % 
versus 40 %); however, when broken down by 
gender and level of competition, elite-level 
females had the greatest incidence of self- 
reported shoulder dysfunction. 

 The most common area of localized shoulder 
pain in competitive swimmers is anterosuperior 
(44 %), followed by diffuse (26 %), anteroinfe-
rior (14 %), posterosuperior (10 %), and least 
commonly posteroinferior (4 %) [ 9 ]. Additionally, 
in the freestyle stroke, where 50–80 % of practice 
time is spent, swimmers most frequently identify 
the fi rst half of pull-through as the most painful 
phase (70 %), followed by 18 % in the early 
recovery phase [ 7 ,  9 ,  10 ].   
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     Pathophysiology   

  Currently, the term “swimmer’s shoulder” does not 
relate to one specifi c diagnosis. Instead, it encom-
passes a variety of interrelated and overlapping dis-
orders of the rotator cuff, capsulolabral structures 
including the biceps, and periscapular muscles, 
which end in the fi nal common pathway of shoul-
der pain. 

 Pain development and aggravation has been 
associated with multiple factors including 
increased training and competition time, 
increased stretching, the use of hand paddles, and 
increased weight training and resistance activi-
ties [ 4 ,  7 ,  11 – 14 ]. Subtle faulty stroke technique 
and training errors without appropriately bal-
anced land-based exercises compound baseline 
risks, leading to muscle imbalances, changes in 
shoulder mobility, and alterations in scapulotho-
racic motion and rotator cuff mechanics [ 1 ,  2 ]. 

 Some authors believe that rotator cuff-related 
pain, from a variety of inciting factors, is the 
most common fi nding in the pathologic swim-
mer’s shoulder [ 2 ,  8 ,  15 ]. Kennedy and Hawkins 
proposed that avascular zones within the supra-
spinatus and long head of the biceps tendon were 
the cause of shoulder pain in swimmers [ 8 ]. More 
recently, others have proposed a role for muscu-
lar imbalance within the periscapular muscles as 
well as  glenohumeral instability   [ 2 ,  16 ,  17 ]. 

 In short, inciting factors for rotator cuff- related 
pain in the swimmer’s shoulder can be broken 
down into intrinsic and extrinsic factors. Intrinsic 
factors are related to tendon injury originating from 
inside the tendon, possibly from molecular infl am-
mation from direct tendon overload, which leads to 
degeneration of the collagen fi brils and subsequent 
tendinopathy. Extrinsic factors, such as muscle 
imbalances, scapular dyskinesis, and alterations in 
range of motion and stability, relate to pathology 
originating outside the rotator cuff tendons yet 
exert signifi cant downstream effects (Table  10.1 ). 

       Training Factors   

  Training duration and intensity is clearly a factor 
in the development of “swimmer’s shoulder.” 
While no correlation has been shown between 
stroke distance, stroke specialty, and rate of 
shoulder pain development [ 14 ,  18 ,  19 ], greater 
than 50 % of swimmers reported provocation 
with increased intensity and/or distance [ 20 ]. 
High training volume has been repeatedly impli-
cated as a risk factor for shoulder pain develop-
ment, with Sein et al. demonstrating a signifi cant 
correlation between weekly mileage and number 
of hours per week of swimming with MRI evi-
dence of  supraspinatus tendinopathy   [ 7 ]. 
Additionally, the relationship between pain 
development and the use of hand paddles, resis-
tance activities, and increased training intensity 
and/or distance has been described [ 4 ,  5 ,  13 ,  20 ]. 

 Technique errors can also be a contributing 
factor to the development of shoulder injury and 
“swimmer’s shoulder.”  Stroke technique errors   
have been noted to be present in a high propor-
tion of elite collegiate swimmers, with 61 % dem-
onstrating dropped elbow during pull-through 
and 53 % during recovery phase, among other 
errors [ 21 ]. This improper stroke technique has 
been shown to lead to altered biomechanics, and 
this has been associated with development of 
shoulder pain in swimmers [ 22 ].   

     Scapular Dyskinesis      

   The combination of unique biomechanical 
demands and fatigue associated with swimming 
as an upper extremity endurance sport predis-
poses the swimming athlete’s shoulder to altered 
kinematics. Scapular dyskinesis is an important 
common pathway for many “swimmer’s 
 shoulder” pathologies. This pathway has been 
previously recognized for its role in overuse pain 
syndromes in throwing and other overhead ath-
letes—the so-called SICK (Scapular malposition, 
Inferior medial border prominence, Coracoid 
pain and malposition, and dysKinesis of scapular 
movement) scapula [ 23 ]. Characterized as an 
“overuse muscular fatigue syndrome,” in symp-
tomatic shoulders, the scapula is placed in a more 

   Table 10.1    Extrinsic causes of  rotator cuff-related pain   
in the swimmer’s shoulder   

 Overuse/muscular 
overload 

 Coracoacromial arch 
confi guration 

 Hypovascularity  Muscle imbalance 

 Scapular dyskinesis  Joint laxity 
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abducted, protracted, and laterally displaced 
position, increasing risk for impingement 
(Fig.  10.1 ). This abnormal positioning is particu-
larly relevant during the recovery phase of swim-
ming strokes, where a combination of body roll 
and ability to repeatedly retract the scapula typi-
cally protects at-risk structures including sub-
acromial bursa, supraspinatus tendon, and 
posterosuperior labrum [ 2 ]. It is no surprise that 
multiple studies have identifi ed a high percentage 
of scapulothoracic musculature dysfunction or 
asynchrony in swimmers, particularly protraction 
and winging, and have shown a signifi cant cor-
relation with symptomatic shoulders [ 1 ,  6 ].

   Using topographic analysis, Warner et al. dem-
onstrated a signifi cant correlation of axioscapular 
muscle dysfunction with glenohumeral instability 
(64 %) and impingement syndrome (100 %) in 
swimmers, whereas this fi nding was not signifi -
cant in control patients [ 24 ]. This has been cor-
roborated in a meta-analysis which demonstrated 
abnormal scapular position and motion in sub-
jects with shoulder impingement or rotator cuff 
tendinopathy [ 25 ]. Furthermore, exaggerated tho-
racic kyphosis, present in a signifi cant portion of 
swimming athletes, has been shown to be an 
aggravating factor in scapular dyskinesis develop-
ment [ 2 ,  25 ]. While it remains to be conclusively 
demonstrated where scapular dyskinesis falls 
exactly in the sequential cause- effect pathway of 
development of shoulder pain, this likely depends 
on the underlying pathology. Regardless, abnor-
mal scapular motion must be addressed during 
treatment algorithms.    

    Shoulder Instability and Range 
of Motion  Defi cits   

  Ninety percent of forward propulsion force in 
swimming is generated by the upper extremity, as 
it must “pull” the rest of the swimmer’s body 
over the shoulder [ 9 ]. Akin to the development of 
pathological changes in overhead throwing ath-
letes, some posit that repetitive, high-energy 
overhead stresses at the shoulder result in pro-
gressive attenuation of the shoulder’s static stabi-
lizers (capsulo-ligamentous structures), leading 
to increased laxity as well as potential instability 
and impingement symptoms if dynamic stabiliz-
ers are unable to compensate [ 26 ]. 

 Others believe that the pathological changes 
within the shoulders of overhead athletes result 
from a stress-induced contraction of the postero-
inferior glenohumeral ligament and subsequent 
loss of internal rotation [ 27 ]. This can then lead to 
a posterosuperior translation of the humeral head 
upon the glenoid and lead to a variety of patholo-
gies within the shoulder including internal and 
external impingement, labral tears, and rotator cuff 
strain (Fig.  10.2 ). This has been termed glenohu-
meral internal rotation defi cit (GIRD).

   One investigation examined shoulder range of 
motion in a small group of competitive swimmers 
[ 28 ]. These groups were dichotomized based on 
shoulder symptoms, with the control group of 
swimmers having no present or past shoulder 
pain. Although not signifi cant, they found a trend 
toward decreased internal rotation in swimmers 
with painful shoulders. Beach et al. described an 

  Fig. 10.1    Posterior view of a patient with  scapular dyskinesis  . Note the more abducted, protracted, and laterally dis-
placed position of the involved scapula ( red ) versus the asymptomatic left ( green ) shoulder       
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average 40° internal rotation defi cit and 10° 
increased external rotation range of motion in 32 
collegiate and club swimmers versus normative 
data [ 10 ]. In another study, Contreras-Fernandez 
et al. evaluated shoulder internal and external 
range of motion in competitive swimmers as well 
as a control group. They reported an average 
internal rotation defi cit of 10° and average exter-
nal rotation defi cit of 20° in swimmers versus 
those healthy controls [ 29 ]. Others have reported 
increased external rotation and abduction range of 
motion in swimmers versus controls [ 1 ,  6 ]. 

 Multiple studies have taken this association a 
step further and reported a direct correlation 
between increased range of motion and develop-
ment of shoulder pain in swimmers [ 4 ,  7 ,  14 ,  30 ]. 
Interestingly, in a 12-month prospective cohort 
study, Walker et al. demonstrated that competi-
tive swimmers with either high or low external 
rotation range of motion were at signifi cantly 
higher risk of developing signifi cant interfering 
shoulder pain (>8× more likely) and/or a signifi -
cant shoulder injury (>32× more likely) versus 
those with mid-range external rotation [ 31 ]. 

 Along with increased external and abduction 
range of motion, increased glenohumeral joint 
laxity has also been described in swimmers with 
painful shoulders, as clinically measured by 
anterior- posterior drawer, sulcus sign, and appre-
hension signs [ 28 ,  30 ]. Sein et al. also noted a 
statistically signifi cant association between 
extreme shoulder pain and increased laxity, mea-
sured using a combination of mechanical testing 

with a validated “laxometer” and clinical sulcus 
sign [ 7 ]. Furthermore, in their comparison of 
elite versus recreational swimmers, Zemek and 
Magee demonstrated that elite swimmers have 
signifi cantly greater glenohumeral joint laxity on 
three out of fi ve clinical laxity tests, as well as 
increased generalized hypermobility versus their 
recreational counterparts [ 32 ]. 

 It must be remembered, however, that 
increased shoulder range of motion is adaptive in 
swimmers and affords the benefi ts of (1) reduc-
ing drag with the arms and body positioned to 
minimize forward axial surface area and (2) 
increasing stroke length, which has been shown 
to be correlated with increased swimming speed 
[ 33 – 35 ]. In swimming, the distinction between 
adaptive changes leading to shoulder laxity and 
pathological changes leading to instability is 
more diffi cult to detect as there is no dominant 
side from which to obtain a direct comparison 
(such as in baseball).   

     Muscle Imbalance      

   Some investigations have documented differences 
in muscle strength ratios between swimmers and 
nonswimmers. Specifi cally, swimmers have been 
shown to have increased adduction-to- abduction 
strength ratios (2.05 in swimmers versus 1.53 in 
nonswimmers) and internal rotation-to-external 
rotation strength ratios (1.89 in swimmers versus 
1.35 in nonswimmers) [ 10 ,  36 ]. While this 

  Fig. 10.2    Arthroscopic 
image of the shoulder 
from the posterior portal 
demonstrating a 
posterosuperior labral 
tear associated with 
undersurface of the 
rotator cuff 
infl ammation in an 
overhead athlete       
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strength pattern refl ects adaptive changes in the 
swimmer’s shoulder muscles which are benefi cial 
in generating increased forward speed through the 
water, it may also contribute to the development 
of shoulder pathology. As stability of the shoulder 
ultimately depends on the interplay of static and 
dynamic stabilizers, the effects of muscle imbal-
ance are left to be compensated for by the remain-
ing dynamic stabilizers (the rotator cuff and 
parascapular musculature). The compensatory 
capacity of these structures is fi nite, and once the 
ability to compensate is overcome, instability 
can occur, leading to infl ammation, pain, and 
altered stroke mechanics, further perpetuating 
the problem [ 35 ].    

     Muscle Fatigue      

   When considering both  glenohumeral instability   
and  scapular dyskinesis   contributions to shoulder 
pain in swimmers, the effects of muscle fatigue 
due to repetitive motion and high training volume 
cannot be overlooked. In a study of 78 previously 
pain-free competitive swimmers, Madsen et al. 
demonstrated a signifi cantly increasing preva-
lence of scapular dyskinesis over the course of a 
single 100-min training session, with a fi nal 
cumulative prevalence of 82 % versus 0 % at the 
beginning of the training session [ 37 ]. This fi nd-
ing underscores prevalence of scapular dyskine-
sis even in asymptomatic athletes and identifi es 
the signifi cant contribution of muscle fatigue 
with endurance-based training. Both the serratus 
anterior and subscapularis have been shown to be 
continuously active throughout freestyle and but-
terfl y strokes, making them susceptible to fatigue 
[ 9 ]. In their cinematographic and electromyo-
graphic analysis of painful and pain-free shoul-
ders in swimmers, Pink et al. demonstrated 
signifi cantly decreased electromyographic activ-
ity in the serratus anterior in painful shoulders in 
both freestyle and butterfl y strokes, especially 
during the pull-through power-generating phase 
of stroke [ 22 ,  38 ]. They suggest that these mus-
cles experience increased fatigue in swimmers 
with painful shoulders, contributing to the pro-
duction of an unstable scapula [ 9 ]. 

 In the  freestyle stroke   specifi cally, it was 
observed that rhomboid activity antagonistically 
increased in a compensatory manner, while 
decreased activity of subscapularis during recov-
ery was noted to be associated with a general 
increase in infraspinatus muscle activity [ 38 ]. 
This investigation concluded that while normal 
muscle activation patterns were lost during pain-
ful strokes on account of fatigue, antagonistic 
muscles were recruited to compensate and pre-
vent impingement. For both freestyle and butter-
fl y strokes, painful shoulders correlated with 
muscle activation patterns leading to a wider 
hand entry point, thought to occur in order to 
decrease shoulder impingement. On the other 
hand, with painful freestyle or  butterfl y strokes  , 
there was no signifi cant alteration in pectoralis 
major or latissimus dorsi activity [ 22 ,  38 ]. These 
studies emphasize and underscore the central 
importance of parascapular and rotator cuff bal-
ance and healthy activation patterns. Furthermore, 
muscle fatigue clearly plays an important role in 
the development of abnormal kinematics during 
the swimming stroke and likely works synergisti-
cally with scapular dyskinesis and underlying 
laxity to produce common symptomatic pheno-
types of shoulder pathology.    

     Intrinsic Tendon Degeneration      

   Intrinsic tendon degeneration, encompassing ten-
dinopathy, tendinosis, and tendinitis, has also 
been implicated as a mechanism in the develop-
ment of the swimmer’s shoulder, primarily in 
relation to the rotator cuff and specifi cally the 
supraspinatus tendon [ 7 ]. Overall, this process of 
tendon degeneration is macroscopically charac-
terized by a healthy, white, fi rm, fi broelastic ten-
don giving way to a gray, soft, and fragile tissue 
[ 39 ]. Histopathologically this correlates to 
mucoid degeneration and fi brocartilage metapla-
sia of healthy elongated tenocytes, with normal 
parallel-organized collagen fi bers replaced by 
disoriented and frayed fi bers [ 40 ,  41 ]. This 
process coincides with upregulated apoptosis 
pathways associated with oxidative stress, all 
of which can be induced in vitro and ex vivo in 
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human and animal tendon model systems through 
high dose cyclic strain [ 42 ]. This degenerative 
process is characteristically devoid of infl amma-
tory cells but instead features a characteristic 
extracellular matrix degeneration facilitated by 
metalloproteinase enzymes [ 42 ]. 

 This distinctive progression has been demon-
strated in vivo in a rat supraspinatus tendon over-
use model [ 43 ]. After 16 weeks of increased daily 
running stress, rat tendons were signifi cantly 
thickened and had accumulated water and ground 
substance while collagen fi bers were disorga-
nized. This resulted in signifi cantly reduced mod-
ulus of elasticity and maximum stress of failure 
[ 43 ]. A similar pathway has been investigated 
specifi cally in the supraspinatus tendon in swim-
mers. One investigation examined the supraspi-
natus tendons of 52 young elite swimmers using 
MRI [ 7 ]. They found that a majority of subjects 
(69 %) had evidence of supraspinatus tendinopa-
thy based on MRI signal, which correlated 
strongly with shoulder pain, increased tendon 
thickness, and number of hours of swimming per 
week as well as weekly mileage [ 7 ]. They con-
cluded that swim-volume-induced supraspinatus 
tendinopathy is a primary contributor to shoulder 
pain in elite swimmers.     

    Diagnosis, Evaluation, 
and  Management         

    It should be emphasized that the earlier in patho-
logic progression a problem is identifi ed, the 
more specifi c a diagnosis and appropriate a treat-
ment can be. If athletes wait to report pain, there 
is increased likelihood that inciting symptoms 
can be masked by generalized infl ammation and 
global pain, resulting in an imprecise diagnosis 
and lengthened treatment. Specifi cally, Pink and 
Tibone recommend teaching and emphasizing 
the difference between “pain and soreness” as a 
means to minimize damage associated with an 
injury and ultimately hasten return to play [ 9 ]. 

 Following identifi cation of a symptomatic 
shoulder in the swimming athlete, a treatment plan 
should fi rst consist of a review of any recent train-
ing regimen changes. This will aid in identifying 
new sources of overuse at the shoulder. Whether it 

be increased training time, distance, or strengthen-
ing and stretching protocols, these should be 
reviewed and revised to help the athlete return to 
pre-injury state. Treatment should progress in a 
thoughtful, stepwise manner based on severity of 
symptoms, beginning with active rest, reducing 
aggravating activity or training intensity, and icing, 
in concert with stroke analysis and exercises 
directed toward any identifi ed dysfunction [ 2 ]. 
Importantly, if kickboard-based activities are to be 
used for active rest, this must include modifi cation 
of arm position to limit placing the board out in 
front of the swimmer as this places the shoulder in 
maximal forward fl exion and internal rotation, a 
setup to aggravate impingement symptoms [ 9 ]. In 
the case that symptoms persist or increase to a 
level of daily pain independent of swimming, 
treatment should be escalated to include complete 
rest from swimming activities for 2-week intervals 
as well as anti- infl ammatory use and consider-
ation of corticosteroid injection as appropriate 
[ 2 ]. Finally, if symptoms persist despite rest and 
treatment for greater than 3 months, typically 
advanced imaging should be pursued, and con-
sideration may be given to surgical intervention, 
as discussed below. 

 Given their common contribution to shoulder 
pain in swimmers, the following specifi c sources 
of pain should be actively considered and 
addressed early on: impaired posture, core 
strength, scapular dyskinesis, tight posterior 
capsule, impaired rotator cuff strength, and gleno-
humeral instability [ 29 ]. 

     Core Strength     , Impaired Posture, 
and  Scapular Dyskinesis   

    Reduced core strength and endurance and abnor-
mal scapular posture have been associated with 
symptomatic shoulders in swimmers as well as 
overhead athletes, which is logical given the fact 
that the abdominal and lumbar musculature and 
shoulder girdle positioning form the foundation of 
the upper extremity kinetic chain [ 11 ,  25 ,  44 ]. 
Accordingly, these defi ciencies should be 
addressed with a multipronged approach involving 
joint and soft-tissue mobilization and fl exibility 
training focused on pectoralis minor, scalene, and 
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levator scapulae muscles [ 29 ]. This should be 
combined with well-proven scapular stabilizing 
exercises to strengthen middle and lower trape-
zius, serratus anterior, and rhomboid muscles, 
including low rows, “lawn mower”, hands 
up/“robbery” exercises, shrugs, and push-ups with 
plus (Fig.  10.3a, b ) [ 9 ,  25 ,  45 ]. Instruction should 
focus on improving neuromuscular control, train-
ing scapular retraction prior to and during humeral 
motion, as well as scapular stabilization in the pro-
tracted position [ 29 ]. Lynch et al. demonstrated the 
effi cacy of an 8-week postural correction interven-
tion in division I collegiate athletes to improve 
head position and rounded shoulder posture and 
reported a trend of associated decreased pain and 
shoulder dysfunction [ 46 ].   

        Tight Posterior Capsule   

  Posterior capsule tightness is associated with 
anterior shoulder laxity as well as  glenohumeral 
internal rotation defi cit (GIRD)  . While swim-
mers often regularly participate in shoulder 
stretches, the posterior capsule is traditionally 

neglected. If such defi cits are identifi ed, they 
must be addressed through capsular mobiliza-
tions with posterior-directed forces at the 
humerus to stretch the posterior capsule, as well 
as self-stretching techniques, including the so- 
called sleeper stretch (Fig.  10.4 ) [ 29 ,  35 ]. Such 
techniques have been shown to be therapeutic 
and protective against future injuries in overhead 
athletes including baseball pitchers and tennis 
players [ 23 ,  27 ]. 

  Fig. 10.3    ( a ,  b ) Performance of the ( a ) “lawn mower” 
and ( b ) low-row exercises to strengthen the periscapular 
musculature (middle and lower trapezius, serratus ante-

rior, and rhomboid muscles) in swimmers diagnosed with 
scapular dyskinesis as a contributing factor to “swimmer’s 
shoulder”       

  Fig. 10.4    Demonstration of the “sleeper stretch” to 
address a tight posterior shoulder capsule in those with 
shoulder internal range of motion defi cits       
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        Rotator Cuff Strength      

  If rotator cuff weakness is identifi ed, strength-
ening exercises may include isometric, concen-
tric, eccentric, and plyometric options. 
Importantly, cuff exercises should be integrated 
into the rehab protocol only after an appropriate 
base of healthy scapula kinematics, including 
elevation and retraction, has been established. 
Closed-chain exercises such as humeral head 
depressions and rotations on a ball, “wall 
washes,” and punches are useful to promote and 
train sound scapular and cuff activation pat-
terns, in concert with isolated external and inter-
nal rotator exercises [ 23 ,  29 ].   

     Glenohumeral Instability      

   While laxity is common in the swimming popu-
lation, it should be treated if the swimmer pro-
gresses to instability (defi ned as laxity in the 
setting of concomitant shoulder dysfunction). 
A fi rst step is to minimize exercises that have 
laxity- potentiating effects, including stretching 
and overhead resistance-based activities. 
Rehabilitation then focuses on optimizing 
dynamic scapular positioning by addressing 
scapular dyskinesia and strengthening scapular 
stabilizers and strengthening dynamic glenohu-
meral stabilizers (rotator cuff) with progressive 
resistance [ 29 ,  47 ]. Burkhead and Rockwood 
reported an 83 % effi cacy with good or excellent 
results of such a program when treating atrau-
matic instability in patients at a minimum of 2 
years of follow-up [ 48 ].        

    Shoulder-Specifi c Conditions 

     Subacromial Impingement   

    Subacromial impingement   is defi ned by tendon 
injury from compression against the coracoacro-
mial arch. Impingement pain is most frequently 
reported during initial catch and recovery phases 
of stroke [ 49 ]. This can be further characterized 
as primary (due to bony structural anatomy) ver-

sus secondary impingement, where abnormal 
motion of the scapula and/or humerus contributes 
to the pathology (Table  10.2 ) [ 50 ].

   The exam should consist of inspection of the 
swimmer while standing, with the scapulae 
visible. The examiner should inquire regarding 
presence of a painful arc and assess for scapular 
dyskinesis in forward fl exion and abduction 
planes. Scapular assistance and scapular retrac-
tion tests are useful to ascertain if these maneu-
vers can relieve pain and improve scapular 
motion [ 51 ,  52 ]. Active range of motion should 
be assessed in this position while isolating 
humeral motion from scapular contributions. 
Impingement signs should be evaluated using the 
Neer and Hawkins tests [ 2 ]. 

 A complete plain radiograph shoulder series 
may be valuable to identify a primary (bony) 
cause of impingement and may also reveal calci-
fi cation in the supraspinatus tendon or subacro-
mial bursa as indicators of pathology. MRI may 
lend diagnostic value to rule out concomitant 
rotator cuff or labral pathology. 

 In a great majority of cases, there will be no 
evidence of primary impingement. In fact, some 
now believe that the incidence of primary shoul-
der impingement is extremity low and question its 

   Table 10.2    Types of  swimmer’s shoulder  , adapted from 
Bak [ 2 ]   

 Type A  Isolated external impingement with 
subacromial bursitis and rotator cuff 
pathology. Normal acromial pathology 
with possible thickening of the 
coracoacromial ligament. No hyperlaxity 
or instability. Frequent scapular dyskinesis 

 Type B  Isolated internal impingement with labral 
degeneration and partial, articular-sided 
rotator cuff lesions. No instability. 
Frequent scapular dyskinesis 

 Type C  Complex impingement with both external 
and internal impingement contributions, 
commonly with minor instability. Frequent 
scapular dyskinesis 

 Type D  Isolated minor instability, commonly with 
bilateral shoulder laxity and scapular 
dyskinesis. Rare pain 

 Type E  Other pathologies including AC joint 
arthrosis, SLAP tears, biceps pathology, 
etc. Scapular dyskinesis may be present 

   SLAP  superior labral anterior posterior  
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existence altogether. Given the well-described 
pathomechanics of muscle imbalance at the gle-
nohumeral and scapulothoracic joints, a conserva-
tive physical therapy treatment begins with rest 
and is designed to correct scapular dyskinesis and 
optimize stroke mechanics to limit impingement. 
This includes avoiding or limiting the stroke char-
acteristics with the highest risk of impingement: 
(a) large amounts of humerus internal rotation 
during pull-through, (b) late initiation of humeral 
external rotation during recovery, and (c) small 
scapular tilt angle [ 49 ]. Physical therapy should 
also include correction of any noted scapular dys-
kinesia or otherwise abnormal stroke biomechan-
ics, focusing on normal strength and endurance of 
cuff and scapular stabilizers, as well as improving 
fl exibility of the anterior capsule, pectoralis 
minor, and rotator cuff [ 35 ]. Furthermore, given 
that a signifi cant correlation has been demon-
strated between shoulder dysfunction and core 
instability in overhead athletes, physical therapy 
should incorporate core training as an integral 
part of rehabilitation [ 44 ]. Per physician discre-
tion, this may also be combined with use of corti-
costeroid injection to the subacromial bursa to 
calm local infl ammation and facilitate therapy. 

 Following an exhaustive trial of conservative 
management, arthroscopic decompression is the 
fi nal treatment option. While surgical treatments 
have demonstrated greater than 70 % reduction in 
pain and improved function in long-term follow-
 up in the general population [ 53 ], postsurgical 
outcomes are modest and unpredictable based on 
the limited available swim-specifi c literature. 
Specifi cally, the average time to return to swim-
ming training following arthroscopy has been 
reported between 2.9 and 4 months [ 54 ,  55 ]. 
While sample size was notably small, a retro-
spective review reported only a 56 % rate of 
return to swimming in 18 athletes who under-
went arthroscopy for a variety of pathologies, 
including impingement [ 54 ]. In a later series by 
Butler et al., all cases of diagnosed impingement 
referred to orthopedic subspecialist were suc-
cessfully treated with a combination of physical 
therapy with or without subacromial steroid 
injection, and none underwent surgical decom-
pression [ 55 ].    

     Internal Impingement      

   Internal impingement refers to a constellation of 
pathology originating from contact between the 
posterosuperior aspect of the glenoid, labrum, and 
rotator cuff (Fig.  10.2 ). This injury pattern origi-
nates from abnormal shoulder mechanics, most 
notably from a tight posteroinferior capsule, and 
can result in posterosuperior labral injuries and 
articular-sided rotator cuff tears. Accordingly, 
pain is commonly localized to the posterior aspect 
of the shoulder and may be temporally associated 
with the recovery phase of stroke [ 2 ,  56 ]. 

 In addition to previously described evaluation 
of scapular dyskinesis and active range of motion 
at the shoulder, shoulder instability should also 
be evaluated as a potential contributing factor. 
Instability exam should include sulcus and 
anterior- posterior drawer tests, apprehension- 
relocation tests, load-and-shift test, and general-
ized hyperlaxity evaluation [ 2 ]. The posterior 
impingement test, performed while supine by 
placing the shoulder at 90° abduction followed 
by maximal external rotation of arm, should 
reproduce posterior shoulder pain, with the sensi-
tivity of this test reported to be >75 % for detect-
ing posterior labrum and rotator cuff tears [ 56 ]. 

  Plain radiographs   are usually unremarkable. 
MRI can be useful to evaluate the nature of the soft-
tissue injury including rotator cuff tears and labral 
pathology, with a reported >95 % sensitivity and 
specifi city [ 56 ].  MRIs   of clinically diagnosed and 
arthroscopically confi rmed shoulders with internal 
impingement demonstrate the constellation of fi nd-
ings of undersurface tears of supraspinatus and/or 
infraspinatus tendons, cystic changes in posterosu-
perior humeral head, and abnormalities of the 
posterosuperior labrum versus controls [ 57 ]. 

 Initial treatment consists of active rest versus 
complete activity cessation, which may be 
required for a prolonged period. Patients will 
likely benefi t from physical therapy, with a focus 
on posterior capsular stretching and improving 
potential internal rotation defi cits. If an internal 
rotation defi cit is identifi ed (i.e., GIRD), this 
should be addressed with a posterior shoulder 
stretching regimen including sleeper stretches, 
which has been shown to be therapeutic and 
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protective against future injuries in overhead 
athletes [ 23 ,  27 ]. Furthermore, physical therapy 
should include exercises and strengthening to cor-
rect scapular dyskinesis (particularly protraction) 
that additionally contribute to internal impinge-
ment. While there has been a great deal of debate 
in the literature regarding the true importance of 
anterior instability in association with internal 
impingement, it is recommended that this also be 
evaluated and addressed when appropriate with 
strengthening of dynamic shoulder stabilizers to 
improve glenohumeral stability [ 58 ]. 

 Surgical treatment may be considered after a 
thorough and exhaustive nonoperative trial, with 
the primary operative options being debridement 
of partial-thickness rotator cuff pathology as well 
as fi xation of labral tears. Data on the effi cacy of 
these interventions are unfortunately limited to 
nonswimming athletes. Sonnery-Cottet et al. 
reported a 79 % return to tennis following 
arthroscopic debridement but with a signifi cant 
portion of patients reporting some persistent pain 
[ 59 ]. Some have argued that subtle or unrecog-
nized anterior laxity may also be a cause of fail-
ure of debridement alone in these cases and 
accordingly have recommended this be assessed 
and addressed surgically, but data is limited [ 56 ].    

     Multidirectional Instability      

   Multidirectional instability is defi ned as instabil-
ity in two or more directions. Accordingly asso-
ciated pain may be from a variety of different 
sources as the humeral head loses its ability to 
center itself on the glenoid secondary to loss of 
dynamic stabilizer function. The pain profi le can 
include anterosuperior impingement-area pain, 
posterosuperior pain, as well as fatigue/pain in 
parascapular musculature [ 60 ].    

     Exam/Imaging   

  As previously described, examination should 
include evaluation of range of motion and laxity 
measures, including generalized hyperlaxity 
evaluation (Beighton criteria), load-and-shift 
test, and particularly the sulcus sign [ 60 ,  61 ]. 

The  Gagey hyperabduction test   has also been 
shown to effectively assess laxity of the inferior 
glenohumeral ligament in shoulders with insta-
bility versus controls [ 62 ]. Importantly, a demon-
stration of increased laxity is not diagnostic of 
multidirectional instability, and furthermore, uni-
directional anteroinferior instability is possible in 
the patient with multidirectional hyperlaxity. 
Additionally, scapular dyskinesis is common in 
this population and must be evaluated. 

 Diagnosis is primarily clinical.  Plain radio-
graphs   do not typically lend signifi cant diagnos-
tic value as bony injury is uncommon, but glenoid 
dysplasia or hypoplasia may be identifi able.  MRI   
may be useful to detect labral or glenohumeral 
ligament tears or other associated soft-tissue 
injuries [ 47 ].   

     Treatment   

  The mainstay of treatment for  multidirectional 
instability   of the shoulder remains rehabilitation 
with regimens focused on treatment of scapulo-
thoracic dyskinesia and improving the strength 
and endurance of dynamic glenohumeral stabiliz-
ers, including the scapular stabilizers and rotator 
cuff. This results in improved humeral head cen-
tering [ 47 ,  60 ]. Therapeutic regimens have been 
shown to be effective in the literature, with 83 % 
of treated patients with traumatic or atraumatic 
instability obtaining good or excellent results with 
a specifi c strengthening regimen [ 48 ]. 

 It is recommended that surgical treatment only 
be considered in patients who continue to experi-
ence debilitating symptoms following at least 6 
months of directed therapy. Open inferior capsu-
lar shift has been shown to yield consistent results 
at 2-year follow-up [ 63 ] with arthroscopic capsu-
lar plication and rotator interval closure also 
demonstrating some utility in the treatment of 
multidirectional instability [ 47 ].       
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      Common Injuries and Conditions 
in Rowers                     

     Clinton     Hartz      and     Abigail     Lang   

          Introduction 

   Rowing   is a popular endurance sport that requires 
coordination, technique, and strength. Rowing is 
a low-impact sport, but the repetitive motions of 
the rowing stroke can predispose rowers to injury. 
Additionally, injury can result as additional stress 
or strain is placed on the body due to improper 
form or technique. Overall, most rowing injuries 
occur as a result of chronic overuse.   

    Brief  History   

  Rowing has a long history dating back to ancient 
times. Originally used in war times and for trans-
portation, rowing began as a competitive sport in 
the eighteenth century. Rowing was one of the 
original scheduled events in the fi rst modern 
Summer Olympic Games in 1896. More recently, 
the popularity of rowing has grown since the 
introduction of Title IX in 1972 with the rise in 
numbers of women’s collegiate varsity rowing 
programs.   

    Basic  Technique and Biomechanics      

   According to the 2015 US Rowing Rules of 
Racing, rowing is defi ned as “[the] propulsion of 
a displacement boat through water by the muscu-
lar force of one or more rowers … in which oars 
are levers … and in which the rowers are sitting 
with their backs to the direction of forward move-
ment of the boat” [ 1 ].  Boat types   can include dif-
ferent numbers of rowers (most often one, two, 
four, or eight rowers), with or without coxswains. 
Rowers can also be classifi ed by weight, and 
there are separate competitions for lightweight 
rowers. Boats may also have either sweeping or 
sculling oars; sweep rowers only control one oar, 
while scullers control two oars. 

 Proper technique and fl uid motion in the row-
ing stroke are important to both prevent injury 
and maximize effi ciency in rowing. The stroke 
propels the boat by the rower exerting a force 
through his or her oar acting as a lever to pull the 
boat forward through the water. The stroke has 
both an active drive and subsequent recovery 
phase. The typical phases of the rowing  stroke      
include [ 2 ,  3 ]:

    Catch —The  catch   is the initial motion of the 
stroke in which the oars are placed in the 
water. The knees and hips are fl exed. The back 
is also fl exed, and the rower appears “curled.” 
The arms and shoulders are extended fully in 
this phase as the rower prepares to initiate the 
active drive (Fig.  11.1 ).
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      Drive — During   the drive, the rower extends his 
or her legs to create power and push with plan-
tar fl exion of the feet. The drive continues 
with knee, then hip, and then back extension. 
As the legs extend, the upper body starts to 
utilize force to pull the oar through the water. 
The arms fl ex at the elbow and the shoulders 
are adducted and extended. At the end of the 
drive, the arms pull through to complete the 
motion (Fig.  11.2 ).

      Finish / release —During the end of the drive, 
known as the fi nish and  release  , the rower 
takes his or her oar out of the water (the extrac-
tion). The rower at this point has maximally 
extended his or her legs with the torso leaning 
backwards (Fig.  11.2 ).  

   Recovery —During  recovery  , the rower prepares 
to start the active phase of the stroke. The torso 

and lower legs fl ex, and the arms are once again 
extended to prepare for the catch. The oar 
handles are also rotated to prepare for the 
catch and the placement of the oars in the 
water again for the next drive (Fig.  11.3 ).  

          Mechanisms of  Injury and Initial 
Assessment   

  Understanding the basics of the biomechanics of 
rowing and the demands on the rower’s body 
allows for the endurance medicine physician to 
anticipate and predict common injury patterns to 
allow for the prompt treatment and rehabilitation 
of the athlete. Many muscle groups are used 
throughout the rowing stroke. Strong core mus-
cles along with back fl exors and extensors are 
essential to stabilize the body of the rower to help 
with a smooth and fl uid motion of the stroke. 

 The repetitive motion of the rowing stroke 
predisposes athletes to overuse injuries. 
Epidemiological studies show that the majority 
of rowing injuries occur as a result of chronic 
overuse with a smaller minority of injuries occur-
ring from an acute traumatic event [ 4 ]. Increases 
in training length, adjustments in positioning, 
and differences in technique can also contribute 
to the development of injuries. 

 The initial approach to evaluation of injuries 
should include a thorough history, including the 
mechanism of the injury, the athlete’s training 
regimen, recent changes in position or form, 

  Fig. 11.1    The  catch phase         

  Fig. 11.2    The drive, fi nish, and rerelease  phases            

  Fig. 11.3    The  recovery phase         
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 previous injuries, and additional relevant past 
medical history. The physical exam should 
include assessment of the acute injury as well as 
making note of any observations of areas of mus-
cle hypertrophy, atrophy, or weakness. 

 Treatment and rehabilitation plans should be 
tailored to the individual rower’s complaint and 
level of training. Most common rowing injuries 
can be managed conservatively with a gradual 
return to previous level of competition.   

    Common Injuries and Treatment 

    Lower  Back      

   Low back injuries are very common in rowing, 
and the incidence of injuries is increasing [ 5 – 8 ]. 
Many mechanisms have been proposed to 
account for the nature of lower back injuries in 
rowing. A common theory is that lumbar hyper-
fl exion, which often occurs in rowing, increases 
stress on spinal structures. For example, exces-
sive lumbar fl exion caused by fatigue of the erec-
tor spinae muscles of the back increases pressure 
on the spine [ 9 ]. Other risk factors for develop-
ment of back pain include increasing the fre-
quency and amount of time spent in training 
sessions [ 10 ,  11 ]. Most low back injuries in row-
ing are chronic in nature, and non-specifi c lower 
back pain accounts for the majority of cases. 
Other common injuries and their management 
are described in more detail below.   

     Spondylolysis         
    Spondylolysis signifi es the presence of a lesion 
or stress fracture in the pars interarticularis, most 
often in the lumbar spine. In rowing, spondyloly-
sis is often nontraumatic, and the stress fracture 
in the pars occurs as a result of repetitive stress 
and pressure on the vertebrae associated with 
physical activity. 

 The initial presentation of spondylolysis is 
most commonly lower back pain without radicu-
lar symptoms; this can be exacerbated by back 
extension. Imaging usually starts with plain fi lms 
making sure to get oblique views to assess the 
lumbar spine. Additionally, a CT or bone scan is 

also used to image early lesions when there is 
high clinical suspicion of  spondylolysis: the MRI   
is being used more frequently for the diagnosis of 
spondylolysis. 

 Treatment includes rest and rehabilitation; 
however, there is still debate as to whether to 
place athletes in a brace or not. Physical therapy 
is needed to strengthen the core and back muscles 
to stabilize the spine and stretch out hamstrings. 
Bracing may also be used to stabilize the spine 
and minimize pain, but controversy still exists on 
the appropriate treatment. Surgical laminectomy 
or spinal fusion is rarely needed and is reserved 
for cases of failed nonsurgical management or 
worsening spondylolisthesis described below.     

     Spondylolisthesis         
    Spondylolisthesis can occur in the presence bilat-
eral stress fractures in the pars interarticularis that 
can develop into an anterior slippage on its sub-
adjacent vertebra. This can result in a mild to 
severe slippage, resulting in mild low back to 
severe pain with radicular symptoms and/or bowel 
or bladder dysfunction [ 12 ]. The  Meyerding 
Grading System   is used for classifying spondylo-
listhesis. The slips are graded on the basis of the 
percentage that one vertebral body has shifted for-
ward over the vertebral body below on a I–V scale 
[ 13 ]. Low-grade  spondylolisthesis   can usually be 
treated conservatively with relative rest, anti-
infl ammatories, physical therapy, and a return to 
activity within 3–6 months [ 13 ]. However, there is 
some controversy regarding routine management 
for spondylosis and low- grade spondylolisthesis 
on whether to use lumbosacral orthosis and cessa-
tion of sports with rehabilitation [ 14 ]. While dura-
tion of rest and the use of an orthosis are 
controversial, there is wide agreement in the lit-
erature that a period of rest is essential and rowers 
need to be pain-free before returning to their sport 
[ 14 ,  15 ]. However, there are no high-level evi-
dence studies with specifi c recommendations on 
rehab, bracing, or surgery [ 14 ].     

     Disk Injuries/Herniation         
    Increased pressure on intervertebral disks while 
rowing can increase risk for a disk herniation. 
This is usually the result of improper support or 
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weak spinal musculature that can lead to increased 
forces on the spine. These motions and the neces-
sity of repetitive back fl exion and extension in 
rowing can add additional pressure on the spine 
that further increases the risk of disk herniation. 

 The initial exam of a case of suspected disk 
herniation should start with a comprehensive neu-
rological examination of lower extremities. Range 
of motion on physical exam is often decreased due 
to either pain or muscle spasms; other potential 
fi ndings include positive straight leg raise, 
decreased patellar and Achilles refl exes on affected 
side, or radicular symptoms. An  MRI   is the imag-
ing modality of choice to identify disk pathology. 

 Initial treatment in most cases is conservative, 
while the use of anti-infl ammatories, analgesics, 
and muscle relaxants may help relieve discomfort 
initially. Physical therapy is also a good initial 
treatment option to work on core strengthening. 
At times a prolonged period of rest requiring the 
discontinuation of rowing for a period of time is 
often necessary to prevent reinjury. Neurologic 
signs also known as “ red fl ags,”   i.e., bowl or 
bladder issues or failure of nonsurgical manage-
ment, can be indications for surgery.     

    Sacroiliac Joint Dysfunction ( SIJD)         
    Sacroiliac (SI) joint dysfunction results from irri-
tation of the sacroiliac ligaments. Pain is often 
localized in the buttocks, pelvis, and groin [ 16 , 
 17 ]. On physical exam there is at time pain on 
palpation over the affected SI joint and pain with 
fl exion and extension, with a positive fl exion 
abduction and external rotation (FABER) testing. 
First-line therapy should again be conservative 
with anti-infl ammatories, analgesic medications, 
and relative rest. Physical therapy and posture 
correction can also help to alleviate pain. If these 
modalities are not improving symptoms an intra- 
articular steroid injection may also be used for 
pain relief [ 17 ]. Surgery is reserved for failure of 
conservative treatment.      

     Knee      

   Knee injuries are also common in rowing. There is 
a signifi cant force placed through the patellofem-
oral joint during the drive phase with repetitive 

fl exion and extension of the knees throughout the 
rowing stroke. Potentially leading to two of the 
most common knee injuries encountered in row-
ers are the iliotibial band friction syndrome and 
the patellofemoral syndrome.   

    Iliotibial Band Friction  Syndrome         
    The iliotibial band (ITB) friction syndrome is a 
type of overuse tendonitis. The iliotibial band 
becomes compressed against the lateral femoral 
condyle ( Gerdy’s tubercle)  , which leads to 
infl ammation and pain. The physical exam typi-
cally shows lateral knee pain, the IT band is often 
tight, and Ober’s test may be positive [ 7 ]. 
Conservative treatment consisting of rest, anti- 
infl ammatories, ice, and stretching often is 
enough to alleviate pain. When prolonged con-
servative management is not working, a cortico-
steroid injection, preferably under ultrasound 
guidance, can be done under IT band at  Gerdy’s 
tubercle  .     

    Patellofemoral  Syndrome            
     Patellofemoral syndrome usually presents with 
anterior knee pain. Patellofemoral syndrome, or 
chondromalacia patella, occurs as a result of 
increased stress of the cartilage underneath the 
patella. This is mostly the result of abnormal 
tracking of the patella contributing to increased 
friction and deterioration of the underlying carti-
lage. It has been proposed that the fi xed foot posi-
tion of rowers may contribute to an increased 
incidence of abnormal patellar tracking which 
could contribute to the prevalence of patellofem-
oral syndrome in rowers [ 6 ]. As the cartilage 
behind the patella wears down, an infl ammatory 
response can begin which can lead to pain. 

 The initial presentation of rowers with patel-
lofemoral syndrome includes retropatellar pain. 
Pain is worse with actions that load the patello-
femoral joint, such as climbing stairs and squat-
ting. Additionally, on physical exam, there can be 
a grinding or clicking sound may be felt or heard 
with knee fl exion and extension. Similarly, tight 
quadriceps, hip fl exors, and IT bands may also be 
noted [ 7 ]. 

 Treatment consists initially of physical therapy 
to strengthen the quadriceps muscle to help stabi-
lize the patella and prevent abnormal tracking 
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with or without anti-infl ammatories, icing, and 
analgesics which can also be utilized to minimize 
pain. The use of kinesio taping can also be used to 
stabilize the patella to prevent excessive abnormal 
tracking, but studies are lacking on effi cacy.       

     Rib      

   Rib pain is another relatively common injury in 
rowers, including stress responses, fractures, 
infl ammation, and somatic dysfunction.   

    Rib  Stress Fractures         
    Rib stress fractures are relatively unique to row-
ing. It has been reported that up to 8–16 % of 
high-level rowers will have a rib stress fracture 
over a career [ 18 ]. Additionally, rib stress frac-
tures have been shown to be more common in 
elite rowers, as evidenced by an increased inci-
dence of injuries in international-level rowers as 
compared to national rowers [ 19 ]. Decreased 
joint mobility, malalignment, and decreased bone 
mineral density also have been shown to be fac-
tors associated with the development of rib stress 
fractures [ 18 ]. 

 Rib stress fractures can present with non- 
specifi c pain or as areas of point tenderness along 
the ribs. Severe pain that increases with move-
ment or deep inspiration can occur as well [ 7 ]. 
The fi fth to ninth ribs are most often involved and 
locate in the posterior lateral position, and this 
may be due to extra load placed on the outside 
chest wall while rowing [ 6 ]. Physical exam may 
reveal areas of point tenderness, callus formation, 
a rib spring, and/or pain during movements simi-
lar to those required in the rowing stroke [ 7 ]. 

 The diagnosis of a rib stress fracture is often 
clinical, but if imaging is needed, often a bone 
scan, CT scan, or MRI is utilized, as plain radio-
graphs are often negative in the acute setting. 
Treatment of rib stress fractures consists of rest 
and rehab to work on core, upper back and 
improve rib cage fl exibility. Athletes continue 
any activity gradually as long as they remain 
pain-free. If there is a history of nutritional defi -
ciency or multiple stress fractures, calcium and 
vitamin D supplementation is also often 
recommended.     

     Costochondritis         
    Costochondritis is another common rib injury in 
rowers. Athletes often complain of pain and sore-
ness located at the costochondral joints, pain with 
deep inspiration, and musculoskeletal chest pain. 
Infl ammation is localized to the costochondral 
cartilage of the rib cage and swelling is not often 
present [ 20 ]. The mechanism is thought to be due 
to increased tension or strain on these areas con-
tributing to the infl ammation and pain associated 
with the condition [ 7 ]. Costochondritis is treated 
conservatively with anti-infl ammatory medica-
tions and activity modifi cation and is usually 
self-limited.      

    Wrist and  Forearm   

  Wrist and forearm injuries, like intersection syn-
drome,  De Quervain’s tenosynovitis  , medial and 
lateral epicondylosis, are other common injuries 
in rowing. These injuries are usually overuse syn-
dromes and are the most common injuries 
observed. These are often the result of poor form 
and technique that can precipitate these injuries 
[ 7 ]. Conservative treatment is the main form of 
management for most of the wrist and forearm 
injuries. The use of physical therapy to work on 
upper back and core, in addition to icing, anti- 
infl ammatories, and analgesics, are standard ini-
tial therapy choices. Most wrist and forearm 
injuries improve with adequate rest, bracing as 
needed, and time off from the sport. If conserva-
tive treatment measures fail, ultrasound-guided 
steroid injections can be trialed. Surgery is only 
rarely used if more conservative treatment mea-
sures fail.  

    Intersection Syndrome (“Oarsmen’s 
Wrist”) 
    Intersection  syndrome        , or “oarsmen’s wrist,” is 
characterized by distal forearm pain. 
Occasionally crepitation and swelling can be 
seen. Pain and swelling is noted on the radial 
side of the forearm approximately four to eight 
centimeters proximal to the radial styloid; inter-
section syndrome is defi ned by this area of pain 
to distinguish the diagnosis from  De Quervain’s 
tenosynovitis   [ 21 ]. Infl ammation and pain 
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develop in this area because it is at this spot 
where the fi rst extensor compartment tendons 
cross over the second compartment extensor ten-
dons, more specifi cally where the tendons of the 
abductor pollicis longus and extensor pollicis 
brevis cross over the compartment containing 
the extensor carpi radialis longus and brevis. 
Movements with repetitive fl exion and extension 
of wrist, such as those involved with the posi-
tioning of the oars in rowing, increase the risk 
for developing the syndrome. Management and 
treatment again relies on conservative measures, 
including rest, ice, anti-infl ammatories, analge-
sics, and splinting; if not improving with conser-
vative treatment, an ultrasound-guided injection 
can be considered.     

     Tenosynovitis      
   Tenosynovitis, or infl ammation of a tendon 
sheath, is another common overuse injury  in 
rowing     . The most common form is  De 
Quervain’s tenosynovitis   which consists of pain 
secondary to infl ammation of the sheath sur-
rounding the tendons of the extensor pollicis 
brevis and abductor pollicis longus that make up 
the fi rst dorsal/extensor compartment of the 
forearm. On physical exam a positive 
 Finkelstein’s test   (resisted abduction of the 
thumb) that reproduces pain along the distal 
radius is used to diagnose  De Quervain’s teno-
synovitis  . Another common tenosynovitis seen 
in rowing is extensor tenosynovitis or “sculler’s 
thumb.” This extensor tenosynovitis is thought 
to be common in rowing due to the “feathering” 
motion in which rowers remove the blade from 
the water and rotate the oar before replacing it 
in the water during the fi nish and recovery 
phases of the rowing stroke [ 7 ]. Wrist extensor 
tenosynovitis is thought to be due to compression 
of the radial extensor tendons underneath the 
abductor pollicis longus and extensor pollicis 
brevis muscles [ 7 ,  22 ]. 

 The management of tenosynovitis, regardless 
of location, begins with conservative measures 
used to treat other overuse syndromes. Splinting, 
anti-infl ammatories, and rest are common initial 
treatments.    

    Exertional  Compartment Syndrome         
    Another more serious injury called chronic exer-
tional compartment syndrome of the forearm has 
been seen on occasion in rowers. Athletes usually 
present with pain, tingling, tightness, or cramp-
ing induced during exercise and training, and the 
pain typically resolves with rest. The pain is asso-
ciated with increased pressure in muscular com-
partments, with potential to cause chronic pain 
and nerve damage if not treated. The measure-
ment of compartment pressures before and after 
exercise is used to diagnose chronic exertional 
compartment syndrome. Conservative treatment 
with rest is often the initial step in management. 
Indications for surgical fasciotomy include 
unequivocal clinical fi ndings, pressure within 
15–20 mmHg, rising tissue pressure, signifi cant 
tissue injury, and 6 h of total limb ischemia [ 23 ]. 
Injuries are at high risk of compartment syn-
drome if conservative treatment does not resolve 
the symptoms [ 24 ,  25 ].      

     Dermatology and Skin Conditions      

   Due to contact with the oars and boat, rowers 
often develop blisters and abrasions as a result of 
friction. These injuries are usually self-limited 
and heal with time.   

     Blisters         
    Blisters often develop on the palms of rowers. 
The development of blisters often occurs after a 
period of rest or cross-training, when the rower is 
not used to the friction caused by the grip on the 
oars. As the rower gets back into routine training, 
blistering often decreases as the skin heals. 
Modifying the rower’s grip or taping the areas 
predisposed to blistering can also help. Open 
blisters increase the risk of infection including 
osteomyelitis (Fig.  11.4 ), making proper hygiene 
and covering of wounds imperative.   

        Abrasions         
    Like blisters, abrasions are most often minor 
injuries that heal with time and adjustment to the 
demands of rowing.  Sculler’s knuckles   occur 
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during training when rowers are sculling and 
controlling two oars—the hands cross over each 
other and can result in scraping and scarring of 
the knuckles. Slide blisters or “slide bites” often 
occur on the back of rower’s calves as a result of 
contact with the sliding mechanism of the rowing 
seat. Wearing protective sleeves on the lower legs 
can help prevent this irritation. Rower’s rump is 
another skin irritation that develops due to pro-
longed rowing on unpadded seats. Topical corti-
costeroids and adding padding to the seat can 
help treat rower’s rump.       

    Conclusion 

 Most common injuries in rowing occur as a result 
of overuse. Understanding the basic motions of 
the rowing stroke can help the sports medicine 
physician anticipate common injuries and assist 
in developing appropriate treatment plans. 
Common injuries include non-specifi c lower 
back pain, rib stress fractures, blisters and abra-
sions, extensor tenosynovitis of the wrist, and 
patellofemoral pain syndromes. Avoidance of 
rapid increases in training can help prevent inju-
ries. Proper posture and technique can also mini-
mize additional stress and strain on rower’s body.     
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          Introduction 

   Crossfi t   is a conditioning program known for its 
focus on successive ballistic motions that build 
strength and endurance. Crossfi t workout ses-
sions use a wide variety of exercises, ranging 
from running and rowing, to Olympic lifting 
(snatch, clean, and jerk), powerlifting (squat, 
dead lift, bench), and gymnastic movements 
(pull-ups, toes to bar, muscle ups, ring dips, rope 
climbs, push-ups, pistols, handstand push-ups). 
These exercises are combined into high-intensity 
workouts that are performed in rapid succession, 
with limited to no recovery time. It has been 
adopted in both military and civilian populations 
with widespread anecdotal reports of impressive 
sustained fi tness gains. These fi ndings parallel 
existing literature demonstrating that high- 
intensity, single modal exercise is an effective 
and effi cient means of enhancing physical perfor-
mance without a large time investment [ 1 – 3 ]. 
The rising popularity of Crossfi t is not surprising 
given the positive affective response that exercise 
participants have exhibited with interval training 

and the social support associated with joining a 
Crossfi t gym [ 4 ,  5 ]. 

 Crossfi t endorses a business model unlike that 
of other commercial gyms. Gyms are required to 
pay an initial and annual fee to use the Crossfi t 
name. The requirement to open a gym or be a 
trainer is to have a Level 1 Crossfi t certifi cation, 
which can be obtained in a weekend at a seminar. 
Crossfi t headquarters allow its credentialed own-
ers to develop on their own within the parameters 
of the business model. They believe that the mar-
ket will select for the best gyms and those that do 
not provide adequate services will fail. Therefore, 
there can be a wide variation in quality between 
Crossfi t gyms based on the experience of the 
owner and coaches. 

 Injury rates among Crossfi t participants have 
been investigated in several observational stud-
ies. Hak and colleagues collected 132 responses 
from Crossfi t participants and established an 
injury rate of 3.1 per 1000 h trained, with 9 of the 
186 injuries requiring surgical intervention. 
Weisenthal and colleagues collected 386 
responses with an injury rate of 2.4 per 1000 h 
trained. This is comparable to long-distance run-
ning, training periods for triathletes, weight lift-
ing, powerlifting, and gymnastics [ 6 ,  7 ]. 
However, the reported rate is lower than that 
associated with competitive contact sports such 
as rugby [ 8 ]. Although the reported injury rates 
have been  routinely low, as popularity, access, 
and involvement in Crossfi t increase, physicians 
will likely begin to encounter injuries due to 
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Crossfi t in their clinic [ 9 ]. As such, it is important 
that physicians are aware of the movements and 
potential risk they pose for injury in Crossfi t 
workouts. 

  Injuries in Crossfi t   can occur via several com-
mon training faults. Poor form is a commonly 
cited cause of concern [ 8 ]. This results primarily 
from two situations: inadequate initial education 
on the movement or deterioration of good form 
due to fatigue. Overtraining is another cause of 
injury, with overuse-related tendonitis occurring 
primarily in the shoulder and knee [ 10 ]. This can 
result from programming that focuses on one 
area of the body and does not adequately distrib-
ute the stress of exercising [ 11 ]. As well, athletes 
who have a clinically silent preexisting tendonitis 
are likely to unmask this injury over the course of 
the strenuous nature of Crossfi t workouts. In 
addition, injuries can occur as a direct conse-
quence of the riskier activities in Crossfi t. 
Examples of these are an athlete falling from the 
bar during toes to bar, a barbell dropping on the 
back following a missed snatch, or hyperextend-
ing the elbow in a wide overhead grip (such as the 
snatch or overhead squat). Lastly, there has been 
a report of  rhabdomyolysis   following a Crossfi t 
workout [ 12 ]. Mainstream media have expressed 
signifi cant interest in the sport of Crossfi t, its phi-
losophies, and some of the more dramatic inju-
ries that have been documented. 

 When a physician evaluates a Crossfi t athlete, 
it is important to defi ne a general training fault, 
the specifi c movement that caused or exacerbates 
their pain, and several aspects of their training 
and athletic history. In order to learn exactly what 
the athlete is doing, the physician has to under-
stand the mechanisms and language of the exer-
cises. The majority of  injuries in Crossfi t   are 
acute, mild, and most likely will not require sur-
gery [ 6 ,  8 ]. In these cases, athletes are often 
aware of a specifi c movement that caused their 
pain and can even pinpoint a specifi c time. This 
helps to defi ne the general mechanism of injury 
and the potential etiology. It is important to deter-
mine whether this occurred as the result of inad-
equate education on the movement prior to 
initiating the workout or was a result of break-
down in form due to fatigue. If the athlete reports 

a more insidious onset, then their training fre-
quency, type, previous athletic interests, and prior 
injuries should be explored in more detail. In 
both cases, this information will help to deter-
mine the proper treatment for the athlete’s injury 
and identify any faults that may exist in their 
training program to prevent further injuries. 

 In this chapter, we explore the important phi-
losophies, training methods, and themes of 
Crossfi t that will help the treating physician eval-
uate injuries that occur among these athletes. We 
will review the exercises associated with injury in 
each subset of movements within Crossfi t. Since 
there are limited studies examining injuries 
incurred specifi cally during Crossfi t, we will 
review existing literature related to sports or 
activities that utilize each separate subset of 
movements. Lastly, we will discuss specifi c con-
cerns related to Crossfi t athletes with regard to 
the combination of these distinct movements.   

     Weight lifting      

   Weight lifting in Crossfi t is divided into two 
primary categories: Olympic lifting and power-
lifting. The classic  powerlifting   exercises are the 
dead lift, back squat, and bench press.  Olympic 
lifting   exercises include the snatch, clean, and 
jerk. In competitive weight lifting, the goal of 
each of these is to lift as much weight as possible 
in a single attempt. In Crossfi t, the incorporation 
of these movements is intended to achieve two 
separate objectives: (1) to improve strength, by 
using a high weight for low repetitions, and (2) to 
facilitate and optimize metabolic conditioning, 
when a low weight is used for many repetitions. In 
the dead lift, the athlete begins in a hip width 
stance with the barbell positioned over the mid-
foot and extends the hip and knees until the weight 
is at waist level with the back in full extension. In 
the back squat, the athlete begins with a loaded 
barbell across the upper back and shoulders and 
then fl exes at the hip and knees until the thighs are 
below parallel with the fl oor and then presses the 
weight back up [ 11 ]. In both of these exercises, 
the extensors of the spine, hip, knee, and ankle 
keep the body from collapsing under the load. 

B.D. Giordano and B.M. Weisenthal



149

For the bench press, the athlete is supine with the 
barbell over their chest with the arms extended, 
and the bar is lifted off a rack and brought to the 
chest and pushed back up again. In this exercise, 
the shoulder muscles (pectoralis major and minor, 
deltoids, core muscles, and anterior rotator cuff) 
provide the primary support for the motion of the 
barbell. In the snatch, an athlete initiates the lift 
with the barbell on the ground. Using a wide grip, 
the athlete lifts the bar rapidly up and over his or 
her head in one smooth motion. In the clean, the 
athlete starts with the barbell on the ground with a 
grip similar to the dead lift and then lifts the bar 
quickly onto the front of his or her shoulders in 
one motion. Finally, in the jerk, the barbell is ini-
tially rested on the shoulders, and the athlete then 
explosively pushes the bar upward, using a small 
dip to initiate the motion. As the bar is raised, the 
arms are extended, and the bar is caught with the 
arms extended over the athlete’s head (Fig.  12.1 ) 
[ 10 ,  13 ].

   Crossfi t athletes frequently report that injuries 
incurred are acute in onset, with the majority 
experiencing no history of discomfort in that 
body region prior to the injury. Most of these 
injuries are fairly mild, with sprain/strain being 

relatively common [ 6 ]. Studies examining weight 
lifters corroborate this fi nding, with muscular 
strains and ligamentous sprains accounting for 
40–60 % of the acute injuries. Training timed 
missed is usually less than 1 day in about 90.5 % 
of the injuries [ 11 ,  14 ]. More emergent acute 
injuries, such as tendon ruptures, joint disloca-
tions, and muscular tears, are uncommon in 
Crossfi t athletes and in weight lifters [ 6 ,  11 ]. 
Chronic injuries tend to be due to repetitive stress 
with insuffi cient recovery time. In weight lifting, 
this occurs in entry-level athletes who increase 
their training too quickly or in high-level athletes 
focused on performance [ 11 ]. With the intense 
nature of Crossfi t, and the use of high repetitions 
at lower weight, combined with gymnastic move-
ments, chronic injuries of attrition are far more 
likely. Tendonitis/tendinopathy is the most com-
mon chronic injury accounting for 12–25 % of all 
strength-training injuries. Most commonly, over-
use tendonitis affl icts the shoulder and knee. 
Stress fractures occurring at sites of repetitive 
loads are less common, but more worrisome, as 
they can destabilize with improper attention and 
potentially lead to overt fractures in rare cases 
(Fig.  12.2 ).

  Fig. 12.1     Snatch            
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   The lumbar spine is particularly at risk due to 
repetitive loaded fl exion and extension and poten-
tial development of spondylolysis [ 11 ]. In 
Crossfi t, the push press and jerk are often used in 
the metabolic conditioning portions of the class. 
As the athletes fatigue, they tend to assume a 
more lordotic posture through the lumbar spine 
and place themselves at risk for stress reaction or 
fracture in the pars interarticularis. Crossfi t ath-
letes frequently report injuring their lower back 
with these movements [ 6 ,  8 ]. A Swedish study of 
elite level Olympic and powerlifters demon-
strated an injury rate of 2.6 injuries per 1000 h, 
with the lumbar spine reportedly as the common 
injury location [ 10 ]. Most occurrences of low 
back pain in athletes are self-limited sprains or 
strains [ 11 ,  14 ]. However, when an athlete suc-
cumbs to fatigue due to repetitive lifting, as com-
monly seen in Crossfi t workouts, there is less 
knee and hip range of motion and a greater spine 
peak fl exion, which may place increased pressure 
on the intervertebral disks [ 15 ]. In addition, 
squatting and dead lifting can increase both com-
pressive and shear force across the lumbar spine 
[ 16 ].Therefore, persistent pain should prompt 

concern for disk herniation or exacerbation of 
preexisting degenerative lumbar disk disease 
[ 17 ]. Furthermore, lumbar hyperextension during 
bench and overhead press represents a failure of 
form and is commonly seen in Crossfi t in the 
setting of fatigue as a strategic adaptation to 
accomplish the lifting task [ 13 ]. In the patho-
logic state, this maladaptation can result in clin-
ically signifi cant spondylolytic stress reaction 
or fracture [ 17 ]. In addition to stress fractures, 
an underlying spondylolisthesis or spondylolysis 
could put an individual at increased risk of injury 
(Fig.  12.3 ) [ 13 ].

   Crossfi t athletes report a higher prevalence of 
shoulder injuries when compared to elite and 
competitive Olympic weight lifters [ 8 ,  10 ,  11 ,  13 , 
 16 ]. Crossfi t workouts tend to use lighter weights 
for higher repetitions and incorporate gymnastics 
into their workouts, both of which increase stress 
on the shoulder girdle. A cross-sectional study of 
weight lifters demonstrated considerable soft tis-
sue damage involving the rotator cuff, biceps ten-
don, and capsular and ligamentous insertions 
[ 13 ]. The authors postulated that the demands on 
the shoulder and motions involved (extreme 

  Fig. 12.2    Clean       
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overhead position, as in the overhead press or 
jerk) increased the risk of injury to the rotator 
cuff, acromioclavicular joint, and glenohumeral 
capsule. In addition, an athlete occasionally must 
drop a missed snatch behind themselves, which 
can result in extreme external rotation and exten-
sion of the shoulders [ 14 ]. In addition, osteolysis 
of the distal clavicle has been reported to occur in 
powerlifters, and presumably Crossfi t athletes 
would be subject to similar risks, although peak 
loads are somewhat smaller [ 10 ,  11 ]. 

  Knee injuries      are more commonly reported in 
Olympic weight lifting versus  powerlifting   
[ 11 ,  16 ]. In  Olympic lifting  , there is more empha-
sis on an upright position in the squat and the 
ability to squat deeper than parallel, requiring 
deep loaded knee fl exion. This position enables 
the athlete to more effectively catch a heavy clean 
or snatch. However, it causes increased anterior 
displacement of the center of gravity, augmenting 
patellofemoral joint reactive forces, which can 
potentially result in patellofemoral pain and 
patellar tendonitis [ 13 ]. For an athlete with per-
sistent pain, chronic infl ammatory problems 
from persistent tendinitis is the likely diagnosis 

[ 14 ]. Traumatic cruciate and collateral ligament 
injuries, common in cutting and pivoting sports, 
are rare in the sport of weight lifting (Figs.  12.4  
and  12.5 ).

    Other rare injuries can occur during weight 
lifting, which are not directly related to repetitive 
stresses on the body. Dropping weights is a rare 
but potentially catastrophic event. In a Crossfi t 
competition in California in 2014, an athlete 
missed a heavy snatch and the barbell came into 
contact with his lower thoracic spine causing a 
traumatic spinal cord injury, resulting in paraple-
gia. Unfortunately, this pattern of injury has been 
previously reported during weight lifting [ 11 , 
 13 ]. Elbow dislocations can occur in the snatch, 
due to the wide grip and aggressive rotation or 
over rotation of the shoulders [ 11 ].  Compartment 
syndrome  , primarily of the forearm, has been 
described as a consequence of aggressively grip-
ping a barbell during a workout [ 10 ]. Callous 
tears are very common in Crossfi t and weight lift-
ing. Rectal prolapse has occurred among power-
lifters due to the heavy loads incurred during 
their lifts, but this has not been reported in any 
Crossfi t athletes [ 11 ].    

  Fig. 12.3    Dead lift       
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     Endurance      

     Running and indoor rowing on the ergometer are 
the two most common endurance exercises in 
Crossfi t. Typical distances used in metabolic 

condition portions of classes range from 150 to 
2000 m in rowing and 200–1600 m in running. 
These distances are performed several times in a 
workout and are combined with gymnastic and 
weight-lifting movements. Crossfi t Endurance is 
a program within Crossfi t that focuses almost 

  Fig. 12.4    Squat       

  Fig. 12.5    Squat       
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entirely on high-intensity interval distances of 
these two monostructural exercises. It is com-
monly used as a supplement to the traditional 
Crossfi t classes in the athletes who wish to 
improve their cardiovascular workload. Crossfi t 
athletes are less likely to be injured in either of 
these two movements compared with typical 
endurance athletes, as their mileage is far less. 
The risk to Crossfi t athletes, however, is when 
stresses from these exercises are combined with 
weight lifting and gymnastics, and when fatigue 
becomes a factor, overall potential for injury 
increases. 

 Indoor rowing on the ergometer is used in 
metabolic conditioning portions of the Crossfi t 
classes. In colder climates, it is used more fre-
quently in the winter, when running is no longer 
an attractive option. As many rowing injuries are 
overuse injuries due to changes in training vol-
ume, this is concerning [ 18 ]. In rowers, the knee 
and back are the two most commonly injured 
body areas, both of which are at risk in a number 
of other movements in Crossfi t [ 19 ,  20 ]. In row-
ing, there is constant fl exion and extension of the 
knee under loaded conditions. Patellofemoral 
chrondromalacia patella and iliotibial band syn-
drome are common sequelae of this mechanism. 
In rowing, the lower back functions as a braced 
cantilever during each stroke, which enables the 
transfer of power from the legs to the fl ywheel. 
As the erector spina muscles fatigue, there is 
increased lumbar fl exion. The spine is well suited 
to handle compression; however, the shear load 
created by the lumbar fl exion makes the interver-
tebral disks susceptible to injury. Disk herniation 
on MRI was demonstrated by 95.2 % of male 
rowers and 78.9 % of females; however, only 
27 % of females and 15 % of males had neuro-
logic signs or symptoms. In addition to disco-
genic pain, strains, sprains, spondylosis, and 
facet joint arthropathy are potential sequel of the 
long-term repetitive stresses of rowing [ 21 ]. 
Stress fractures of the ribs are a concern for row-
ers; however, the mileage of Crossfi t rowers is 
signifi cantly less, and therefore they are at a 
reduced risk for this to occur. 

  Running   does not usually cause injuries in the 
Crossfi t athlete unless preexisting pathology is 
present and is exacerbated by the demands of the 

exercises. The predominant site of injury related 
to running is the knee. Other areas of injury in 
running that overlap with Crossfi t exercises are 
the Achilles tendon/calf and hip/pelvis [ 22 ,  23 ]. 
Common overuse injuries of the  knee      include 
patellofemoral pain syndrome, iliotibial band 
syndrome, and medial tibial stress syndrome. 
When running is combined with a heavy squat 
routine or intense Olympic weight lifting, then 
patellofemoral pain may manifest. Achilles ten-
dinopathy is a common cause of calf pain in run-
ners [ 24 ]. This is worrisome, as high repetition 
box jumps are often used in the conditioning por-
tion of Crossfi t, and this motion places strain on 
the gastrocsoleus and Achilles complex. There 
have been anecdotal reports of Achilles tendon 
ruptures with high repetition box jumps. Muscle 
strains and tendonitis are the most common 
etiologies of hip pain due to running. Bursitis, 
exacerbation of hip osteoarthritis, stress frac-
tures, snapping hip syndrome, and acetabular 
labral tears are all potential etiologies [ 25 ].      

     Gymnastics      

 Gymnastics movements are a common compo-
nent of Crossfi t workouts and are the most fre-
quently reported cause of shoulder injuries [ 6 ]. 
While gymnastics encompasses a wide range of 
activities, there are some movements that are 
used more frequently and put the participant at 
greater risk for injury. These include pull-ups, 
toes to bar, handstand push-ups, ring dips, muscle 
ups, push-ups, and pistols (one-legged squats). 
Large numbers of pull-ups are often incorporated 
into Crossfi t workouts. The muscles used for a 
strict pull-up fatigue quickly. Therefore, athletes 
compensate with a “kipping” motion, meaning 
they use momentum from the lower body to 
 generate an explosive force to complete the rep-
etition [ 8 ]. A similar-type kipping motion is used 
in toes to bar, where an athlete generates a force 
in their lower body in order to touch their feet to 
the bar.  Handstand push-ups   can be programmed 
in large numbers. In this exercise, athletes assume 
a handstand position against a wall with their 
arms extended and then fl ex at the elbow until 
their head reaches the ground and then press back 
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up again. Muscle ups require an athlete to hang 
from the rings and pull him or herself into a ring-dip 
position, with the arm fl exed to 90°, and then 
push him or herself up until the arms are fully 
extended (Figs.  12.6  and  12.7 ).

    Studies of male gymnasts correspond with 
data from Crossfi t, demonstrating that the shoul-
der is the most commonly injured joint in these 
movements [ 6 ,  26 ]. Kipping, both in the pull-up 
and toes to bar, places the shoulder in a position 
of hyperfl exion, internal rotation, and abduction 
at the bottom of the hang [ 8 ].  Handstand push- 
ups   place the shoulder in a position of extreme 
loaded hyperfl exion, which imparts stress upon 
the rotator cuff and shoulder capsule. Both the 
push-up and burpee tax the anterior shoulder 
musculature, as in the bench press. Lastly, in ring 
dips and muscle ups, the athlete is required to 
press up and to stabilize the rings. This means 
that they can fall forward, which may lead to 
anterior translation of the humerus and an 
increased risk of shoulder dislocation (Fig.  12.8 ).

   The wrist and lower back are sites of frequent 
injury in gymnastics. The wrist is the most com-
monly injured area in female gymnasts and the sec-
ond most commonly injured area in male gymnasts 

[ 26 ]. This is most likely due to movements such as 
the handstand, which subjects the wrist to a combi-
nation of axial compression in extreme hyperexten-
sion [ 27 ]. Injuries to the spine/trunk compromise 
13.7–24 % of gymnastic injuries, with the lumbar 
spine representing the most frequently injured 
region [ 26 ,  28 ]. The handstand position, as seen in 
the press and jerk, can cause an athlete to assume a 
hyperlordotic posture through the lumbar spine. 
This can result in stress fractures of the pars inter-
articularis and eventually spondylolysis. In addi-
tion, pistols (one-legged squats) are commonly 
programmed into lower extremity Crossfi t work-
outs, which place strain on the lower back. Athletes 
are encouraged to squat below parallel on one leg. 
It is diffi cult to maintain balance with an upright 
chest in this position, so athletes compensate with 
lumbar fl exion and anterior drift of the knee. This 
puts increased shear force on the vertebral bodies. 
Lastly, athletes often perform many handstand 
push-ups in a row without a break. This may lead to 
fatigue of periscapular musculature and inability to 
resist gravity in the eccentric portion of the motion. 
As a result, athletes may place a considerable axial 
load on the head and cervical spine as they impact 
the ground (Fig.  12.9 ).

  Fig. 12.6    Kipping pull-up       
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       Other 

 There are several exercises and injuries related to 
Crossfi t that do not fi t into a general category. 
Box jumps, often conducted at a height of 20 or 
24 inches, have anecdotally been associated with 
Achilles tendon rupture, although the exact 
mechanism is unclear. This could be the result of 
an acutely overloaded tendon or an overuse con-
dition [ 29 ].  Kettlebells      are frequently used in 
Crossfi t workouts. There have been reports of 
extensor pollicis brevis tendon damage presenting 

as de Quervain’s disease with  kettlebell training      
[ 30 ]. Occasionally, athletes fall off the bar in toes 
to bar. This poses a signifi cant risk, as it usually 
occurs when the athlete is raising his or her feet 
toward bar and, therefore, is unable to slow the 
descent. Lastly, rope climbs, usually to 15 feet, 
are incorporated into Crossfi t workouts. If an ath-
lete fatigues, or does not appreciate the appropri-
ate means of descent, they can fall from that 
distance. 

 Another concern with Crossfi t athletes is the 
development of  rhabdomyolysis     . Suspicion 
should be raised in an individual who presents 

  Fig. 12.7    Muscle up       
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  Fig. 12.8    Ring dip       

  Fig. 12.9    Handstand push-up       
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with muscle stiffness in the days following a 
period of exercise, as well as swelling, and pain 
out of proportion to the expected fatigue post 
exercise. It is confi rmed clinically by myoglobin-
uria and an elevated serum creatinine phosphoki-
nase. It should be readily identifi ed and treated to 
prevent acute renal failure [ 31 ]. While this is a 
concern for Crossfi t athletes, it has been reported 
very infrequently in single cases [ 12 ]. Larger- 
scale studies of Crossfi t athletes have reported no 
reports  of      rhabdomyolysis [ 8 ].  

    Conclusion 

 Crossfi t is an extreme conditioning program that 
utilizes successive ballistic motions to build 
strength and endurance. Injuries related to Crossfi t 
present the treating physician with certain chal-
lenges. Despite signifi cant overlap between body 
areas stressed by the demands of Crossfi t exer-
cises, injury rates are relatively low and in concor-
dance with established injury rates for the various 
components of the workout (i.e., weight lifting, 
running, gymnastics, etc.). Nevertheless, Crossfi t 
owners continue to pursue training strategies that 
optimize safety in their gyms. This contention is 
further supported by evidence that suggests that 
the degree trainer involvement directly correlates 
with injury rate [ 6 ]. 

 Crossfi t is a rapidly growing sport. While its 
injury rate is comparable to most adult fi tness 
activities such as gym/fi tness club training, run-
ning, and triathlon training, physicians are likely 
to interact more frequently with Crossfi t partici-
pants as the sport grows in popularity [ 6 – 8 ]. It is 
important to recognize that quality control may 
vary from gym to gym and depends heavily on 
the coach operating and maintaining the gym. 
Therefore, the risk of injury is dependent upon 
factors related to the quality of the gym and the 
athlete-dependent factors. Both of these issues 
should be addressed to treat the current injury 
and to prevent further injuries. The key to defi n-
ing the etiology of a Crossfi t injury is to under-
stand the different exercises and their related 
mechanisms. By doing so, a physician can ade-
quately counsel the athlete on their course of 

recovery. By recognizing larger faults in their 
training, such as poor form or programming, the 
physician can help the athlete decide if exercise 
modifi cation or even participation at a different 
gym may help them achieve their athletic training 
objectives and promote optimal wellness.     
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          Introduction 

  Endurance athletes   require extended periods of 
functional repetitive hip motion, articular con-
gruity, and balanced musculotendinous coordi-
nation in order to successfully perform their 
sport [ 1 ]. Over 80 % of athletic hip and pelvis 
injuries are due to overuse [ 2 ]. The majority of 
endurance athletes with groin, hip, or pelvis pain 
have intra- articular diagnoses [ 3 ]. Recurrent epi-
sodes of high-intensity or extended duration 
sport without suffi cient recovery may lead to 
overuse injury. These injuries may involve iso-
lated single osseous or soft-tissue structures or a 
combination of multiple separate musculoskele-
tal entities. Overuse hip injuries in endurance 
athletes may occur in the setting of normal or 
abnormal anatomy and mechanics (e.g., femoro-
acetabular impingement [FAI]) [ 1 ]. As the quan-
tity and quality of athletic hip preservation 
literature evolve and improve, normal anatomy 
and abnormal pathology are better understood, 
classifi ed, and managed. Anatomic evaluation of 
athletic hip complaints has led to the utilization 
of the “layer concept,” categorizing diagnoses 

into different layers: I (osteochondral), II (inert), 
III (contractile), and IV (neuromechanical) [ 4 ]. 
This has permitted not only better assessment 
and treatment of hip injuries but also implemen-
tation of effective prevention programs [ 5 ].  

     Anatomy   

  The hip is a deep, diarthrodial synovial ball-and- 
socket joint. The highly congruous spherical 
femoral head and acetabulum afford a highly 
stable, yet multiaxial, joint. Recent recognition 
of variable degrees of severity of nonarthritic hip 
pathoanatomy relative to FAI, dysplasia, and 
labral pathology has greatly improved the under-
standing of “normal hip anatomy.” The hip artic-
ulation, in conjunction with the pelvic ring, 
forms the basis of the osteochondral layer, Layer 
I [ 4 ]. Layers II (inert) and III (contractile) com-
prise the stabilizing soft tissues enveloping the 
joint, working in synchronicity to prevent insta-
bility during normal physiologic motion. Layer 
II includes the static stabilizers (labrum, capsule, 
iliofemoral, pubofemoral, and ischiofemoral 
ligaments and zona orbicularis). Layer III 
includes the dynamic musculotendinous stabi-
lizers crossing the hip joint and lumbosacral and 
pelvic fl oor complexes. Layer IV, the neurome-
chanical layer, includes the nervous and vascular 
structures that coordinate the kinetic chain in 
and around the hip.  
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    Layer  I      

   The osteochondral layer provides the basis for 
arthrokinetic motion via joint congruity. Hip 
motion is primarily rotational, around a center of 
rotation, rather than translational [ 6 ]. Sphericity 
of the articulation combined with the near- 
frictionless articular cartilage surface permits a 
lifetime of normal joint function in most individ-
uals. Static and/or dynamic conditions of asphe-
ricity may lead to early chondrolabral damage 
and arthrosis. In the endurance athlete, with tens 
of thousands of repetitive functional hip joint 
movements per day, this situation has the poten-
tial to accelerate. The loss of femoral head-neck 
junction sphericity (cam FAI) (Fig.  13.1a ), femo-
ral head overcoverage (pincer FAI) (Fig.  13.1b ) 
or undercoverage (dysplasia) (Fig.  13.1c ), and 
 extra-articular impingement   (trochanteric-pelvic 
[Fig.  13.1d, e ], ischiofemoral [Fig.  13.1f ], and 
subspine impingement [Fig.  13.1g, h ]) all may 
disrupt normal joint mechanics (translation in 
addition to rotation). Other osseous femoral (ver-
sion, neck-shaft angle), acetabular (version, 
depth), and lumbopelvic (pelvic incidence, sagit-
tal, and coronal plane balance) parameters play a 
signifi cant role in the multifactorial evaluation of 
normal hip and pelvis anatomy [ 7 ].

   Osseous architecture of the femoral head, 
neck, and peritrochanteric region demonstrates 
compact cortical and cancellous trabecular bone. 
Radiographically, the  proximal femur   can be 
characterized by trabecular group (compressive, 
tensile, and greater trochanteric) and type (pri-
mary, secondary) (Fig.  13.2a ) [ 8 ]. During gait, a 
coronal plane rotatory equilibrium exists between 
vectors of body weight and abductor tension to 
maintain a level pelvis (Fig.  13.2b ) (Table  13.1 ). 
These vectors are responsible for the designation 
of “compressive” and “tensile” sides of the femo-
ral neck [ 8 ]. Proximal femoral abnormalities in 
bone mineral density may be responsible for 
femoral neck fractures, including both acute trau-
matic and chronic overuse stress fractures.

    Altered bone mineral density has also been 
observed on both the proximal femoral head- 
neck junction and acetabulums of patients with 
cam FAI morphology [ 9 ,  10 ]. In FAI, elevated 

bone mineral density exponentially increases 
subchondral bone stiffness, altering the joint con-
tact stresses with incongruent joint surfaces, 
potentially instigating and propagating the 
degenerative arthrosis paradigm [ 11 ]. In fact, 
bone mineral density has shown a signifi cant pos-
itive correlation with alpha angle, with the mag-
nitude of deformity even more correlative than 
symptom status [ 10 ]. 

 In symptomatic patients that have failed non-
surgical treatments, arthroscopic hip preservation 
continues to rapidly grow internationally as a suc-
cessful treatment of intra-articular hip pathologies, 
including those of Layer I. Arthroscopic “normal” 
anatomy of the proximal femur and acetabulum 
has been the subject of several high- quality ana-
tomical investigations [ 12 ,  13 ]. The superior mar-
gin of the anterior labral sulcus (“psoas u”) has 
been designated as the standard clockface refer-
ence, denoting 3:00 on the acetabular clockface 
[ 12 ]. As opposed to the center of the transverse 
acetabular ligament, previously used as the refer-
enced arthroscopic landmark at 6:00 [ 14 ,  15 ], the 
anterior labral sulcus is consistently and repro-
ducibly visualized during hip arthroscopy. Other 
consistently identifi able arthroscopic landmarks 
include the anterior inferior iliac spine (1:30–
2:30), direct and indirect heads of rectus femoris 
(2:00–2:30 and 11:30–2:00, respectively), ilio-
capsularis (2:00–2:30), iliopsoas (3:00–3:30), 
and lateral ascending vessels (11:30–12:00 on 
femur) [ 12 ]. These intraoperative landmarks have 
been confi rmed to be radiographically identifi -
able (anteroposterior [AP] and false profi le) dur-
ing surgical fl uoroscopy and during preoperative 
planning [ 16 ].    

    Layer  II      

   Layer II is comprised of the inert, noncontractile 
soft-tissue structures in and around the hip. This 
includes the fi brocartilaginous acetabular labrum, 
which provides a joint-stabilizing suction seal 
during physiologic motion [ 17 ]. This seal has 
been negated in subjects with FAI during fl exed 
and rotated positions, including pivoting neces-
sary for participation in endurance sports [ 18 ]. 
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The labrum plays a signifi cant role in pain genera-
tion inside the hip joint, secondary to the presence 
of free sensory nerve fi bers and mechanorecep-
tors, with the highest relative concentration in the 

anterior zone, where most labral pathology is 
located [ 19 – 21 ]. The distribution of free nerve 
endings is greatest at the labral base and decreases 
toward the periphery [ 22 ]. 

  Fig. 13.1    ( a ) Dunn 45° plain radiograph of bilateral cam 
morphology in a 19-year-old collegiate runner, illustrat-
ing loss of anterolateral femoral head-neck offset, corti-
cal sclerosis, and a signifi cantly increased alpha angle. 
( b ) Intraoperative anteroposterior (AP) fl uoroscopy of far 
lateral and posterolateral pincer femoroacetabular 
impingement (FAI) overcoverage of the right hip of a 
35-year-old female marathon runner. ( c ) Standing AP 
pelvis plain radiograph, illustrating bilateral acetabular 
dysplasia in a 25-year-old male triathlete. A reduced lat-
eral center-edge angle, increased Tönnis angle, and 
increased femoral head extrusion index are observed. ( d ) 
AP “splits” plain radiograph of a 19-year-old collegiate 
cheerleader in 90° abduction and permissive limb exter-
nal rotation, illustrating bilateral posterior trochanteric-

pelvic impingement and a “vacuum” sign. ( e ) AP “splits” 
plain radiograph of a 19-year-old collegiate cheerleader 
(same as Fig.  13.1d ) in 90° abduction and forced limb 
internal rotation, illustrating superior trochanteric-pelvic 
impingement. ( f ) AP pelvis plain radiograph of a 40-year-
old female cyclist with increased femoral anteversion and 
suggestive of bilateral ischiofemoral impingement. ( g ) 
AP pelvis plain radiograph of a 45-year-old male half-
marathon runner with a type III anterior inferior iliac 
spine (AIIS) and subspine impingement in his right hip. 
He reported a history of “groin strain” as a teenage 
playing football. ( h ) False- profi le plain radiograph of a 
45-year-old male half- marathon runner (same as 
Fig.  13.1g ) with a type III AIIS and subspine impinge-
ment in his right hip       
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 The hip capsule is composed of four discrete 
ligamentous structures: the iliofemoral (Y  ligament 
of Bigelow), ischiofemoral, and pubofemoral 
ligaments and zona orbicularis. The iliofemoral 
ligament is the strongest of the four and is trans-
versely cut during interportal capsulotomy 
(anterolateral to mid-anterior) in hip arthroscopy 
[ 23 ]. The latter permits excellent viewing of the 
central compartment: labrum, acetabular rim, 
articular cartilage of the acetabulum and femo-
ral head, fovea, and ligamentum teres. A “T” 
capsulotomy, perpendicular to the interportal 
capsulotomy, permits excellent viewing of the 

peripheral compartment: proximal femoral 
head-neck junction, zona orbicularis, lateral and 
medial synovial folds, and lateral ascending ves-
sels. Several biomechanical investigations have 
illustrated the importance of the iliofemoral liga-
ment for retention of normal hip kinematics: 
Iliofemoral ligament sectioning (unrepaired cap-
sulotomy) leads to increased external rotation, 
extension, and anterior and distal translation 
[ 24 – 27 ]. Clinically, during hip arthroscopy using 
a  “T” capsulotomy  , this translates to signifi cantly 
better outcomes in patients who have a complete 
capsular repair (Fig.  13.3a–d ) versus those who 

  Fig. 13.2    ( a ) AP plain radiograph of an 18-year-old 
female collegiate cross-country runner with proximal 
femoral primary and secondary trabeculae outlined in the 
right hip. GTT (greater trochanteric trabeculae); PCT (pri-
mary compressive trabeculae); PTT (primary tensile tra-
beculae); SCT (secondary compressive trabeculae); STT 
(secondary tensile trabeculae); WT (Ward’s triangle). 
Figure reprinted with permission from Elsevier Inc. ( b ) 
AP plain radiograph of an 18-year-old female collegiate 
cross-country runner (same as Fig.  13.2a ) with balanced 

free-body diagram of force vectors outlined in the right 
hip. Hip center of rotation is marked with a  dot  and a 
 Möse circle  around the femoral head. The product of the 
force of the body weight and its associated moment arm 
equals the product of the abductor muscle force and its 
associated moment arm. For equilibrium, according to 
Newton’s third law of motion, for every action (abductor 
muscle tension and body weight), there is an equal and 
opposite reaction (joint reaction force). Figure reprinted 
with permission from Elsevier Inc.       

   Table 13.1     Proximal femoral anatomy   based on version, neck-shaft angle   

 Anatomy  Coronal plane lever arm 
 Required abductor muscle 
force 

 Femoral version 
increased 

 Increased 
anteversion 

 Greater trochanter posterior, 
closer to hip center 

 Decreased  Increased 

 Femoral version 
decreased 

 Relative 
retroversion 

 Greater trochanter lateral, 
further from hip center 

 Increased  Decreased 

 Neck-shaft 
angle increased 

 Coxa valga  Greater trochanter above 
center of femoral head 

 Decreased  Increased 

 Neck-shaft 
angle decreased 

 Coxa vara  Greater trochanter below 
center of femoral head 

 Increased  Decreased 
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have a partial repair (repaired “T” and unrepaired 
interportal capsulotomy) [ 28 ]. An unrepaired 
 “T” capsulotomy   may potentially leave the hip 
catastrophically unstable (dislocation) or prone 
to “microinstability” due to a disrupted “stability 
arc” [ 29 – 31 ]. The “stability arc” is a defi ned area 
of the anterior hip, defi ned by the medial and lat-
eral limbs of the iliofemoral ligament as the static 
deep border and the iliocapsularis and rectus 
femoris as the dynamic superfi cial medial border 
and the gluteus minimus as the dynamic superfi -
cial lateral border [ 29 ]. In the setting of an unre-
paired  “T” capsulotomy  , hip extension and 
external rotation dynamically pull the medial and 

lateral limbs of the iliofemoral ligament apart and 
evade the anterior stabilizing effect of the anterior 
capsule.  

       Layer  III      

   Layer III consists of the dynamic musculotendi-
nous units in and around the hip and pelvis. 
This includes the muscles whose action is to 
move the hip, the lumbopelvic-stabilizing girdle, 
and the pelvic fl oor. Several different extra-artic-
ular pathologies may be either the cause of the 
effect of intra-articular lesions, such as FAI or 

  Fig. 13.3    ( a ) Right hip arthroscopy of a 20-year-old 
female collegiate gymnast. Viewing from modifi ed mid- 
anterior portal and instrumenting from distal anterolateral 
accessory portal (DALA), a “T” capsulotomy has been 
made for improved peripheral compartment visualization 
of the cam morphology (following osteoplasty) and is now 
being repaired with a suture-penetrating and suture- passing 
device through the medial limb of the capsulotomy. 

Nonabsorbable, #2 suture is utilized. ( b ) Same patient as 
Fig.  13.3a , the suture is being retrieved after penetrating the 
lateral limb of the capsulotomy. ( c ) Same patient as 
Fig.  13.3a , each limb of the capsulotomy is approximated 
prior to standard arthroscopic knot-tying techniques. ( d ) 
Same patient as Fig.  13.3a , three high- strength nonab-
sorbable sutures have been utilized for “T” capsulotomy 
capsular plication of the iliofemoral ligament       
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labral injury. In endurance athletes with FAI, 
increased stresses across the bony hemipelvis 
may result when athletes attempt to achieve sup-
raphysiologic terminal range of motion via the 
hip required for participation in their sport [ 32 ]. 
These forces may be transmitted through the 
pubic symphysis (osteitis pubis), sacroiliac joint, 
and lumbosacral spine. Anatomical regions may 
help categorize these subsequent tendinopathies 
and/or enthesopathies: anterior enthesopathy 
(hip fl exor strain, psoas impingement), medial 
enthesopathy (adductor and rectus tendinopa-
thies—“athletic pubalgia,” “core muscle injury,” 
“sports hernia”), posterior enthesopathy (proxi-
mal hamstring syndrome, “piriformis syndrome,” 
deep gluteal space syndrome), and lateral enthe-
sopathy (peritrochanteric pain syndrome, gluteus 
medius tendinopathy, or tear). 

 The  iliopsoas tendon   may instigate an atypical 
direct anterior labral tear (3:00) (iliopsoas impinge-
ment) [ 33 ]. Further, the  iliopsoas tendon   has been 
shown to demonstrate an anterior stabilization role 
in the setting of hip arthroscopy. In three separate 
case reports with a post- arthroscopic dislocation, 
an iliopsoas tenotomy was performed [ 34 ,  35 ]. 
In addition, the effects of femoral version in the 

setting of iliopsoas tenotomy have been investi-
gated. Signifi cantly better outcomes have been 
observed in patients with femoral version less than 
25° (versus greater than 25°) [ 36 ]. 

 The posterior musculotendinous complex, pri-
marily the proximal hamstring and gluteus maxi-
mus, is frequently involved in the endurance 
athlete. The inferior margin of the more superfi -
cial gluteus maximus is approximately 6 cm 
proximal to the deeper superior aspect of the 
 proximal hamstring   origin on the ischium [ 37 ]. 
The inferomedial origin, the conjoined semiten-
dinosus/long-head biceps femoris tendons, is 
oval shaped and larger than the crescent-shaped 
semimembranosus footprint on the superolateral 
ischial tuberosity [ 37 ,  38 ]. The most lateral aspect 
of the tuberosity is approximately 1 cm from the 
sciatic nerve [ 37 ]. This explains the common pos-
terior hip pain over the tuberosity and uncommon 
lower extremity radiculopathy in the sciatic nerve 
distribution. In runners,  proximal hamstring   
(myotendinous junction and tuberosity origin) 
syndrome (Fig.  13.4a, b ) is common in both short-
distance sprinters and long-distance runners 
[ 39 ,  40 ]. In patients with FAI, compensatory pos-
terior tilt of the pelvis (to avoid impingement) 

  Fig. 13.4    ( a ) Coronal, T2-weighted  MRI   of a 38-year- 
old female ultramarathon runner with  proximal hamstring 
syndrome   demonstrating a partial-thickness, interstitial, 
insertional proximal hamstring tear with posterior hip and 
buttock pain at the ischial tuberosity. ( b ) Same patient as 

Fig.  13.4a , with an axial, T2-weighted MRI demonstrat-
ing partial-thickness proximal hamstring tear. Quadratus 
femoris is observed without any edema (ischiofemoral 
impingement). This MRI was performed 2 weeks following 
a 50-mile ultramarathon       
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leads to chronic hamstring shortening and eventual 
tendinopathy.

   The medial hip and abdominopelvic musculo-
tendinous complex are variable and highly intri-
cate, leading to an often misunderstood, 
under-recognized, and undertreated entity termed 
core muscle injury or athletic pubalgia. Adductor- 
related pain, osteitis pubis, and core muscle 
injury are rarely seen in isolation and nearly 
always seen in combination with intra-articular 
diagnoses, especially FAI and labral injury [ 3 ]. 
Thus, a detailed understanding of the anatomy is 
paramount in timely identifi cation and manage-
ment. The anatomy centers around the pubis and 
pubic symphysis. The latter is a non-synovial 
joint stabilized by four ligaments and an intra- 
articular fi brocartilage disk [ 41 ]. The four liga-
ments conjoin the rectus abdominis, external and 
internal oblique, transversus abdominis, and 
gracilis and adductor aponeuroses. The most 
important ligament is the anteroinferiorly located 
arcuate ligament. The symphysis acts as the ante-
rior pelvic fulcrum, around which the hip and 
pelvis muscle forces act. The rectus abdominis 
(creates a posterosuperior force) and adductor 
longus (creates an anteromedial force) unite ante-
riorly in a common sheath anterior to the pubis. 
This common aponeurosis joins the conjoint ten-
don (internal oblique and transversus abdomi-
nis), external oblique, pectineus (anterior), 
adductor brevis (posterior to adductor longus), 
adductor magnus (posterolateral), and gracilis 
(posteromedial). Core muscle injury (“sports her-
nia,” “athletic pubalgia”) occurs when any of 
these multiple structures is injured, resulting in 
increased stress and strain on the intact proxi-
mate structures, typically without a discrete rec-
ognizable hernia [ 42 ]. The superfi cial (external) 
inguinal ring is located just immediately lateral 
to the pubic aponeurosis (indirect hernia through 
the ring versus direct hernia through Hesselbach’s 
triangle). This clearly complicates the diagnostic 
picture, given the close, complex, integrated 
anatomy and pathoanatomy in endurance ath-
letes. The abnormal musculotendinous stress dis-
tribution may further potentiate symphyseal 
instability and then lead to a secondary musculo-
tendinous injury (cyclical stress transmission). 

Further, especially in endurance sports, imbalances 
or injuries to the core muscles result in increased 
fatigue, decreased endurance, and injury, exacer-
bating the stress transmission cycle [ 43 ]. Part of 
the innervation of the core muscles, the iliohypo-
gastric, ilioinguinal, and genitofemoral nerves 
(part of Layer IV), may also be involved via 
entrapment, resulting in deep anterior and/or lat-
eral hip pain.    

    Layer  IV      

   Layer IV is comprised of the neurokinetic layer, 
thoracolumbosacral plexus, and lumbopelvic tis-
sues, serving as the neural link to the hip and 
lower extremities. This essentially links the hip 
and pelvis to the remainder of the body. Any kink 
in the kinetic chain may result in dysfunction. 
Several studies have revealed either upstream or 
downstream effects of hip injury and other proxi-
mal or distal structures. In the endurance athlete, 
this has wide implications as to the determination 
of the cause or effect of hip injury. Elevated alpha 
angle has been associated with increased risk of 
 anterior cruciate ligament (ACL) tear   (27 times 
greater if alpha angle greater than 60°) [ 44 ]. 
In patients with chronic recurrent ankle sprains, 
signifi cantly delayed gluteus maximus activation 
during prone hip extension has been identifi ed 
[ 45 ]. It is unknown if whether the ankle is the 
instigator for the hip or vice versa. Similarly, 
patients with low back pain have consistently 
identifi ed decreased hip range of motion (versus 
controls) [ 46 – 51 ]. Further, pelvic incidence (posi-
tion-independent measure of lumbar lordosis and 
pelvis orientation) has been shown to be signifi -
cantly lower in both cam and pincer FAI [ 7 ].     

     History   

  Endurance athletes presenting to the clinician 
should be thoroughly evaluated in a systematic 
fashion. The chief complaint is frequently helpful 
in determining the most important part of the 
history and physical examination: Is the source 
of pain coming from inside (intra-articular) or 

13 Hip Injuries in the Endurance Athlete



166

outside (extra-articular) the hip joint? Although 
the typical patient complains of groin pain, illus-
trated by a “C” sign or a “between the fi ngers” 
sign (Fig.  13.5a, b ), several different locations in 
and around the hip may be perceived for true 
intra-articular hip pain [ 47 ]. Patients may com-
plain of pain in the groin (55–92 %), lateral hip 
(59–67 %), anterior thigh (35–52 %), buttock 
(29–71 %), low back (23 %), knee and below 
(22–47 %), or foot (2 %) [ 47 ].

   The history of present illness should query 
several key aspects of the patient’s reason for 
evaluation:

   Onset (acute, chronic, traumatic, insidious), loca-
tion (right, left, bilateral; deep, superfi cial; 
anterior, lateral, posterior), character (dull, 
sharp, burning, aching, throbbing), duration, 
frequency, exacerbating and relieving factors 
(sitting, standing, walking, running, jumping, 
laying down, twisting, pivoting, putting on 
socks and shoes, toilet, out of bed, coughing, 
sneezing, Valsalva), radiation of pain (below hip, 

below knee, above to back), and associated 
symptoms (clicking, catching, popping, snap-
ping, numbness, tingling, pins and needles, 
groin swelling or bulging/hernia).    

 Coxa  saltans   (snapping hip) is frequently due 
to one (or more) out of three potential causes:

    1.    external coxa saltans (snapping iliotibial 
band), frequently described by patients as 
“My hip is dislocating”; frequently this is vis-
ible (the snapping hip you can see);   

   2.    internal coxa saltans (snapping iliopsoas), fre-
quently described by patients as the snapping 
hip you can hear, but not see;   

   3.    internal coxa saltans (labral tear), frequently 
described by patients as the snapping hip that 
they can feel, but you cannot see or hear    

  Prior treatments should be thoroughly assessed 
(physical therapy, oral medications, injections, 
surgeries). Prior injections should be specifi ed 
(intra-articular, peritrochanteric, trigger point), 

  Fig. 13.5    ( a ) Left hip “C” sign, indicative of intra-articular source of hip pain. ( b ) Left hip “between the fi ngers” sign, 
indicative of intra-articular source of hip pain       
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especially regarding the use of ultrasound or fl uo-
roscopic guidance and the response to injection. 
In hip osteoarthritis,  intra-articular injection   has 
been shown to be quite accurate in determining 
the source of pain [ 52 ,  53 ]. However, for other 
intra-articular nonarthritic diagnoses, such as 
FAI or labral injuries, the utility of injection is 
less well understood and less predictable [ 54 ]. A 
signifi cant response to injection (greater than 
50 % pain relief) helps to rule in intra-articular 
pathology as the source of the patient’s symp-
toms [ 54 ]. However, a positive response from 
injection is not a strong predictor of short-term 
functional outcomes following arthroscopic man-
agement of FAI and labral pathology [ 55 ]. 
Although the lack of a signifi cant response (less 
than 50 % pain relief) does not necessarily rule 
out intra-articular pathology [ 54 ], a negative 
response may be predictive of poor short-term 
surgical outcome [ 56 ]. The author gives all injec-
tion patients a pain diary following injection to 
document response to injection on a visual ana-
log scale (0–10) at multiple time points (preinjec-
tion; 5, 30, 60 min; 2, 3, 6, 12, 24 h; 2, 3, 7, 
14 days). This helps clearly delineate the response 
to the local anesthetic based on typical drug 
pharmacokinetics. 

 If prior surgery, the operative report and oper-
ative photographs should be scrutinized. Past 
medical and surgical history should be critically 
evaluated for other potential sources of groin, 
hip, or pelvic pain. This especially includes gen-
eral surgical, urological, colorectal, and obstet-
ric/gynecologic causes. Causes of potential 
unique sources of hip pathology should be elic-
ited when indicated:

    1.    Femoral head avascular necrosis (chronic cor-
ticosteroid use, alcoholism, pancreatitis, 
sickle cell anemia, diabetes, scuba diving 
decompression illness [caisson disease], 
myeloproliferative disease, systemic lupus 
erythematosus, Gaucher’s disease)   

   2.    Infl ammatory arthritides (rheumatoid arthri-
tis, ankylosing spondylitis, psoriatic arthritis)   

   3.    Legg-Calve-Perthes disease (4–14 years of age)   
   4.    Slipped capital femoral epiphysis (8–16 years 

of age)   

   5.    Transient osteoporosis of the hip (third trimester 
of pregnancy, middle-aged males)     

 For endurance athletes, a detailed athletic history 
is a key component of the evaluation, especially 
including existing risk factors:

    1.    History of prior overuse injury (including 
stress fracture)   

   2.    Rapid increase in training intensity or mileage   
   3.    Pain characterization during sport (progres-

sion with time to the point of stoppage or 
relieving with time)   

   4.    Change in running shoes or equipment   
   5.    Pain progression from after activity to with 

activity, to activities of daily living, to rest, 
and to female athlete triad (disordered eating, 
amenorrhea, low bone mineral density) or tetrad 
(triad plus endothelial injury) [ 57 ]       

     Physical Examination   

  The physical examination for endurance athletes 
with hip pain should be an extension of the 
focused history of present illness. Although com-
prehensive and systematic allowing for reproduc-
ibility and consistency, it should be adaptive as 
well, focused on the history elicited prior to the 
physical assessment. The fi rst fundamental eval-
uation should be to determine if the source(s) of 
symptoms stems from inside or outside the joint. 
As with examination of any joint, visual inspec-
tion, palpation, motion, strength, and special test-
ing is performed. Further, in order to understand 
if pathology is present in the involved hip or 
hemipelvis, the contralateral side should also be 
critically scrutinized. Extensions of the hip 
assessment should include a thoracolumbosacral 
spine evaluation, in addition to the distal limb. 
This includes coronal plane alignment, femoral 
version, tibial torsion, and pedal arch. Although 
the physical examination should focus on the 
presenting chief complaint, a comprehensive 
evaluation should also identify other abnormali-
ties that may predispose the patient to other over-
use injuries (i.e., injury prevention). Further, a 
caveat to the hip physical examination should be 
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to avoid iatrogenic displacement of non-displaced 
femoral neck stress fractures with a hop test. 
If suffi cient concern exists and radiographs are 
available, do not perform a hop test, as this dra-
matically alters the treatment and eventual 
outcome.  

     Inspection   

  Thorough inspection of the hip and pelvis 
requires a balance between suffi cient exposure 
and modesty. The core, hip, pelvis, and entire 
lower extremity should be observed. In addition 
to the patient him/herself, shoe wear patterns 
should also be assessed. Prior surgical incisions, 
deformity, alignment, swelling, edema, ecchy-
mosis, and erythema should be noted. Hip “snap-
ping” may be observed in cases of external coxa 
saltans due to snapping iliotibial band. Gait eval-
uation by either observation in clinic or outside 
of clinic and on a treadmill or via digital video 
analysis gives a real-time evaluation of biome-
chanical factors that may predispose to stress 
injuries of the tibia. This includes scrutiny for 
potential abductor weakness or abductor fatigue 
via Trendelenburg sign.   

     Palpation      

   Palpation is a key component for evaluation of 
multiple causes of hip pain in the endurance ath-
lete. Locations of tenderness suggestive of the 
source of pathology include:

    1.    Peritrochanteric (trochanteric bursitis, abduc-
tor tendinopathy or partial tear, snapping ilio-
tibial band)   

   2.    Proximal hamstring (proximal hamstring ten-
dinopathy, partial tear, ischial bursitis)   

   3.    Sacroiliac joint (sacroiliitis, referred from FAI)   
   4.    Lumbosacral spine (degenerative disk dis-

ease, herniated nucleus pulposus, degenera-
tive facet arthropathy, spondylolisthesis, 
sacral stress fracture [Fig.  13.6 ])

       5.    Groin (direct or indirect hernia, general surgi-
cal/urologic/obstetric/gynecologic causes, 
core muscle injury [athletic pubalgia])   

   6.    Adductor tendon (tendinopathy, tear, core 
muscle injury)   

   7.    Pubis (pubic symphysis, pubic tubercle, pubic 
rami for core muscle injury or stress fracture 
[Fig.  13.7a, b ])

       8.    Iliac crest (stress fracture, apophysitis 
[Fig.  13.8 ])

             Motion, Strength, and Special  Testing   

   Range of motion   is an important component of 
the hip physical examination in endurance ath-
letes. Although different clinicians may have 
their own specifi c routine for assuring complete-
ness and minimizing patient movement between 
sitting, standing, supine, lateral, and prone, it is 
important to ensure that a complete exam is per-
formed and documented for every patient. It is 
also often helpful to examine the “normal” hip 
before examination of the involved hip. It is 
important to assess for tightness or contracture 
in certain muscle groups, especially the ilio-
psoas, iliotibial band, common adductors, and 
hamstring complex. The  Thomas test      may be uti-
lized to assess for hip fl exor tightness [ 58 ]. The 
 Ober test      may elicit iliotibial band tightness and 
 peritrochanteric pain syndrome   [ 59 ]. For the hip, 
it is important to normalize the pelvic position 

  Fig. 13.6    Right-sided sacral ala stress fracture in a col-
legiate male cross-country runner       
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by bringing the contralateral limb up to the chest 
to reduce lumbar lordosis, confounding and truly 
isolating the magnitude of hip fl exion 
(Fig.  13.9a ). Hip fl exion, internal and external 
rotation (Fig.  13.9b, c , respectively), abduction 
(Fig.  13.9d ), and extension (Fig.  13.9e ) should 
be measured and compared to the contralateral 
limb. Measurements may be taken using visual 
inspection, goniometer, digital photography, 
motion analysis, or imaging-based techniques 
(plain radiographs, MRI, or CT scan). Strength 
testing may be performed using the MRC 
(Medical Research Council) manual muscle 

testing system [ 60 ]. Hip fl exion, extension, 
abduction, adduction, and internal and external 
rotation should be tested. Muscle strains are the 
most common injury in and around the hip in 
endurance athletes [ 2 ]. The muscles that cross 
both the hip and knee (two joints—eccentric 
contraction; rectus femoris, sartorius, tensor fas-
cia lata) are especially at risk [ 61 ]. Further, in 
distance runners, iliopsoas strains have been 
shown to be the most common cause of groin 
pain [ 62 ]. The  iliopsoas test     , provocation of pain 
with resisted hip fl exion in an externally rotated 
position, may be performed to diagnose ilio-
psoas strain, iliopsoas impingement, or an ilio-
psoas labral tear [ 63 ]. The  Ludloff test   is 
performed by passively fl exing the hip greater 
than 90°, while supine, isolating the iliopsoas, 
and a positive sign is reproduction of pain with 
resisted hip fl exion in that fl exed position [ 64 ].

    Impingement testing   is performed in endurance 
athletes to assess for FAI and labral pathology. 
The key with all impingement testing is to assure 
that, in a positive test, the reproduction of pain 
during the examination maneuver is the same 
pain location during provocative sport. Although 
sensitive (94–99 %), the anterior impingement 
(fl exion-adduction-internal rotation) test demon-
strates poor specifi city (5–9 %) [ 65 ]. It is the 
most common screening examination maneuver 
to detect intra-articular pathology. The subspine 
impingement maneuver is performed with 

  Fig. 13.7    ( a ) Three-dimensional  CT scan   of a 35-year- 
old female marathon runner with healing superior and 
inferior pubic rami stress fractures with visible fracture 
callus. ( b ) Same patient as Fig.  13.7a , axial T2-weighted 

pelvis MRI illustrating edema in the inferior right pubic 
ramus and extra-osseous soft-tissue edema, after acute 
injury-on-chronic groin pain       

  Fig. 13.8    AP pelvis plain radiograph of a 17-year-old 
male cross-country runner with right anterior iliac crest 
pain with running, illustrating an iliac crest apophysitis 
and stress fracture       
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straight hip fl exion in the sagittal plane [ 66 ]. 
The lateral impingement test is performed to 
maximal coronal plane abduction and permis-
sive limb external rotation [ 30 ]. Once maximal 
abduction is reached, the limb is then internally 
rotated (trochanteric-pelvic impingement test) 
[ 30 ]. Posterior impingement may be tested with 
hip extension and external rotation [ 30 ]. The 
posterior impingement test may be performed 
supine with the patient at the side edge of the 
table and the leg off the side of the table or with 
the patient at the end of the table and the leg far 
off the end. It is important to assess the posterior 
impingement test for two possible end points: 
pain or apprehension of hip instability. The 
FABER (fl exion-abduction-external rotation) 

distance  test   is another impingement maneuver 
performed in the supine position, with the 
affected hip fl exed and externally rotated and the 
affected ankle on the contralateral knee, above 
the patella [ 67 ]. A distance greater than 3 cm 
(compared to the contralateral limb) is a positive 
test [ 67 ]. The Stinchfi eld test is a supine-resisted 
active straight-leg raise test with the knee 
extended and the hip fl exed approximately 20° 
[ 68 ]. A positive Stinchfi eld is the most specifi c 
physical examination maneuver for intra- 
articular pathology [ 68 ]. 

 In addition to the posterior impingement 
apprehension  test  , several other tests in the 
endurance athlete may indicate atraumatic 
microinstability:

  Fig. 13.9    ( a ) Digital photograph of a 22-year-old female 
professional ballet dancer, illustrating measurement of 
right hip fl exion. ( b ) Same patient as Fig.  13.9a , illustrat-
ing measurement of left hip internal rotation. ( c ) Same 

patient as Fig.  13.9a , illustrating measurement of left hip 
external rotation. ( d ) Same patient as Fig.  13.9a , illustrat-
ing measurement of left hip abduction. ( e ) Same patient as 
Fig.  13.9a , illustrating measurement of left hip extension       
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    1.    In the external rotation recoil test, a positive 
fi nding is present when release of maximal 
passive lower extremity external rotation, 
while supine, fails to demonstrate normal 
spring-like recoil back to the pre-external 
rotation position [ 69 ,  70 ].   

   2.    In the dial test, the lower extremity is maxi-
mally internally rotated, while supine, and the 
limb is then allowed to passively externally 
rotate (positive fi nding is indicated when 
greater than 45° of passive external rotation 
occurs and lacks a mechanical end point) [ 71 ].   

   3.    In the traction test, a positive fi nding occurs 
upon the feeling of instability or looseness with 
limb distraction, while supine [ 30 ,  72 ,  73 ].    

         Imaging Evaluation   

  Imaging for hip pain in the endurance athlete 
should always begin with plain radiographs. The 
clinician should always remember to “treat the 
patient and not the X-ray.” The reason for the lat-
ter is the prevalence of abnormal radiographic 
fi ndings in asymptomatic subjects [ 74 ]. The 
prevalence of asymptomatic cam and pincer FAI 
was 37 % and 67 %, respectively. Cam morphol-
ogy was signifi cantly more common in athletes 
(55 %) than nonathletes (23 %). The prevalence 
of asymptomatic labral tear was 68 %. Weight- 
bearing anteroposterior (AP) pelvis and a combi-
nation of ipsilateral lateral hip views (supine 
Dunn 45°, standing Dunn 45°, supine Dunn 90°, 
frog-leg lateral, Lauenstein lateral, cross-table 
lateral, false profi le) should be obtained and scru-
tinized for adequacy. The standing AP pelvis 
should demonstrate symmetry of obturator 
foramina, collinearity of pubic symphysis and 
coccyx (approximately 2 cm proximal to most 
superior aspect of symphysis), and an elongated 
femoral neck (lower extremity internal rotation). 
On the standing AP pelvis, acetabular coverage 
(lateral center-edge angle, Tönnis angle, femoral 
head extrusion index) (pincer FAI versus dyspla-
sia), neck-shaft angle (coxa vara, coxa valga), 
neck primary and secondary trabeculae (femoral 
neck stress fracture), alpha angle (far lateral cam 
FAI), and Tönnis grade of  osteoarthritis   should 

be assessed. On the false-profi le view, anterior 
inferior iliac spine (AIIS) morphology (types I, II, 
III) and anterior center-edge angle (anterior ace-
tabular coverage) may be assessed. On the Dunn, 
frog-leg, cross-table, and Lauenstein lateral 
views and measurement of head-neck offset (mil-
limeters), head-neck offset ratio (unitless), and 
alpha angle (degrees) permit a thorough two- 
dimensional characterization of femoral head- 
neck junction asphericity (a three-dimensional 
issue). 

  Femoral neck stress fractures   are another 
common cause of hip pain in endurance athletes. 
Four different classifi cations exist to classify 
femoral neck stress fractures. Three of these sys-
tems may exclusively utilize plain radiographs. 
The most clinically relevant, easily applied, and 
generalizable, with the highest interobserver and 
intra-observer reliability, is the system created by 
Kaeding and Miller [ 75 ]. This system utilizes 
fi ve grades, one through fi ve. Grade 1 is a pain-
less asymptomatic stress response visible on 
imaging. Grade 2 also illustrates a stress response 
without a fracture line. However, Grade 2 injuries 
are symptomatic. Grades 3 and 4 injuries both 
have a visible fracture line. Grade 3 injuries are 
non-displaced and Grade 4 are displaced. Grade 
5 injuries are nonunions. The Devas classifi ca-
tion divided fractures into compression and 
 tension sides [ 76 ]. The Blickenstaff and Morris 
classifi cation has three types: type 1 (callus, 
without fracture line), type 2 (non-displaced frac-
ture line), and type 3 (displaced fracture) [ 77 ]. 
The Fullerton and Snowdy classifi cation also has 
three types: tension side, non-displaced; com-
pression side, non-displaced; displaced [ 78 ]. 

  Magnetic resonance imaging (MRI)   and  com-
puted tomography (CT)   offer complimentary 
three-dimensional osseous and soft-tissue infor-
mation in and around the hip and pelvis. 
Standard series should include a combination of 
T1-, T2-, and proton density-weighted coronal, 
axial, sagittal, axial oblique, and radial series 
[ 79 ]. The unique three-dimensional, nearly 
spherical, anatomy of the hip joint makes it 
highly diffi cult to view the thin (1–2 mm) oppos-
ing articular cartilage and labrum with standard 
planar series because of partial volume averaging 
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in MRI. Radial sectioning, at 30° increments, is 
ideal for evaluating the curved structures of the 
hip. Each plane taken (13 total for 360° circum-
ference) goes through the center of the joint. 
Thus, the obtained plane is perpendicular to the 
curvature of the joint, providing a cross section of 
the articular cartilage and labrum [ 79 ]. This 
reduces the partial volume-averaging effect seen 
with conventional planar imaging. Axial oblique 
 MRI   has been the gold standard reference for 
measurement of alpha angle, quantifying the 
degree of proximal femoral asphericity [ 80 ]. The 
images pass through the center of the femoral 
head parallel to the plane of the femoral neck. It 
essentially provides a view that corresponds to a 
lateral hip radiograph. In addition to the osseous 
and chondrolabral anatomy,  MRI   provides useful 
information on the capsule, musculotendinous 
units, and other extra-articular, but relevant, 
structures (lumbosacral spine [ 46 ], core muscle 
injury [ 81 ], and other gastrointestinal, genitouri-
nary, obstetric, and gynecologic structures [ 82 , 
 83 ]). The addition of intra-articular gadolinium 
dye (magnetic resonance arthrogram [MRA])    
distends the joint capsule, separating the capsule, 
labrum, and articular cartilage and increasing 
spatial resolution for improved diagnosis of 
chondrolabral injury [ 84 ]. Although  MRA   
improves the sensitivity (63–100 %), specifi city 
(44–100 %), and accuracy (65–96 %), it is highly 
resource intensive, requiring both fl uoroscopy 
(for the arthrogram) and MRI at the same time, 
temporal coordination of each appointment, and 
direct physician performance of the arthrogram. 
Further, there are risks associated with intra- 
articular hip dye injection [ 84 ]. 

 With reference to  femoral neck stress frac-
tures  , if plain radiographs do not reveal a fracture 
line or evidence of healing (periosteal thickening 
and elevation, cortical sclerosis), then  MRI   has a 
sensitivity and specifi city of up to 100 % [ 85 ]. 
Technetium-99 m-labeled methylene diphospho-
nate bone scan (Triple-Phase Bone Scintigraphy) 
is a sensitive exam to detect femoral neck stress 
fracture, but has poor specifi city [ 86 ]. Further, 
anatomic delineation of fracture location is poor 
with bone scan. Computed tomography (CT) 
scans are associated with signifi cant radiation 

exposure and low sensitivity of detecting stress 
fracture, but do have high specifi city [ 86 ]. 

 CT  scan   is the optimal osseous evaluation of 
the hip joint, providing a patient-specifi c three- 
dimensional picture, evaluation of femoral and 
acetabular version, and precise acetabular cover-
age parameters [ 87 ].  CT   is the best preoperative 
evaluation of the proximal femoral head-neck 
junction. However, intraoperatively, CT is not 
utilized. A combination of six fl uoroscopic views 
(AP neutral, AP in 30° internal rotation, AP in 
30° external rotation, 50° fl exion view in neutral, 
50° fl exion view in 40° external rotation, 50° 
fl exion view in 60° external rotation) can repro-
ducibly characterize the topography of the cam 
deformity from the 11:45 to 2:45 position, cover-
ing the most commonly observed maximum 
alpha angles [ 88 ]. Because the most common 
reason for revision hip arthroscopy is residual 
FAI, the potential for inadequate resection should 
be mitigated as much as possible [ 89 ]. On the 
acetabular side,  CT   has shown that normal femo-
ral head coverage was 40 ± 2 % in an asymptom-
atic cohort, with the mean lateral coverage 
corresponding to a lateral center-edge angle of 
31 ± 1° [ 90 ].   

     Differential Diagnosis Evaluation   

  The clinician must combine the subjective his-
tory with the objective physical examination with 
the objective imaging studies to determine a dif-
ferential diagnosis (Table  13.2 ). The fi rst step in 
the evaluation and management of hip pain in the 
endurance athlete is determining if the pain is 
intra- or extra-articular. The magnitude and 
potential severity of intra-articular diagnoses 
merit priority over most extra-articular sources 
(Table  13.2 ). However, the clinician must always 
be aware that these diagnoses are not mutually 
exclusive and frequently may coexist either as 
two distinct entities or one as a result of another. 
Intra-articular sources include most commonly 
FAI, labral tear, dysplasia, arthritis, and stress 
fracture, among other much less common causes. 
Athletes with intra-articular sources of symptoms 
typically have a chief complaint of deep groin pain. 

J.D. Harris
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The pain is most frequently perceived deep in the 
hip, unable to be touched superfi cially. Sitting 
tends to exacerbate the pain more than standing. 
Deep fl exion and rotational maneuvers also exac-
erbate. Sports that involve high- intensity or high-
frequency hip fl exion and rotation are frequent 
culprits. In patients with any degree of concern 
for femoral neck stress fracture, every diagnostic 
step necessary must be taken to ensure a correct 
diagnosis is made, as missed diagnoses may be 
catastrophic with displacement of the fracture 
and signifi cantly increased risk of femoral head 
avascular necrosis, even with timely prompt and 
anatomic reduction (up to 30 %) [ 91 ]. These 
patients often complain of groin pain that begins 
early in the activity (e.g., running), progressively 
worsens during the activity, and may progress to 
the point of activity cessation due to pain. 
Endurance athletes with a previous stress frac-
ture, females, amenorrhea, disordered eating, and 
low bone mineral density warrant a stress frac-
ture evaluation. On physical examination, pain 
with weight bearing, axial load, single-leg stance, 
squat, hop, and positive impingement testing is a 
characteristic of femoral neck stress fracture. If 
plain radiographs reveal no sign of fracture, then 
MRI is indicated. In athletes with similar symp-
tomatology with negative stress fracture evalua-
tion, plain radiographs frequently reveal FAI, and 
an MRI is then indicated to evaluate for chondro-
labral injury. In athletes with similar symptom-
atology with negative stress fracture evaluation, 
dysplasia may also be a cause of deep hip pain. 
However, frequently this is secondary to  abduc-
tor fatigue  . Dysplasia induces a component of 
femoral head translation (in addition to rotation) 
with motion [ 30 ,  92 ]. This microinstability 
requires greater abductor activity to keep the 
femoral head center of rotation centered in the 
acetabulum (“abductor fatigue”). In athletes with 
groin pain, loss of motion, and crepitus, plain 
radiographs should be critiqued for  osteoarthritis   
(joint space narrowing, subchondral sclerosis, 
cysts, osteophytes).

   If the symptoms and examination are consis-
tent with an extra-articular source of symptoms, 
then the differential diagnosis is very different 
from that of intra-articular sources.  Extra- 

articular impingement  , similar to traditional FAI, 
involves a mechanical confl ict that inhibits hip 
motion and places extra stress on tissues 
unequipped to handle the stress. This can occur 
at the AIIS in straight hip fl exion with the distal 
anterior femoral neck contacting a prominent 
type II or III AIIS [ 93 ]. Despite this being an 
extra-articular phenomenon, labral pathology is 
frequently observed, and the AIIS may be surgi-
cally treated with “intra-articular” arthroscopy 
[ 94 ,  95 ]. Further, despite being extra-articular 
FAI, AIIS subspine impingement symptoms are 
frequently perceived deep in the groin, similar to 
cam and pincer FAI. Straight hip fl exion sub-
spine impingement testing combined with false-
profi le radiographs and three-dimensional CT 
scan can reliably diagnose subspine impinge-
ment [ 66 ]. Trochanteric-pelvic impingement 
may be observed in high range of motion endur-
ance sports (ballet, gymnastics, mixed martial 
arts, fi gure skating). Patients frequently com-
plain of pain in the lateral splits (grand écart 
facial) and front splits positions (grand écart lat-
eral) [ 96 ]. Additionally, in dancers, “turnout” 
(extension and external rotation) frequently may 
induce lesser trochanter impingement on the lat-
eral ischium and proximal hamstring origin 
(ischiofemoral impingement) [ 97 ]. This presents 
as posterior hip and buttock pain in provocative 
positions and maneuvers. It is important to eval-
uate the proximal hamstring and gluteus maxi-
mus function in this situation for concurrent 
proximal hamstring tendinopathy or partial tear-
ing. This deep gluteal syndrome (formerly 
known as piriformis syndrome) is a commonly 
encountered source of posterior hip pain with a 
rapidly evolving and still incompletely under-
stood etiology [ 82 ].  Iliopsoas impingement   is 
frequently seen as an internal  snapping hip  , with 
complaints of deep groin pain with active hip 
fl exion and rotation, inducing snapping and far 
anteromedial labral tears [ 33 ]. In patients with 
lateral hip pain, superfi cial tenderness is fre-
quently diagnosed as “bursitis” [ 98 ]. However, 
patients with discrete abductor weakness and 
insignifi cant iliotibial band tightness warrant 
MRI for evaluation of abductor tendinopathy 
and possible tear.   
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     Treatment   

  The management of most conditions causing hip 
pain in endurance athletes is not emergent or 
urgent (Table  13.3 ). The only potentially urgent 
diagnosis necessary to be made is that of poten-
tial femoral neck stress fracture and its inherent 
risk of displacement. In non-displaced 
compression- sided femoral neck stress fractures, 
immediate non-weight bearing is instituted with 
crutch-assisted ambulation for 6 weeks. If the 
fracture heals, the patient’s pain with weight 
bearing resolves, and a slow return to sport (with 
recognition and address of underlying risk factors) 

is commenced. Persistent pain warrants MRI to 
evaluate for fracture persistence or worsening 
(Fig.  13.10a ). In this situation of failed nonsurgi-
cal measures, percutaneous screw fi xation 
(Fig.  13.10b–d ), followed by weight bearing as 
tolerated ambulation (6 weeks) and gradual 
return to sport (6–12 weeks), is commenced. In 
non-displaced tension-sided stress fractures, per-
cutaneous screw fi xation is indicated, as nonsur-
gical treatment is not indicated due to the 
unfavorable biomechanics of fracture location. 
Any stress fracture displacement requires prompt 
(same day) anatomic reduction (closed or open 
means) and fi xation (percutaneous screw or 

   Table 13.3    Treatment and  outcomes      for endurance athletes with hip pain   

 Nonsurgical treatment  Surgical treatment 

 Femoral neck stress fracture  Compression side, non- displaced: NWB × 
6 weeks 

 Tension side or failed nonsurgical 
treatment compression side: In situ 
percutaneous screw fi xation 
 Displaced fracture: anatomic 
reduction, screw fi xation 

 FAI, labral tear  Limited evidence; activity modifi cation, 
oral NSAID, ± intra-articular injection, PT 

 Labral preservation, pincer 
acetabuloplasty, cam osteoplasty 

 Dysplasia  Activity modifi cation, oral NSAID, ± 
intra-articular injection, PT 

 Borderline dysplasia: arthroscopic hip 
preservation; dysplasia: periacetabular 
osteotomy 

 Osteoarthritis  Rest, activity modifi cation, oral NSAID, 
intra-articular injection, PT, nutraceutical 

 Total hip arthroplasty 

 Extra-articular 
impingement—AIIS 

 Limited evidence; activity modifi cation, 
oral NSAID, ± intra-articular injection, PT 

 Arthroscopic subspine decompression 
osteoplasty 

 Extra-articular 
impingement—ischiofemoral 

 Limited evidence; activity modifi cation, 
oral NSAID, PT 

 Endoscopic or open ischiofemoral 
decompression (lesser trochanter) 

 Extra-articular 
impingement—trochanteric- 
pelvic 

 Limited evidence; activity modifi cation, 
oral NSAID, ± intra-articular injection, PT 

 Open trochanteric osteotomy 
advancement 

 Extra-articular 
impingement—iliopsoas 

 Limited evidence; activity modifi cation, 
oral NSAID, ± iliopsoas tendon sheath 
injection, PT 

 Arthroscopic subspine decompression 
and/or iliopsoas tenotomy 

 Peritrochanteric pain 
syndrome 

 Rest, activity modifi cation, oral NSAID, 
bursal injection, PT 

 Endoscopic or open bursectomy and 
iliotibial band window, abductor repair 

 Deep gluteal (aka 
“piriformis”) syndrome 

 Rest, activity modifi cation, oral NSAID, 
infi ltration injection test (corticosteroid, 
anesthetic) 

 Endoscopic or open sciatic neurolysis, 
lysis of fi brous adhesions 

 Proximal hamstring 
syndrome 

 Rest, activity modifi cation, oral NSAID, 
PRP injection, PT (emphasize eccentric) 

 Proximal hamstring repair 

 Core muscle injury (aka 
“athletic pubalgia”) 

 Rest, activity modifi cation, oral NSAID, 
PT (core muscle activation, strengthening) 

 Open repair, decompression of 
adductor/rectus/conjoined tendon 
complex as indicated by pathology 

 Lumbosacral spine  Rest, activity modifi cation, oral NSAID, 
injection, PT 

 Open decompression and fusion (if 
indicated) 

   NWB  non-weight bearing,  NSAID  nonsteroidal anti-infl ammatory,  PT  physical therapy  
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plate/screw fi xation). Fracture displacement on 
any imaging modality is an indication to immedi-
ately abandon nonsurgical treatment and anatom-
ically reduce and fi x the fracture.

    In patients with symptomatic FAI and labral 
tear, initial nonsurgical management consists of 
activity modifi cation (avoidance of deep fl exion 
and rotation), oral anti-infl ammatory medica-
tions, and physical therapy (core, hip, pelvis 
strengthening and fl exibility; dynamic reduction 
in anterior impingement by improving posterior 
pelvic tilt). Intra-articular anesthetic and 
 corticosteroid injections may be used both diag-
nostically and therapeutically. However, the cli-
nician and patient should always be cognizant of 
the fact that neither medications nor injections 

can change the pathoanatomy of the hip mor-
phology or heal the labral tear (Fig.  13.11a–d ). 
Thus, nearly all of the current evidence focuses 
on surgical treatment of FAI and labral pathology 
[ 99 ]. Both arthroscopic and open techniques are 
successful, with a high rate of good to excellent 
outcomes at short- and midterm follow-up. No 
long-term outcomes of either open or arthroscopic 
hip preservation yet exist [ 100 ]. 

       Conclusions 

 Evaluation and management of the endurance 
athlete with hip pain require a thorough knowl-
edge of the layered structure of normal anatomy 

  Fig. 13.10    ( a ) Coronal T2-weight  MRI   of a 28-year-old 
female runner with a compression-sided right femoral 
neck fracture. This patient had failed 6 weeks of nonsurgi-
cal treatment consisting of non-weight-bearing crutch- 
assisted ambulation. ( b ) Same patient as Fig.  13.10a , 1 
day after the MRI, illustrating postoperative AP pelvis 
X-ray with three partially threaded 7.3-mm-diameter 
screws traversing the femoral neck. Key surgical pearls 

include avoidance of a proximal femoral stress riser effect 
by keeping the screw entry point on the lateral proximal 
femoral cortex proximal to the superior aspect of the 
lesser trochanter. ( c ) Same patient as in Fig.  13.10a , illus-
trating postoperative Dunn 90° lateral radiograph with 
three partially threaded screws. ( d ) Same patient as in 
Fig.  13.10a , illustrating postoperative false-profi le radio-
graph with three partially threaded screws       
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and abnormal pathoanatomy in and around the 
hip joint. The subjective history and objective 
physical examination must be combined with any 
imaging to properly “treat the athlete and not the 
X-ray.” Patients with intra-articular pathology 
report deep groin pain, worse with the offending 
sporting activity, deep fl exion, and rotational 
maneuvers. Physical examination typically 
reveals a loss of hip fl exion and rotation with 
positive impingement fi ndings. Risk factors for 
femoral neck stress fracture must be sought, 

 evaluated, and promptly managed as this is an 
unmissable diagnosis. Femoroacetabular 
impingement and labral tears are likely the most 
common diagnoses in endurance athletes. Plain 
radiographs are very useful in endurance athletes 
with hip pain. However, advanced imaging with 
MRI and CT has a distinct and growing role in 
appropriate evaluation. Sources of pain around 
the hip joint frequently coexist, and the clinician 
must systematically assess all potential diagno-
ses, as they are not mutually exclusive.      

  Fig. 13.11    ( a ) Arthroscopic right hip preservation sur-
gery in a 27-year-old female volleyball player. Viewing 
from anterolateral portal with 70° arthroscope. Probe 
instrumenting from mid-anterior portal pushing on ace-
tabular labrum at 1:30 on clockface. The chondrolabral 
disruption is clearly visible at the chondrolabral junction. 
( b ) Same patient as Fig.  13.11a  after two suture anchors 
have been placed in the acetabular rim with a pierced ver-
tical mattress confi guration. The typical labral repair fol-
lows acetabuloplasty rim trimming to eliminate pincer 
impingement (when indicated). Two to four suture 

anchors are typically used. ( c ) Arthroscopic right hip pres-
ervation surgery in an 18-year-old female collegiate 
rower. Viewing from anterolateral portal with 70° arthro-
scope. Radiofrequency device is localizing an iliopsoas- 
induced acetabular labral tear at 3:00 on clockface. 
Erythema at the location of impingement, in addition to 
the chondrolabral disruption, is visible on this image. ( d ) 
Same patient as Fig.  13.11c  after suture anchor repair in 
the acetabular rim with a pierced vertical mattress 
confi guration       
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         Introduction 

 Participation in long-distance running events has 
increased across athletes of all ages, sex, and 
activity levels in recent years. Per the Annual US 
Marathon Report, a 140 % increase in US 
Marathon fi nishers has been observed (224,000 
vs. 541,000) with an additional 40 % increase 
over the last 10 years alone (386,000 vs. 541,000) 
[ 1 ]. Per the same report, 47 % of all fi nishers 
were 40 years and older (47 %), which includes 
all classes of runners, including recreational run-
ners as well as masters athletes. Per the World 
Association of Masters Athletes, an organization 
designated by the  International Association of 
Athletics Federations (IAAF)  , a masters athlete 
is defi ned as man or woman of not less than 35 
years of age that participates in a wide array of 
track and fi eld and longer-distance aerobic sports 
[ 2 ]. As the defi nition of  masters athletics   infers a 
level of expertise and veteran status, these run-
ners often demonstrate a high level of fi tness with 
numerous years (and miles) of running and exer-
cise experience. This increase at both the masters 
and recreational levels is widely supported by 
physicians of all specialties, as well as multiple 

federal health organizations, given the associa-
tion between physical activity and a decreased 
lifetime risk for developing obesity, hyperten-
sion, type 2 diabetes mellitus, and thromboem-
bolic stroke among others [ 3 ,  4 ]. More specifi cally 
participating in high-impact sports positively 
infl uences bone density scores and overall bone 
health, decreasing the risk for osteoporosis and 
fracture [ 5 ]. Despite these known health benefi ts, 
a persistent dogma and entrenched belief exist in 
a link between runners and chronic musculoskel-
etal injuries with the eventual “worn-out knees.” 

 Recent epidemiologic data states that approxi-
mately 46 million people in the United States 
have symptomatic arthritis [ 6 ], with recent fi g-
ures suggesting knee  osteoarthritis (OA)   affect-
ing 250 million people worldwide [ 7 ]. The main 
studies demonstrate that from 1990 to 2010,  OA   
has been shown to be the fastest increasing health 
condition, with knee pain limiting activity and 
impairing quality of life. While the health bene-
fi ts for aging masters athletes, and all recreational 
runners, are well documented, there is little evi-
dence to document the relationship between 
high-mileage runners and the development or 
worsening of knee  OA  . Studies have demon-
strated knee  OA   as the most prevalent musculo-
skeletal disease in the masters athlete and has 
been well documented as a common complica-
tion of sports injury [ 8 ]. This chapter will serve 
to discuss the relationship between masters 
running and  OA   in three dimensions. This 
chapter will highlight:
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    1.    The currently accepted mechanisms for the 
development and progression of OA in mas-
ters runners and likewise all aging athletes, 
with presentation of current literature review 
for associations between running and disease 
prevalence   

   2.    A proper evaluation and treatment paradigm 
for an aging runner with OA-associated knee 
pain and other running maladies   

   3.    The current dogma and recommendations 
regarding runner activity, cross-training prin-
ciples, and adequate nutrition associated with 
prolonged running health    

      Pathophysiology of Disease, At-Risk 
Populations, and the Modifi able 
Lifestyle  Factors            

     In order to discuss the potential effects of long- 
distance running and high-impact mechanical 
loading of the articular cartilage in an osteoar-
thritic knee, the anatomy, mechanisms, and patho-
physiology of OA must be addressed. From a 
mechanical standpoint, the knee joint is a diar-
throdial, mobile hinge joint between the distal 
aspect of the femur, proximal tibia, and patella. 
This articulation permits fl exion and extension as 
well as rotation to a lesser degree, all of which 
play a role in various athletic movements. The 
static and dynamic stabilizers of the joint allow 
for high amounts of motion throughout the kinetic 
chain of movement while providing the needed 
stability during explosive maneuvers associated 
with running, jumping, and rapid change of direc-
tion. These stabilizers include the ligaments (both 
intracapsular and extracapsular), menisci, muscle 
tendons that cross the joint, and the joint capsule 
and retinaculum itself. When in appropriate bal-
ance, these stabilizers allow for a relatively even 
distribution of contact forces throughout the joint 
surfaces of the femur, tibia, and patella and allow 
for smooth gliding of the hyaline cartilage-
covered articular surfaces during movement. 
Comprised of chondrocytes, type 2 collagen 
fi bers, negatively charged proteoglycans, and 
water, hyaline cartilage provides a surface that is 

resilient to wear, compressible, and suffi ciently 
strong and stiff to tolerate high biomechanical 
loads and shear stresses during motion at the joint. 
This all serves to protect the subchondral bone 
from impact, while also facilitating smooth and 
energy effi cient motion during movement. 
However, injury to these static and dynamic stabi-
lizers and load-sharing structures can lead to rapid 
rates of injury and increased predisposition to 
arthritis. Injury, infl ammation, and the degrada-
tion of cartilage with resultant pain, effusion, and 
loss of motion are the hallmark of OA [ 9 ]. 

 From a clinical standpoint, the development of 
OA is broken into two main  classifi cations  : pri-
mary or secondary OA. Primary OA is initiated 
and propagated by an imbalance between synthe-
sis and degradation of the articular surface 
matrix, driven by a complex milieu of pro- 
infl ammatory cytokines [ 10 ]. Conversely, a 
mechanical disruption or direct insult to the joint 
via trauma can damage the extracellular matrix, 
causing cartilage fi ssures and defects that lead to 
secondary  OA   [ 11 – 13 ]. Despite this dichotomy, 
it is generally accepted that OA is a combination 
of genetic susceptibility and excessive mechani-
cal stress [ 14 – 16 ]. Likewise, the majority of OA 
observed in aging athletes is a combination of 
high levels of mechanical stress with an underly-
ing predisposition. As stated by Neogi et al., this 
predisposition may be genetic, age related, nutri-
tional, or the presence of poor mechanical stabil-
ity caused by joint malalignment and weak 
kinetic chain [ 17 ]. Aging has been demonstrated 
as the primary risk factor for OA [ 18 ], with com-
mon dogma that increased mechanical stresses 
(via high-impact exercise such as long-distance 
running) would accelerate this process over time 
and lead to painful, debilitated joint. This is cer-
tainly the case in cohorts of subjects who have 
sustained a known, traumatic injury to the articu-
lar cartilage [ 19 – 22 ]. While it has been shown 
that moderate, consistent mechanical loading of 
joints is necessary for maintenance of healthy 
articular cartilage [ 23 ], repetitive abnormal 
loading of joints is associated with injury and 
rapid decline of the articular surface [ 24 ]. This 
degradation appears even more rapid in 
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unhealthy, obese individuals due to a combina-
tion of mechanical and infl ammatory processes, 
with obesity acting as a major modifi able life-
style factor in the development and treatment of 
knee arthritis. 

  Obesity   is a common medical comorbidity in 
all patient populations. According to a recent 
study presented in JAMA, 36 % of all American 
adults are “obese,” while 69 % are “overweight” 
by current BMI standards [ 25 ]. As previously 
discussed, the development and clinical morbid-
ity seen with OA is a combination of mechanical 
forces and systemic susceptibility, with recent 
research highlighting obesity as a major modifi -
able factor. Biomechanical studies have docu-
mented that force loads across the knee joint 
reach levels approximately 4 times the body 
weight during walking [ 26 ] and that obese indi-
viduals experience higher vertical ground reac-
tion forces than normal weight individuals [ 27 ]. 
Likewise, studies have also documented that 
obese individuals have a four- to tenfold higher 
risk of developing OA than normal weight coun-
terparts [ 26 ]. Additional to excessive mechanical 
force, a component of systemic infl ammation 
induced by the large reserves of adipose tissue is 
observed in obese individuals [ 26 ,  28 ]. These 
effects are confi rmed by the induction of OA in 
non-weight-bearing joints, where cartilage 
destruction is propagated by infl ammation rather 
than mechanical force [ 29 ]. Therefore in an event 
to reduce mechanical stress, as well as the sys-
temic effects of  obesity  , targeted weight loss and 
exercise are a mandatory recommendation by cli-
nicians. Weight loss alone has been shown to cur-
tail symptoms of existing knee OA in obese 
patients [ 30 ]. In addition to the health benefi ts 
associated with running and mild-moderate car-
diovascular exercise, an overall anti- infl ammatory 
and anti-catabolic systemic response has been 
documented with exercise to aid against joint 
destruction. A recent review of the literature by 
Gleeson et al. discusses three possible mechanisms 
for the  anti-infl ammatory effect of exercise  , each 
outline in specifi c review [ 31 ]. These include (1) 
reduction in visceral fat mass, which reduces 
infl ammatory cytokine signaling, (2) increased 

production of anti-infl ammatory cytokines from 
active skeletal muscle, and (3) decreased expres-
sion of toll-like receptors (TLRs) on monocytes 
and macrophages, exhibiting an overall down-
regulation of the body’s innate immune activity 
[ 32 – 34 ]. Overall, though mechanisms continue 
to be elucidated, multiple review and meta-analy-
ses confi rm that exercise reduces pain and 
improves function and that aerobic exercise 
(compared to strengthening) is superior for long-
term functional improvement [ 35 – 38 ]. 

 With all of these fi ndings, persistent theories 
exist that long-distance, endurance running 
causes acute, repetitive microtrauma to the carti-
lage extracellular matrix, and this, combined 
with normal aging and loss of cartilage resil-
iency, accelerates the joint toward arthritis. 
Advanced imaging techniques, when used in the 
acute setting following rigorous training or mar-
athon distance events, have demonstrated abnor-
mal marrow signals as well as cartilage 
abnormalities prior to running marathon distance 
[ 39 ], but these lesions were not signifi cantly 
altered on repeat imaging after completing the 
marathon. Even in asymptomatic running knees, 
studies have demonstrated a large amount of 
knee lesions, especially in runners with higher 
training levels, suggesting repetitive trauma and 
the stigmata associated with early arthritic injury 
[ 39 ,  40 ]. However, often these abnormal fi ndings 
are alterations in  bone marrow edema (BME)   
signal, with some intrasubstance meniscal 
lesions, that fl uctuate during the season and most 
of which are asymptomatic in professional dis-
tance runners. The authors of this recent study 
concluded that this fl uctuation of  BME   during 
the season, not necessarily related to develop-
ment of clinical complaint, suggests an active 
remodeling process that does not require acute 
intervention without further surveillance and 
monitoring, though future study is certainly war-
ranted [ 41 ]. Acute injury to the ligaments, 
menisci, or kinetic chain musculature has been 
shown in biomechanical studies to increase the 
forces on specifi c regions of the joint surface, 
accelerating wear and progression to arthritis 
[ 42 – 44 ]. In this population, timely operative 
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management (discussed later) is important in 
restoring congruency and effective motion of the 
articular surface if return to a prior level of activ-
ity is the goal. This notion of timely diagnosis 
and management is further confi rmed by risk 
assessment studies, which document fi ndings 
that a major risk factor for a running-related 
injury is injury in the past 12 months [ 45 ,  46 ]. 

 Despite the aforementioned evidence, longi-
tudinal clinical studies have failed to document 
an increased prevalence of OA in runners [ 47 , 
 48 ] nor a signifi cant association between run-
ning  and OA   [ 49 ]. On the contrary, aging run-
ners appear to have less pain, better function, 
and lower rate of death than their non-running, 
elderly counterparts. A 13-year progressive 
study following overall health and disability in 
members of a running club and controls showed 
a 3.3 times higher rate of death in the control 
population, with runners boasting decreased 
disability over that time period [ 50 ]. Newer 
studies searching for mechanisms for the avoid-
ance of OA in  runners   are examining biome-
chanical factors, such as the amount of contact 
pressure divided by strides, such that a decreased 
stride length or increased frequency of stride 
reduces the total biomechanical force across the 
joint [ 51 ,  52 ], though this requires further inves-
tigation and will be discussed later in discus-
sion. Due to this breadth of clinical evidence, 
there is more importance on the musculoskeletal 
examination and diagnosis than ever before. A 
new wave of masters-aged, active patients will 
be presenting with a host of lower extremity 
orthopedic complaints, and the clinical implica-
tions of the expansive research are clear. There 
are no current associations between running and 
the development of arthritis, aerobic activity in 
the presence of existing arthritis is benefi cial for 
pain relief and function, and an articular injury 
requires immediate medical intervention as con-
tinued running will lead to rapid development of 
post-traumatic arthritis. Therefore a clinician 
should continue to encourage running activity 
for its well-known health benefi ts but must be 
vigilant in the setting of acute injury and timely 
intervention.      

    Evaluation of  Masters Athlete         
with Lower Extremity/Knee Pain 
Associated with Running 

    The effective treatment of a masters endurance 
athlete starts with timely and thorough evalua-
tion. An accurate diagnosis allows for early, 
focused treatment protocols and provides the ath-
lete the best chance at returning to sport in a 
timely fashion with preserved pre-injury func-
tion. In order to properly assess symptoms about 
the knee joint, a complete history and physical 
examination must be performed with the presen-
tation of any new masters athlete with lower 
extremity symptoms. This should include discus-
sion regarding history of the spine, hip, knee or 
foot, and ankle pain or past injuries, as all may 
present with referral pain to the knee or serve as 
a primary mechanism for defi cient knee biome-
chanics. Inconsistencies observed with perceived 
mechanism of injury, constellation of symptoms, 
and response to previous treatment should direct 
clinicians to alternative diagnoses and work-up 
for this patient perceived pain about the knee. 

 Evaluation of the masters runner with lower 
extremity pain must begin with a thorough patient 
history. It is also critical for the physician to gar-
ner an accurate assessment of the present (and 
past) activity level of the presenting individual. 
Whether the patient is a masters-aged athlete 
attempting to start running or an experienced 
masters athlete with training goals has large 
implications on their injury risk, according to 
recent studies. Videbaek et al. demonstrated in a 
recent literature review that  novice runners   face a 
signifi cantly greater risk of injury per 1000 h 
(frequency/1000 h) of running, with an average 
of 17.8 injuries (95 % CI 16.7–19.1) compared to 
7.7 (95 % CI 6.9–8.7) for more experienced 
peers. Even more signifi cant was that of a wide 
range of reported values from a minimum of 2.5 
per 1000 h in long-distance track and fi eld ath-
letes to a maximum of 33.0 per 1000 h in a study 
of novice runners [ 53 ]. This reiterates that all 
populations can experience a running-related 
injury, and a focused clinical acumen must be 
applied to each presenting patient. 
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 Specifi c information regarding onset of symp-
toms, accompanying symptoms, time since onset, 
alleviating or aggravating factors, and any history 
of traumatic mechanism are critical in directing 
patient evaluation and eventual treatment. One of 
the most important pieces of information obtained 
from the history is localization of pain. This can 
establish laterality and often locate a specifi c 
structure that is injured and acting as an active 
pain trigger. Failure to localize pain to a specifi c 
location may be suggestive of a global infl amma-
tory process, neuropathic condition, or a multi-
factorial injury to knee joint and surrounding 
components (the muscle, tendon, ligament, etc.). 
Subjective patient complaints such as clicking, 
popping, and mechanical instability (i.e., “knee 
buckles and gives out”) are suggestive of liga-
mentous or meniscal pathology, with resulting 
ineffective static knee stabilization. However, 
this clicking and popping can be confounded by 
 crepitus. Crepitus  , defi ned as the subjective 
cracks or pops around and within a synovial joint, 
present in two basic varieties: (1) painless condi-
tion best explained as a synovial fl uid phase 
transformation or (2) painful, common condition 
that accompanies the osteoarthritic changes of a 
joint and represents bone on bone collision and 
grinding. Specifi c information regarding patient 
age, history of injury, and/or location of discom-
fort can help to elucidate between true mechani-
cal instability, healthy crepitus, and osteoarthritic 
crepitus. 

  Radiography   and advanced imaging modali-
ties are also an effective way to screen for under-
lying degenerative changes or acute injuries to 
the articular surface.  Plain fi lm   study is critical in 
establishing a reproducible objective comparison 
of joint health over time and across various symp-
tom presentations. Standing, weight-bearing, 
anteroposterior radiographs should be a fi rst step 
in the work-up of any knee pain in a masters run-
ner. In addition, a 45° fl exion weight-bearing 
posteroanterior radiograph may be more sensi-
tive and superior in demonstrating early and sub-
tle joint space narrowing [ 54 ]. The presence of 
osteophytes, fl attening of the femoral condyles, 
sharpening of the tibial spines, chondrocalcinosis, 

and narrowing of the notch are several radio-
graphic fi ndings suggestive of an arthritic joint, 
which can be documented over time in the aging 
masters athlete. In addition, radiographic view of 
all the joint surfaces from the hip to foot, or the 
“long cassette view,” can provide valuable infor-
mation regarding the mechanical and anatomic 
axes of the lower extremities. Though unilateral 
articular joint space narrowing, and likewise 
varus or valgus joint alignment, has been seen as 
a manifestation of OA and joint pain, this is seen 
most commonly in chronic meniscal pathology 
or after a partial/total menisectomy with or with-
out accompanying ligamentous injury [ 42 – 44 ]. 
Therefore, specifi c questioning regarding past 
operative intervention, including obtaining spe-
cifi c operative reports, is critical to ascertain prior 
to establishing a plan of treatment. Despite these 
studies regarding post-traumatic narrowing, mul-
tiple studies have shown that baseline alignment 
patterns, either varus or valgus, in the setting of 
normal, healthy knees do not predispose runners 
to injury or arthritic changes [ 55 ,  56 ]. However, 
these imaging studies and an overall assessment 
of alignment are important and may provide con-
text for lateral or medial-sided knee pain in the 
masters athlete, especially if a past surgical his-
tory exists. Advanced imaging modalities, such 
as  MRI   and  CT   scan, are often indicated for the 
work-up of soft tissue (cartilage, ligament, 
meniscus, etc.) injuries about the joint when min-
imal radiographic fi ndings of OA are noted. 
Advanced imaging may also be obtained early 
for preoperative planning, if an operative condi-
tion exists. For the purpose of this text, advanced 
imaging should be reserved for situations where 
there are mechanical symptoms about the joint 
and gross instability or after nonoperative regi-
mens have failed and an impending operative 
plan is developing. 

 The physical examination, often the last part 
of the patient visit, will direct the clinician’s deci-
sion to pursue specifi c treatment or advanced 
imaging modalities. Close side-to-side compari-
sons should be made between limbs, to evaluate 
for subtle muscle weakness, effusion, muscle 
atrophy, or alignment issues as result of chronic 
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injury or past operative intervention. In the event 
of long-standing unilateral medial or lateral knee 
joint OA, genu varum (or genu valgum, respec-
tively) may be readily noticeable on exam of 
lower extremity alignment. This patient may be a 
candidate for mechanical, off-loading brace tech-
nology, the indications for which are collected 
only on close examination with radiographic sup-
port. As mentioned, specifi c attention should be 
paid to the specifi c location of pain over the knee. 
Focused examination, and knowledge of ana-
tomic landmarks, can differentiate insertional 
hamstring pain from true medial joint line tender-
ness. This will prevent an unnecessary and costly 
imaging work-up and can start the athlete back 
on the path to recovery and return to sport in a 
more timely fashion. However, confi rmation of 
joint line tenderness on examination is an impor-
tant aspect of the exam and important in the early 
diagnosis of articular surface or meniscal pathol-
ogy, both of which may need operative interven-
tion and an immediate cessation of activity per 
treatment recommendations. An arthritic knee 
will typically present with warmth and swelling 
on observation and palpation of the joint. 
Examination of strength and motion will demon-
strate weakness, often secondary to pain and/or 
atrophy of the quadriceps, and restricted range of 
motion secondary to incomplete fl exion and 
extension in normal activity. However, this loss 
of motion may be less in active, persevering indi-
viduals. In some patients with intermediate to 
advance OA, signifi cant crepitus and “locking” 
may be noticeable on testing of knee motion. 
Though this can mimic a meniscus injury, initial 
work-up radiographs that demonstrate signifi cant 
arthritis will preclude the need for  MRI   and iso-
late OA as a causative factor for the mechanical 
symptoms. Though degenerative meniscus tears 
can accompany OA, the presence of joint space 
narrowing on 45-degree fl exion weight-bearing 
X-rays removes an indication for advanced  MRI   
imaging [ 13 ]. In the running athlete, a thorough 
examination of patellofemoral mechanics during 
motion can elucidate a major generator of ante-
rior knee pain while active. Evaluation includes 
tilt, glide, and palpation for tenderness and can be 
correlated with patella-specifi c radiographic tests 

(i.e., “sunrise” or 45-degree axial Merchant view). 
With patella testing, comparisons of movement, 
crepitus, and tenderness to palpation must be 
associated with contralateral leg testing and can 
be used in the diagnosis of subtle osteochondral 
lesions or injury of the patella. Often, these 
patients will complain of anterior knee pain while 
going up or down stairs, while the extensor 
mechanism applies the largest amount of com-
pression of the patella into the femoral notch. 
Unifying patient history and physical exam is the 
most important part of the orthopedic examina-
tion of the aging runner in the clinic.     

    Treatment of  Masters Athlete        : 
Nonoperative vs. Operative 
Management 

    Once thorough evaluation is complete, the clini-
cian must produce a treatment plan that addresses 
both the functional level and the expectations of 
the patient. Often, this will present with an initial 
decision algorithm regarding the need for 
advanced imaging modalities and the likelihood 
of operative versus nonoperative treatment. As 
mentioned, an aging runner that presents with 
effusion and mechanical symptoms that have 
minimal fi ndings of OA on plain radiograph 
would be a good candidate for an  MRI  . An older 
athlete, with documented radiographic changes 
suggestive of progressing OA and history of sig-
nifi cant pain with activity despite lifestyle modi-
fi cations and therapeutics, may not need advanced 
imaging, rather an early discussion regarding the 
role of arthroplasty in the active patient. Despite 
the slow progression and predictable, stepwise 
progression of OA, aging athletes need personal-
ized care decisions from their healthcare provid-
ers in order to preserve activity and level of 
function into their older years. Recent reviews of 
diagnosis and treatment recommendations in the 
aging athlete population document that optimal 
outcomes are achieved when activity is pre-
served, with personalized training protocols and 
medical management of the aging athlete [ 18 ,  57 ]. 
Therefore in this chapter section, the algorithmic 
approach to the clinical management of early and 
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advanced OA will be discussed while remember-
ing that all treatment decisions are a balance 
between level of function, pain, and risk of pro-
gressive disease in this population. 

 In the aging population with knee OA, the 
paradigm for the management has been symptom 
management, with the goal of delaying surgery 
(i.e., arthroplasty) for as long as the patient can 
tolerate. This approach consists of exercise modi-
fi cation, targeted muscle training, bracing and 
orthoses, pharmaceuticals, intra-articular cortico-
steroids, and viscosupplementation. Some newer 
paradigms include the use of biologically active 
compounds, such as  platelet-rich plasma (PRP)  , 
bone marrow aspirate concentrate (BMAC), and 
mesenchymal stem cells (MSCs), in an effort to 
stimulate the growth and regeneration of new 
articular cartilage. Though  MSCs   and  BMAC   
have shown some anti-infl ammatory effect and 
ability to aid in disease progression in animal 
models, translation to clinical use is lacking [ 58 ]. 
The current state of biologics advancement will 
be discussed later in this section. 

 Initial treatment paradigms for an aging ath-
lete with knee pain, and fi ndings suggestive of 
early arthritis without anatomic pathology, typi-
cally start with physical therapy and a brief stint 
of rest/activity modifi cation. This should be 
paired with anti-infl ammatory therapy with non-
steroidal anti-infl ammatory medications 
( NSAIDs)     , for a multi-targeted approach of care. 
At this current time, large review studies have 
revealed no evidence for a specifi c NSAID as 
superior in the management of early OA and 
therefore recommend that NSAID selection be 
guided by relative safety, patient preference, and 
cost [ 59 ]. For therapy, multiple large RCTs have 
demonstrated that muscle-strengthening exer-
cises in addition to low weight-bearing exercise 
is effective in relieving pain and also restoring 
kinetic chain balance. Patient cooperation and 
persistence with scheduled therapy are related to 
this success, as studies have demonstrated that 
benefi cial effects of therapy can be lost as early 
as 6 months [ 36 ]. In patients that desire to con-
tinue running and participate in athletic competi-
tions despite early symptoms of arthritis, knee 
bracing and orthoses are a common treatment 

with the main goal of reducing symptoms, not 
necessarily eliminating symptoms, and therefore 
improving athletic function. Though there are a 
large variety of neoprene knee sleeves available 
for stabilization and relief of minor symptoms, 
review articles have shown these to be no supe-
rior to placebo for the alleviation of pain and 
symptoms [ 60 ]. However, some patients will 
present to clinic having already tried over-the- 
counter sleeves and braces, and if these are pro-
viding comfort, there is no harm in continuation 
of this therapy. As mentioned in the evaluation 
section, the best patient population most suited 
for bracing therapy is the symptomatic, passively 
correctable varus or valgus disease of less than 10 
degrees [ 61 ]. The mechanical goal of these braces 
is the shift the axis of force transfer through an 
unaffected region of joint, decreasing symptoms 
without restricting activity. With this concept, 
there is evidence from gait analysis that shoe 
orthoses, specifi cally lateral wedge orthoses, 
have been effective in reducing pain and increas-
ing function in patients with isolated medial 
compartment knee OA [ 62 ]. Despite these fi nd-
ings, there is insuffi cient data for the endorse-
ment or recommendation by the American 
Association of Orthopaedic Surgeons (AAOS), 
and this evaluation is presented within the current 
guideline for non-arthroplasty management of 
OA [ 63 ]. Therefore, in an attempt to achieve 
return to sport for a presenting aging athlete, a 
trial of bracing or orthotics when properly indi-
cated may achieve successful results, but expec-
tations must be shaped accordingly given 
inconclusive literature-based effi cacy. 

 After attempted physical therapy and bracing 
with concomitant  NSAID      therapy, the next line 
of therapy is intra-articular injection therapy, 
either with viscosupplementation or corticoste-
roid. Within a healthy joint, hyaluronate is a main 
component of synovial fl uid and articular carti-
lage [ 64 ]. It provides the lubrication and shock- 
absorbing capacity of the articular fl uid and 
surface. In the pathologic process of OA, the 
hyaluronate becomes depolymerized from its 
native structure and cleared at a faster rate which 
puts the joint at a biomechanical disadvantage by 
reducing the viscoelasticity of the synovial fl uid 
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[ 65 – 67 ]. Based on these documented changes in 
an arthritic joint, exogenous intra-articular 
 hyaluronate is available for supplementation 
aimed at alleviating the symptoms of knee 
OA. Several meta-analyses have been performed 
to assess the effi cacy of this treatment, but a com-
bination of variable fi ndings, study heterogene-
ity, and publication bias has led to inconclusive 
evidence for clinical use. In addition to highlight-
ing this evidence, most recent conclusions pub-
lished in the  New England Journal of Medicine  
document a range of modest effectiveness to 
minimal effect when compared to placebo [ 65 ]. 
As mentioned previously, infl ammation is a 
major characteristic of the OA joint, leading to 
prolonged cytokine and innate immune reaction 
which is implicated in the progressive destruction 
of articular cartilage. Likewise, intra-articular 
corticosteroid was identifi ed as a means to 
dampen the immune reaction, decrease synovial 
infl ammation, and promote relief of OA symp-
toms. Recent systematic reviews of the clinical 
effi cacy of corticosteroid (triamcinolone) have 
shown fast-acting but short-lasting clinically sig-
nifi cant improvements in pain and function [ 68 ]. 
Past studies comparing corticosteroid to hyal-
uronic acid injection have concluded that steroid 
injection produced a rapid maximum benefi t 
(within 2 weeks), while pain reduction and func-
tional improvement were signifi cantly better at 
the 3- and 6-month follow-up period [ 69 ]. A 
recent publication has documented the promising 
clinical effect of an extended- release formulation 
of triamcinolone, which was found to be superior 
to current standard over a range of 1–12 weeks 
[ 70 ]. More future study is needed to better quan-
tify the clinical effect of longer-lasting, extended-
release formulations of these intra-articular 
pharmaceuticals. As it stands currently, cortico-
steroid injections are a valuable clinical tool for 
rapid, short-lasting clinical relief from symptoms 
associated with early to advanced OA of the 
knee. However, long-term symptomatic manage-
ment is dependent upon other treatment modali-
ties, as the effect of intra-articular is only 
temporary and has not been shown to stop or 
slow disease progression. 

 Outside of the widely used corticosteroid and 
hyaluronate injections, the use of biologically 
active intra-articular therapies has gained signifi -
cant momentum in athletic and recreational pop-
ulations. However, the clinical use of biologic 
therapy with  platelet-rich plasma (PRP)   or  mes-
enchymal stem cells (MSCs)   has been plagued by 
signifi cant study heterogeneity and variable 
results across studies, making conclusions and 
clinical advancement diffi cult. Aside from high 
cost of therapy, the standardization of therapy 
across research studies is lacking, with specifi c 
information regarding ideal platelet concentra-
tion in  PRP   and ideal dosing schedule, and long- 
term safety data have not been well characterized 
[ 71 ]. However, recent meta-analyses state that 
intra-articular  PRP   shows improvement in patient 
outcomes at 6 months that are maintained for up 
to a year. From the studies, these improvements 
were noted as clinically relevant development for 
decreased pain and increased function compared 
to control therapy [ 72 ]. There is a need for more 
prospective studies with multicenter collabora-
tion to advance the role of biologic therapies for 
articular cartilage injury and early arthritis into 
the active, aging population. In an attempt to 
evaluate the main injectable therapies for early 
OA, the most recent randomized control trial 
comparing intra-articular PRP injections to vis-
cosupplementation (hyaluronic acid injections) 
showed that  PRP   did not provide a superior clini-
cal improvement when compared to hyaluronic 
acid therapy [ 73 ]. In regard to intra-articular 
 MSCs   for the treatment of early OA, animal stud-
ies have shown signifi cant progress in restoring 
articular cartilage, with improvement in both his-
tologic and radiographic studies when compared 
to controls [ 74 ]. When compared to surgical 
interventions, such as autologous chondrocyte 
implantation (ACI) or microfracture, intra- 
articular  MSCs   have shown similar effi cacy. 
However, additional review shows that no human 
studies have compared intra-articular  MSCs   to 
non-MSC techniques in the absence of surgery 
[ 75 ]. Future prospective, multicenter studies 
comparing PRP, MSCs, and other intra-articular 
injectable therapies for the symptomatic relief of 
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OA are needed for biologics to emerge as a viable 
therapy for relief with quick return to sport 
and activity. 

 In the treatment of the aging, masters-level 
athlete, surgical intervention is often warranted 
when nonoperative management of symptoms 
no longer reduces pain or restores function. 
However, there are instances where a presenta-
tion of suspected arthritic knee pain has an acute 
surgical indication. For example, acute or symp-
tomatic meniscal lesions, osteochondral defects, 
loose bodies, and ligamentous injuries, appropri-
ately confi rmed with MRI testing, are several 
pathologies that indicate an operative manage-
ment paradigm. These are the variety of injuries 
that are most prevalent in athletic, sport- 
participating populations and have the highest 
documented rate of progress to post-traumatic 
arthritis [ 19 ,  76 ]. It is these types of intra- 
articular injury that disrupt the stability of articu-
lation and the distribution of contact forces, 
serving to propagate cell death, infl ammation, 
and a cyclic pattern of cartilage destruction. 
Therefore, it is critical that ligament and menis-
cal repair surgeries, with the goal of restoring 
normal anatomic biomechanics, be performed in 
a prophylactic manner to prevent repetitive 
trauma and early onset arthritic processes. In the 
event that meniscal and ligamentous stability is 
intact in an early or advanced OA knee, other 
surgical options remain for the preservation of 
function and activity level. These include 
arthroscopy, high tibial osteotomy, and arthro-
plasty. Each of these procedures has specifi c 
indications and must fi rst begin with a discus-
sion between athlete and clinician to clarify 
expectations for postoperative outcome and 
return to sport. Arthroscopic intervention is a 
common but controversial technique for an 
osteoarthritic knee. Studies have shown that 
approximately 50–75 % of patients have an ini-
tial benefi t post debridement. However, this 
same study documents that 15 % of patients 
experience progression to  total knee arthroplasty 
(TKA)   within 1 year of arthroscopic debride-
ment [ 77 ]. Other studies that support arthros-
copy argue that the degree of disease (mild vs. 

severe) is an independent predictor of outcome 
and that there is much clinical benefi t to be 
obtained when patients are properly selected, 
while others (i.e., end-stage OA or mechanical 
alignment) are contraindicated from the proce-
dure [ 78 ,  79 ]. However, other recent studies 
report unfavorably upon arthroscopic debride-
ment of the early osteoarthritic joint, stating that 
this “clean-out procedure” has not been shown to 
have any benefi cial effect or prevention of dis-
ease progression and that it provides no addi-
tional benefi t to an otherwise optimized patient 
[ 80 ,  81 ]. Though not shown to be benefi cial in 
slowing the progression of disease, the afore-
mentioned studies that suggest benefi t in mild, 
early arthritis knees will continue to keep the 
option of arthroscopic knee surgery available for 
competitive yet aging athletes as they strive to 
preserve their competitive function. However, 
the risks of surgical intervention and future need 
for arthroplasty must be discussed with patients 
prior to this treatment. Along the same lines in 
preserving athletic function, high tibial osteot-
omy ( HTO)   is a popular operative procedure for 
the patient with isolated, unicompartmental dis-
ease. As the surgical counterpart of mechanical 
braces, the goal of these procedures is to shift the 
mechanical axis of the knee to an area that is not 
affected by degenerative changes (i.e., remove 
the arthritic area from the zone of weight bear-
ing). The signifi cant benefi t of this procedure is 
that while the weight-bearing zone is ideally 
located to a healthy area of articular cartilage, 
there is no modifi cation of activity level needed 
once healed from the initial operation. It is most 
commonly implicated in treatment of unicom-
partment varus or valgus OA and is emerging as 
a technique used in conjunction with biologic 
cartilage restoration procedures [ 61 ]. It will not 
be effective in global arthritic degeneration and 
therefore must be reserved for the ideal active 
patient. Multiple studies suggest positive results, 
with one such study stating good to excellent 
function in 77 % at 17 years [ 82 ], while another 
reports survivorship of 98 % and 90 % at 10- and 
15-year follow-up, respectively, for  HTO   [ 83 ]. 
A recent review summarizes the risk factors that 
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contribute to the deterioration of an osteotomy 
procedure, citing time (i.e., continued wear and 
tear), increasing age, and obesity as factors 
shown by the literature to decrease the long-term 
effectiveness of this procedure [ 61 ]. However, if 
an osteotomy procedure can provide 10–15 years 
of high functional ability (i.e., continued ability 
to run) prior to mandatory arthroplasty proce-
dure, among the running population, it would be 
diffi cult not to call this a great success. After 
osteotomy,  unicondylar knee arthroplasty (UKA)   
and  total knee arthroplasty (TKA)   are typically a 
last resort option for runners despite their effec-
tiveness in relieving pain and symptoms of OA, 
mainly due to the propensity for wearing out of 
polyethylene spaces and loosening of compo-
nents in high-demand individuals. However, due 
to advances in design and increased durability of 
polyethylene, documented survivorship rates 
continue to increase. A study performed by 
Pennington et al. focused on  UKA   in the younger 
(<60) high-demand active patients and demon-
strated an HSS score of excellent in 93 % of 
patients and good in 7 % [ 84 ]. Multiple studies in 
younger patients document high survival rates 
and low revision rates; however, the activity 
level is not well documented [ 85 ,  86 ]. Although 
it has been consistently shown that  TKA   is 
highly regarded and superior for the relief of 
symptoms, studies without documentation of 
activity level provide little benefi t for the active, 
running population who may require  TKA  . 
Therefore, as the amount of arthroplasty per-
formed in the future decades increases, more 
focused studies are needed to elucidate how 
aggressive runners can be in attempting return to 
sport after arthroplasty procedure. In conclusion 
to these operative options, it is clear that clini-
cians must present the risks of signifi cant activ-
ity loss in a population of athletes focused upon 
return to sport. Surgical options for OA should 
be reserved until all nonoperative treatment par-
adigms have been attempted. Though runners 
can continue high levels of activity with osteot-
omy, and in most cases a UKA, important dis-
cussions regarding the expectations of return to 
preoperative function levels are needed to 
achieve satisfactory patient-reported outcomes.     

    Conclusion (Summary of Evaluation 
and Treatment, “Barefoot” Running, 
Role of Diet, and Cross-Training 
for Healthy Running) 

 The development of OA of the knee is a multifac-
torial issue. Clinicians must be able to understand 
and discuss a wide array of approaches to man-
age this disease in an active, aging population. 
Genetic susceptibility, aging, and past injury to 
the articular surface are well-defi ned risk factors, 
which accompany biomechanical principles in 
our ability to predict the development of joint 
pathology. Focused evaluation of all aging run-
ners that present with knee complaints and any 
range of documented OA is needed to provide 
optimal treatment recommendations. Modifi able 
lifestyle factors, including diet, level of activity, 
and weight, have been shown to be effective in 
the modifi cation of arthritis symptoms and the 
maintenance of function. The use of neoprene 
sleeves, off-loader braces, and supportive foot-
wear has been shown in certain studies to be 
equal to or better than placebo in the relief of 
symptoms. The strongest conclusion that can be 
drawn is that there are specifi c circumstances 
(i.e., isolated medial unicompartmental OA) 
where unloader braces will be of best utility and 
other times where a brace may facilitate confi -
dence if only to start activity and movement of 
the affl icted joint. The use of biologic compounds 
has enormous potential for the preservation of 
joint physiology and slowing of OA progression, 
but more study is needed before this potential can 
be realized and applied in clinical setting. 
Viscosupplementation and corticosteroid injec-
tions have their role in management to provide 
periods of symptom-free activity, but are not 
effective in slowing or preventing disease pro-
gression. Surgical intervention can be effective in 
a selected population of patients but is accompa-
nied by serious risk of decreased function and 
inability to return to previous level of activity. 
Specifi cally, more data will need to be collected 
in order to recommend arthroplasty procedures to 
runners who continue to strive for high-demand 
activity as wear-out rates and aseptic loosening 
have been directly linked to activity levels. There 
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is no supported increase risk in the development 
of OA in the knees of healthy aging runners, but 
clinicians should not recommend running as a 
primary mode of exercise in severe, advance 
knee osteoarthritis. For this patient population, 
alternative lower-impact modalities (biking, 
swimming, low contact weight training) should 
be recommended. 

 A recent Cochrane review by Yeung et al. [ 60 ] 
evaluated a broad set of interventions, including 
specifi c exercises, modifi cation of training sched-
ules, orthotics, and specifi c footwear and socks 
intended to prevent or reduce the incidence of 
running-related overuse injuries. Of the reviewed 
studies, 19/25 involved service personnel, while 
only three focused on general population athletes. 
Though this likely does not address the masters 
athlete or recreational runner, the fi ndings con-
cluded that the clinical evidence for most inter-
ventions is weak, with few prospective, low- bias 
studies [ 60 ]. Based on previous discussion within 
this chapter, this type of review is not surprising 
as it is diffi cult to evaluate the subjective effec-
tiveness in such a high-demand, heterogeneous 
population of athletes. This lack of evidence will 
not stop athletes from pursuing their craft, and 
therefore clinicians must be accepting of a multi-
tooled approach to this multifactorial disease. 
The emergence of “medically based running anal-
ysis” and designated sports performance centers 
are focused on tailoring training plans and injury 
prevention techniques to the individual runner 
[ 87 ]. In order to work in concert with these emerg-
ing concepts, clinicians must familiarize them-
selves with the newest trends in running. Given 
the high percentage of all-aged individuals that 
use running as aerobic exercise and the high pro-
portion who suffer running- related injury, the run-
ning community is frequented by trends and new 
technologies that promise faster recovery and 
pain-free running. An example of this would be 
the minimalist, or barefoot, running movement 
that has spread rapidly across the running and fi t-
ness community. With less structure, less arch 
support, and lower heel drop (distance in height 
between heel and forefoot) profi les and softer, 
more forgiving fabrics, running shoes have sought 
to create a “barefoot” sensation that forces the 

foot, ankle, and knee to absorb shock in a natural, 
biomechanically favorable way. Though shoe 
companies are quick to state that progression to 
these shoes must be scheduled and gradual, so as 
to not overload the knee, midfoot, and heel-cord 
structures, there are minimal longitudinal studies 
to document the effect of this barefoot phenome-
non. A recent study, seeking to evaluate the bio-
mechanical and runner adaptations to the barefoot 
or minimalist running shoe, documented some of 
the fi rst literature regarding the topic. This study 
by Perkins et al. found moderate evidence to state 
that barefoot apparel results in overall less maxi-
mum vertical ground reaction forces, less exten-
sion moment and power absorption at the knee, 
less ground contact time, shorter stride length, 
and increased stride frequency among other vari-
ables [ 88 ]. Coupled with fi ndings from other 
recent research in  The American Journal of Sports 
Medicine , shorter stride length and increased 
stride frequency may decrease or at least not 
increase propensity for running injuries. However, 
the same study stated that one stride length does 
not appear to be clearly superior and that different 
foot strike styles may predispose runners to injury 
[ 89 ]. Not surprisingly, it can be concluded that the 
need for future well-designed RCTs testing the 
biomechanical effect of shoes, stride length, and 
running cadence is important to delineate recom-
mendations and fi nd a regimen to suit runners of 
all sizes and ability levels. 

 Regardless of the age or experience level of 
the masters-aged runners that present, time must 
be spent in the clinical visit discussing the impor-
tance of balanced diet and role of strength and 
resistance exercise in running at optimal health. 
Full dietary recommendations for athletic perfor-
mance are available through multiple govern-
ment resources, such as the US Anti-Doping 
Agency (  www.usada.org/resources/nutrition    ). 
Optimal dietary and hydration methods, in addi-
tion to balanced training and recovery, are global 
principles that can be reinforced by clinicians for 
all athletes. Even though running requires a com-
bination of fl exibility and strength, runners can 
achieve improved form and function by employ-
ing a full-body fi tness regimen. The following 
recommendations are derived directly from the 
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US Department of HHS and should be a rubric 
for a clinical exercise protocol. Adults should 
participate in a balance of strength and training 
exercises in addition to >150 min/week of 
moderate- intensity or >75 min/week of vigorous- 
intensity aerobic activity. Strength training 
should be incorporated approximately 2–4 day/
week, for approximately 30 min per session. In 
order to allow for adequate recovery and to avoid 
injury, 48 h of rest are recommended in between 
strength sessions. This type of routine can achieve 
an increase of approximately 2–3 times in 
strength in a period of only 4 months and can 
help improve the dynamics of the kinetic chain, 
making a faster and more effi cient runner. In the 
event of an injury, prior to presentation in a medi-
cal clinic, fi rst aid principles that include rest, ice, 
and anti-infl ammatories should always be reiter-
ated by clinicians to their practicing athletes. And 
lastly, athletes must have a sense of appropriate 
level of exertion based on their current level of 
fi tness. Overtraining and inability to perform a 
mixture of strength and cardio exercises 
increase the risk of an injury, which will only 
set an athlete back in terms of performing at 
optimum function. 

 Overall, prolonged healthy running in the 
aging athlete is dependent upon a balance of 
injury-free running, intermittent cross-training, 
and the practice of healthy dietary principles. 
Practice of these concepts will increase the abil-
ity of an aging runner to participate at a high level 
of function. In order to promote injury-free run-
ning, clinicians must employ prompt diagnosis 
and accurate management aimed at relieving 
symptoms and preserving articular function. 
Prompt referral to a surgical specialist is needed 
when an intra-articular injury exists, as these are 
the most likely cause of post-traumatic OA and a 
premature decline in running function. Clinicians 
should encourage continued participation in run-
ning for the known health benefi ts and to pre-
serve function in the presence of early OA of the 
knee. Health professionals should always address 
the goal of staying active and healthy and may 
explore other recommended activity options in 
patients with severe OA for whom high-impact 
running is no longer recommended.     
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          Introduction 

  An increased desire for a healthy lifestyle and 
awareness of the multiple health benefi ts associ-
ated with running has resulted in a sustained popu-
larity for the activity in the United States and other 
countries. From 2002 to 2015, the number of indi-
viduals fi nishing running  events      increased 300 % 
to nearly 20,000,000 race fi nishers each year [ 1 ]. 
The annual rate of running-related  injuries   ranges 
from 24 to 65 %, with the most commonly injured 
joint being the knee [ 2 ,  3 ]. Among runners train-
ing for a marathon, the injury rate has been 
reported as high as 90 % [ 3 ].  Novice runners  , 
defi ned as individuals with little to no running 
experience, comprise a growing portion of runners 
and may be at greatest risk. For example, novice 
runners (17.8 injuries per 1000 h of running) are 
more than twice as likely than recreational runners 
(7.7 injuries per 1000 h) to sustain a lower extrem-
ity musculoskeletal injury [ 4 ]. 

 A variety of specifi c factors have been associ-
ated with an increased risk for a  running-related 
injury   including previous running injury, age, 
gender, mileage per week, BMI, and shoe age [ 2 , 
 3 ,  5 ,  6 ]. However, injuries can generally occur 
secondary to four main factors: musculoskeletal 
impairment [ 7 ], extrinsic causes such as running 
surface or shoes [ 8 ], training error [ 9 ], and faulty 
running mechanics [ 10 ,  11 ]. Traditionally, man-
agement of running injuries has emphasized fac-
tors that are easily assessed by taking a thorough 
history or performing a complete physical exami-
nation. However, as measurement technology has 
improved, our ability to capture running mechan-
ics as part of a routine clinical exam has increased, 
as well as our ability to integrate this information 
into our clinical decision-making process. 

 In this chapter, we will describe a standard-
ized approach to assess running mechanics 
using high-speed  video analysis  . While recog-
nizing that many options exist regarding equip-
ment and procedure, it is our intent to provide 
the reader with a framework of the essential 
elements needed to conduct a video assessment 
of a runner as it relates to injury recovery and 
prevention.   

    Getting  Started   

   Clinical video  analysis   of running enables the 
clinician to characterize the patient’s  running 
biomechanics  , estimate the resulting joint and 
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muscle loads, and identify aspects that may be 
associated with injury risk. However, this infor-
mation is of limited value in isolation and there-
fore should always be combined with a thorough 
history and physical examination. In doing so, 
the relationship between individual physical 
impairments and altered running mechanics is 
better understood, especially as it relates to the 
individual’s injury. The information gathered can 
then be utilized to develop the patient’s plan of 
care and route of treatment. 

 Computerized three-dimensional (3-D) 
motion capture is considered the gold standard 
for  movement analysis  , providing the most accu-
rate and comprehensive means to assess running 
mechanics. However, most clinics lack the neces-
sary equipment or personnel for this approach, 
thereby limiting its use in general practice. As 
such, more feasible alternatives have been sought; 
likely the most commonly used approach is 
observational  video analysis  . 

 In its simplest form, observational  video analy-
sis   typically involves the use of a video camera to 
record the runner’s mechanics during either tread-
mill or overground running. Two- dimensional 
(2-D) views from the frontal and sagittal planes 
are typically obtained; multiple cameras may be 
used to provide a synchronized recording across 
planes of interest. The recordings are then played 
back directly to a monitor or through  video analy-
sis   software and reviewed with regard to norma-
tive biomechanical values and to the amount of 
side-to-side asymmetry. 

 Comparisons between 2-D and 3-D analyses 
of running mechanics have been limited to fron-
tal plane motions of the rearfoot [ 12 ] and hip 
[ 13 ], with both demonstrating comparable values 
when a strict measurement procedure is followed. 
It is important for the clinician to remember that 
there are distinct limitations with a 2-D analysis 
that will prevent the measurement accuracy and 
precision possible with a 3-D approach. As a 
result, the interpretation of the 2-D video must be 
made with this in mind. 

 To maximize measurement accuracy and reli-
ability of a clinical  video analysis  , several factors 
must be considered. First, observational  video 

analysis   can have questionable reliability. 
Utilizing a consistent and systematic approach to 
the  video analysis   and developing experience in 
conducting  video analysis   will increase examiner 
reliability [ 14 ]. Second, to accurately identify 
specifi c events of the gait cycle (e.g., initial con-
tact, mid stance), a camera with suffi cient frame 
rate is necessary. Most commonly available video 
cameras record at 30 or 60 frames per second 
(fps). Although adequate for walking, these 
frame rates are insuffi cient for faster motions 
such as running where 100–120 fps is needed to 
more accurately capture the motions of the lower 
extremity, especially those which occur during 
foot-ground contact. Finally, placement of the 
tripod-mounted video camera needs to be per-
pendicular to the plane of interest. This is con-
cerning for frontal plane measures, where 
out-of-plane motion can be substantial relative to 
that occurring within plane [ 15 ]. Unless a ceiling- 
mounted camera is available, motions occurring 
in the transverse plane are least accurate as they 
are inferred from the frontal and sagittal plane 
views. 

 The presence of these limitations should not 
prevent one from utilizing observational  video 
analysis  . Instead, knowledge of the limitations 
should enable one to avoid potential errors, such 
as trying to quantify rather subtle motions or 
interpreting minor changes (<5°) as real. While a 
variety of  video analysis   software is available and 
makes such measures seemingly possible, the 
software cannot overcome the inherent limita-
tions of a 2-D video capture.    

     Patient Setup and Video Capture   

  The choice between analyzing running mechan-
ics on a treadmill and overground is often deter-
mined based on practicality and feasibility. For 
example, treadmill analysis requires much less 
physical space than overground and can often-
times be the determining factor. Performing an 
overground analysis offers greater ecological 
validity; that is, most runners run most of their 
miles overground and not on a treadmill, making 
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overground running the more natural setting. 
This is an important consideration, as the analy-
sis needs to capture the runner’s typical running 
mechanics to determine if they may be contribut-
ing to injury. However, overground running pres-
ents with its own set of challenges that can 
increase measurement error including monitor-
ing and maintenance of a constant running speed, 
perspective and parallax errors as the runner 
moves in and out of the fi eld of view, and ability 
to record a limited number of gait cycles to repre-
sent the runner’s typical mechanics. While the 
use of a treadmill can address all of these issues, 
additional factors need to be considered such as 
the runner being comfortable on a treadmill, suf-
fi cient stiffness of the treadmill deck to mimic 
overground running, and adequate motor power 
to ensure a constant speed of the treadmill belt. 
Although it is often assumed that biomechanics 
are dramatically different when running on a 
treadmill compared to overground, if the prior list 
of factors is addressed, the differences are gener-
ally minor [ 16 ]. 

 The patient should wear contrasting colors 
with the shirt tucked into the level of the  poste-
rior superior iliac spines (PSIS)   to improve the 
identifi cation of pelvic alignment. If the patient 
is comfortable running without a shirt, then he or 
she should be encouraged to do so as it further 
improves the visual assessment of trunk and pel-
vis motion. Because runners are generally more 
comfortable running overground, treadmill 
familiarization is important and may involve 
walking for a couple of minutes prior to running. 
The treadmill should be set to a 0° incline (level), 
unless uphill or downhill running is of particular 
interest. It is recommended that the patient be 
allowed to run for at least 5 min at a self-selected 
speed before video recording begins to allow for 
the running form to normalize [ 17 ]. The patient’s 
choice of running speed should refl ect the condi-
tions in which the symptoms are provoked and 
may include easy, moderate, or racing speeds. 
Depending on the chosen speed, only 10–15 s of 
recording from each movement plane is typi-
cally needed to obtain well over 20 strides for 
each limb.   

    Analysis of the Recorded  Video   

  Understanding the running gait  cycle   is impera-
tive for proper clinical gait analysis and commu-
nication with runners. The running gait  cycle   can 
be broken down into loading response (initial 
contact to mid stance), push-off, and swing 
(Table  15.1 ). The factor that distinguishes run-
ning from walking is the period of double fl oat 
when both feet are off the ground. Important tem-
poral spatial gait parameters that assist with clini-
cal gait analysis are listed in Table  15.2 .

    While preparing the patient and capturing the 
video can quickly become a simple, routine aspect 
of performing a clinical running gait analysis, 
learning to break down the video and identify spe-
cifi c mechanics associated with injury is generally 
more complicated. The specifi c approach to 
reviewing and interpreting the video can widely 
vary; however, several basic parameters are worth 
noting to characterize the running mechanics. 
These will assist in determining biomechanical 
faults and imbalances that may be contributing to 
the runner’s dysfunction and provide insights into 
the ground reaction force and joint loading. Please 
note that all values provided are estimates and 
refl ect running at preferred, comfortable speed.  

    Sagittal  Plane      

   Sagittal plane body postures have been found to 
estimate ground reaction forces and joint kinetics 
[ 18 ]. This is important to understand when work-
ing with runners because a common risk factor for 
running-related  injuries   is increased joint loads and 
ground reaction forces [ 19 ]. It’s helpful to develop 
a systematic top-down or bottom-up approach to 
analyze the sagittal plane with particular attention 
paid to initial contact and mid stance.    

     Initial Contact   

  Initial contact, the instant at which the foot fi rst 
makes contact with the running surface, can be 
clearly identifi ed in the sagittal plane allowing 
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   Table 15.1    Events within the running  cycle     

 Defi nition 

  Initial contact  

      

 Instant at which the foot fi rst makes 
contact with the ground and is best 
identifi ed in the sagittal plane 

  Mid stance   Instant when the body’s center of mass 
(COM) is directly over the foot and at its 
lowest vertical position of the gait cycle. 
This can be identifi ed both in the frontal 
and sagittal planes 

 Frontal plane 

      

 Sagittal plane 

      

(continued)
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for the assessment of the lower extremity posture. 
This posture at initial contact is associated with 
the resulting ground reaction forces and loads to 
the lower extremity joints and muscles [ 18 ]. The 
following kinematic parameters are of particular 
importance: foot inclination angle, foot to center 
of mass (COM) horizontal distance, leg inclina-
tion angle, and knee fl exion angle. 

   Foot Inclination Angle          The foot inclination 
angle is the angle between the running surface 

and the sole of the runner’s shoe and allows for 
the determination of foot-strike pattern 
(Fig.  15.1 ). A heel-strike pattern occurs when the 
runner lands on the posterior aspect of their heel 
and is evident by a more steep foot inclination 
angle. A rearfoot-strike pattern involves the run-
ner landing more on the anterior aspect of the 
heel, generally with a foot inclination angle of 
10° or less. A mid foot strike is characterized by 
both the rearfoot and forefoot making contact 
nearly simultaneously, with a foot inclination 
angle near 0°. A forefoot-strike pattern occurs 
when a runner makes initial contact on the fore-
foot resulting in a negative foot inclination angle. 
As foot inclination angle increases, so does peak 
vertical ground reaction force, braking impulse, 
knee extensor moment, and negative work per-
formed by the knee extensors, all of which have 
been associated with various running-related 
 injuries   [ 18 ]. A large proportion of runners are 
unable to accurately determine their foot-strike 
pattern by simply asking them [ 20 ], requiring the 
clinician to directly assess this in clinic.

      Horizontal Distance from Foot to   COM     The 
horizontal distance from a runner’s foot placement 

Table 15.1 (continued)

 Defi nition 

  Mid -  fl oat  

      

 Midpoint between toe off of one foot and 
initial contact of the other, corresponding 
to the instant when the body’s COM is at 
the highest vertical position 

   Table 15.2     Temporal spatial gait parameters     

 Defi nition 

 Stride 
duration (s) 

 Time between successive initial 
contacts of the same foot 

 Step 
duration (s) 

 Time between initial contact of one 
foot to initial contact of the other foot 

 Stride 
length (m) 

 Distance from initial contact of one 
foot to the same foot 

 Step 
length (m) 

 Distance from initial contact of one 
foot to initial contact of the other foot 

 Speed (m/s)  Distance traveled per unit of time. Can 
be calculated as stride length divided 
by stride time 

 Cadence 
(steps/min) 

 Number of steps within a minute of 
running 
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at initial contact to the whole body’s COM (esti-
mated at S2) will infl uence the resulting ground 
reaction forces (Fig.  15.2 ). Specifi cally, a greater 
distance between the foot’s point of contact and 
the COM increases the braking impulse and 
resulting knee extensor moment during the load-
ing response [ 18 ].

     Leg Inclination Angle     The  leg inclination 
angle   is the angle of the midline of the leg in 
relationship to true vertical (Fig.  15.3 ). This 
angle can play a role in the amount of loading 
that occurs to the tibia during running. Increased 
instantaneous and average vertical loading rates 
and tibial peak accelerations were found in run-
ners with a  history of tibial stress fracture [ 11 ]. 
The leg inclination angle is altered with a 
reduction in stride length to a more vertical 
position. Specifi cally, a reduction in tibial con-
tact force while running was observed when 
stride length was reduced by 10 %, which may 
have implications for preventing tibial stress 
injuries [ 21 ].

  Fig. 15.2    Horizontal distance from the foot to body’s 
center of mass (COM) is measured at initial contact from 
the point of foot-ground contact to the body’s line of grav-
ity, estimated as the center of the pelvis       

  Fig. 15.3     Leg inclination angle   is the angle between the 
midline of the leg and true vertical       

  Fig. 15.1     Foot inclination angle   is the angle between the 
running surface and the sole of the runner’s shoe and 
allows for the determination of foot-strike pattern       
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     Knee Flexion Angle      Knee fl exion angle   at ini-
tial contact is measured as the angle between the 
midline of the thigh and the midline of the leg 
(Fig.  15.4 ). A more extended knee is commonly 
observed in individuals who overstride and have 
an aggressive heel-strike pattern. Knee fl exion 
angles near 20° are generally recommended.

    The combination of these measures deter-
mines whether an individual is overstriding. For 
example, a lower extremity posture at initial con-
tact comprised of decreased knee fl exion angle, 
increased leg inclination angle, increased 
 horizontal distance from heel to COM, and 
increased foot inclination angle is refl ective of an 
overstriding pattern and is associated with 
increased ground reaction forces and loading to 
the hip and knee joints [ 22 ].   

    Mid  Stance      

   Two joint alignment measures are of particular 
importance and occur near mid stance (the instant 

when the body’s COM is directly over the foot): 
peak knee fl exion angle and peak ankle dorsifl ex-
ion angle. 

  Peak Knee Flexion Angle     Peak knee fl exion 
 angle      is defi ned in the same manner as knee fl ex-
ion at initial contact, i.e., the angle between the 
midline of the thigh and the midline of the leg 
(Fig.  15.5 ). This angle is highly predictive of peak 
patellofemoral joint force, such that peak force 
increases as knee fl exion angle increases [ 18 ,  23 ]. 
Peak knee fl exion angles near 45° are generally 
recommended, although like all joint kinematic 
values, this will vary with running speed.

     Peak Ankle Dorsifl exion Angle     Ankle  dorsi-
fl exion      is defi ned by the midline of the leg rela-
tive to vertical (Fig.  15.6 ), with peak values 
typically occurring shortly after mid stance. 
Assessing peak ankle dorsifl exion during stance 
may provide insights into calf muscle load and 
Achilles tendon strain. For example, greater peak 
ankle dorsifl exion requires the calf muscle- 
tendon units to undergo greater stretch, possibly 

  Fig. 15.4    Knee fl exion angle at initial contact is mea-
sured between the midline of the thigh and the midline of 
the leg       

  Fig. 15.5     Peak knee fl exion angle   at  mid stance   is defi ned 
by the midline of the thigh and the midline of the leg       
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requiring the muscle fi bers to operate at longer 
lengths. These muscle-tendon kinematics have been 
associated with increased risk of injury [ 24 ].  

         Additional Sagittal Measures   

   COM Vertical Excursion      Vertical displace-
ment of the runner’s  COM   during the gait cycle 
can impact both performance and joint loading. 
This important measure is determined by esti-
mating the linear displacement of the COM from 
its highest point (mid fl ight) to its lowest (mid 
stance) (Fig.  15.7 ). If the COM undergoes a large 
excursion, an increase in several kinetic variables 
will occur including peak vertical ground reac-
tion force, braking impulse and peak knee exten-
sor moment [ 18 ]. Greater COM vertical excursion 
is also associated with an increase in oxygen con-
sumption and reduced running economy [ 25 ,  26 ]. 
While a specifi c optimum value for COM excur-
sion has not been defi ned, 6–10 cm is a generally 
acceptable range with the higher values more 
typical for novice runners. 

  Fig. 15.7    Center of mass (COM) vertical excursion is determined by estimating the linear displacement of the COM 
from its highest point at ( a ) mid fl ight to its lowest at ( b ) mid stance       

  Fig. 15.6     Peak ankle dorsifl exion angle   at  mid stance   
is defi ned by the midline of the foot and the midline of 
the leg       
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     Hip Extension and Pelvic Tilt     Hip extension 
and pelvic tilt are assessed during the push-off 
phase of the running cycle, although the amount of 
pelvic tilt may also be evaluated during mid stance. 
Hip extension is the angle between the midline of 
the thigh and midline of the pelvis, while pelvic tilt 
is defi ned by the midline of the pelvis relative to 
vertical. Although there is limited research regard-
ing lumbopelvic positioning in the sagittal plane in 
runners, it’s an important feature to assess espe-
cially in those with low back or hip pain and in the 
postpartum running population. Throughout the 
running cycle, the pelvis demonstrates an average 
anterior tilt position of 15–20° [ 27 ]. Anterior pel-
vic tilt and hip extension ROM are coordinated 
motions, as runners who display decreased hip 
extension ROM during push-off often show an 
increase in anterior pelvic tilt [ 28 ]. Excessive 
anterior pelvic tilt can be associated with high 
hamstring tendinopathy, as well as low back pain 
secondary to the associated increase in lumbar lor-
dosis. As running speed increases, runners appear 
to achieve the necessary stride length by compen-
sating at the pelvis and lumbar spine rather than 
simply through hip extension [ 29 ].  

  Forward Trunk Lean     Trunk lean is the angle 
between the midline of the trunk and the vertical. 
A small degree (5–10°) of forward trunk lean 
may place the lower spine in a more neutral posi-
tion and facilitate placing one’s foot closer under 
the COM at initial contact.    

     Frontal Plane      

   The frontal plane captures the runner best in the 
mid stance position of the gait cycle. Mid stance 
in the frontal plane allows for analysis of trunk 
side bending, lateral pelvic drop, hip adduction 
angle, knee center position, foot COM position, 
and rearfoot and forefoot positions.    

     Mid Stance      

   Mid stance is of key interest for assessing frontal 
plane measures as it refl ects the end of loading 
response and the time in which the vertical ground 

reaction forces have peaked. The corresponding 
position of the lower extremity provides insights 
into the neuromuscular systems’ ability to effec-
tively control joint and limb position. 

  Trunk Side Bend      Trunk side bend  , defi ned as 
midline of the trunk relative to the vertical, can 
demonstrate motion in either the ipsilateral or 
contralateral directions (Fig.  15.8 ). The total 
amplitude of motion is approximately 10° with 
5° in each direction [ 27 ]. Increased ipsilateral 
trunk lean is found in runners with both patello-
femoral pain and iliotibial band syndrome [ 30 , 
 31 ], often times associated with increased motion 
of the pelvis in the frontal plane. Whether this is 
secondary to hip abductor weakness, spinal 
deformity, low back pain, poor neuromuscular 
control, or other compensatory factors would 
need to be determined through further testing.

     Lateral Pelvic Drop      Lateral pelvic drop   is 
defi ned by a line connecting the iliac crests rela-
tive to the horizontal (Fig.  15.9 ). During the fi rst 
half of stance phase, the iliac crest on the stance 

  Fig. 15.8     Trunk side bend   is defi ned as the midline of the 
trunk relative to vertical       
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limb is slightly elevated relative to the contralat-
eral iliac crest, with this position commonly 
referred to as contralateral pelvic drop, i.e., the 
pelvis is laterally tilted toward the contralateral 
(swing) side. Contralateral pelvic drop reaches a 
maximum position of 5–7° near mid stance, with 
females at the higher end of the range.

     Knee Center Position     The knee joint center 
position is identifi ed relative to a line connecting 
the hip and ankle joint centers (Fig.  15.10 ). The 
knee joint center should be located on this line, 
indicative of the three major lower extremity 
joints to be in alignment with each other. If the 
knee center is located medial to the line, it would 
indicate the presence of a dynamic valgus, with a 
lateral location being a dynamic varus. Dynamic 
valgus has been associated with knee joint injuries 
including patellofemoral pain [ 32 ].

     Mediolateral Distance from Foot to COM      This 
  distance is determined from the heel relative to the 
vertical line originated at the body’s COM (line of 

gravity) (Fig.  15.11 ). This distance is dependent 
on running speed, such that as speed increases 
toward sprinting, the foot approximates and even 
crosses over the line. However, at common recre-
ational running speeds (slower than 8:00 min/
mile), the foot will typically remain lateral to the 
line. A crossover position at slower running speeds 
may increase the risk for iliotibial band syndrome 
and medial tibial injuries [ 33 – 35 ].

     Rearfoot and Forefoot Position      Rearfoot posi-
tion   is defi ned by the midline of the heel relative 
to the midline of the lower leg (Fig.  15.12 ). 
Forefoot position is actually a transverse plane 
alignment that can be assessed from the frontal 
angle and involves determining how much of the 
forefoot is visibly lateral to the rearfoot 
(Fig.  15.13 ). In combination, these measures are 
useful in characterizing the amount of foot pro-
nation that is occurring during running, which 
may infl uence recommendations regarding shoes 
and shoe inserts.  

  Fig. 15.9     Lateral pelvic drop   is assessed with a line con-
necting both iliac crests relative to horizontal       

  Fig. 15.10     Knee center position   is measured as the 
position of the knee joint center relative to a line connect-
ing the hip and ankle joint centers       
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         Other  Variables   

  Arm swing and trunk rotation should be also 
assessed, especially as when a runner complains 
of abdominal pain or breathing diffi culties. 
Transient abdominal pain during running occa-
sionally occurs for most runners, while some 
experience it on a fairly consistent basis. At times 
this abdominal pain can be debilitating to the run-
ner. Although this is an area of limited research, 
trunk rotation and side bending with correspond-
ing rib approximation could be a component of 
the problem. In a case study of two female run-
ners with recurrent transient abdominal pain, 
decreasing this side bending motion while run-
ning, in addition to various other trunk and 
breathing exercises, resulted in resolution of their 
symptoms [ 36 ]. Arm swing while running helps 
maintain balance and posture while counterbal-
ancing the effects of reciprocal leg swing, help-
ing to reduce the metabolic cost of running [ 37 ]. 
Further, when arm swing is eliminated, the trunk 
appears to compensate with increased rotation, 
which may affect breathing and abdominal 
discomfort as described previously.    

  Fig. 15.11    Mediolateral distance from the foot to  center 
of mass (COM)   is determined from the position of the 
heel relative to the body’s line of gravity, estimated as the 
center of the pelvis       

  Fig. 15.12     Rearfoot angle   is defi ned as the midline of the 
heel relative to the midline of the leg       

  Fig. 15.13    Forefoot position involves determining how 
much of the forefoot is visibly lateral to the rearfoot       
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    Summary 

 Becoming effi cient and competent in clinical 
video gait analysis takes time, effort, and prac-
tice. As the number of runners continues to grow, 
the need for clinical video gait analysis as part of 
a comprehensive injury management plan will 
also increase. While this chapter has focused on 
the importance of clinical video gait analysis for 
the injured, a thorough history and physical 
examination including review of training, nutri-
tion, and sleeping habits are important. The inte-
gration of these different factors will hopefully 
lead to improved injury management and preven-
tion strategies for all runners.      
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 Drs. Heiderscheit and Gallow do not have any 
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           Introduction   

  Triathlon began in 1978 with the inaugural triathlon 
held in Hawaii, USA [ 1 ]. In 1982, US Triathlon 
(USAT) was founded [the national governing 
body for triathlon in the USA] [ 2 ]. Over the last 
40 years, the visibility and popularity of the sport 
of triathlon has grown tremendously, and it is 
now a major Olympic event. Triathlon is an indi-
vidual multisport event consisting of three sepa-
rate disciplines of swimming, biking, and running 
typically in that order held in competition on the 
same day. These events are separated by “transi-
tion” periods between each stage. In addition, 
there are many different distances associated 
with the sport of triathlon. These distances may 
vary but often are categorized as sprint (0.75 km 
swim, 20 km cycle, and 5 km run), Olympic 
(1.5 km swim, 40 km cycle, and 10 km run), half 
iron distance (1.9 km swim, 90 km cycle, and 
21.1 km run), full iron distance (3.8 km swim, 

180 km cycle, and 42.2 km run), and ultra- 
distance triathlons (10 km swim, 421 km cycle, 
and 84 km run) [ 1 ,  3 ,  4 ]. The cycling portion of 
any distance (sprint, Olympic, half iron, full iron, 
or ultra) comprises approximately 75–80 % of 
the total race. Thus, considerations pertaining to 
bike fi t, injury, and performance are extremely 
important to the cycling aspect of the sport of 
triathlon regardless of any distance. 

 In 1982, USA Triathlon (USAT), the national 
governing body for triathlon in the USA, was 
founded [ 2 ]. Since then USAT membership 
growth has refl ected the increased popularity of 
the sport, from 1500 members in 1982 to 
140,000 in 2011 [ 2 ]. Triathlon became an 
Olympic event for the fi rst time in Sydney in 
2000. Approximately one million people par-
ticipate in triathlon and/or related events (e.g., 
duathlon, aquabike, etc.) [ 2 ,  5 ,  6 ]. Older ath-
letes participate in more races; 95 % participate 
for the personal challenge, while 87 % partici-
pate to stay in shape. On average, they partici-
pated in 4.2 triathlons during the previous 
12 months; 86 % plan to do longer races in the 
future. Sprint triathlon remains the most popu-
lar, with those events attracting participation of 
more than three quarters of respondents [ 2 ]. 
According to data from the USAT, 78 % of triath-
letes participate in sprint, 58 % participate in 
Olympic, 39 % participate in half iron distance, 
and 17 % participate in full iron distance [ 2 ].   
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    Injury Considerations 
in the  Triathlete   

  The average triathlete will spend approximately 
800 hours per year doing some type of training 
[ 5 ,  7 ]. Further, triathletes tend to average more 
time in sport participation per week and have a 
higher incidence of injury when compared to 
individual swimmers, cyclists, and runners [ 5 ,  8 ]. 
However, medical treatment is only sought by 
approximately 50 % of triathletes who report 
injuries [ 7 ]. Injury rates in triathlon have been 
shown to be as high as 91 % and most often 
occurring during training versus competition [ 1 , 
 4 ,  9 – 11 ]. However, the types of injury appear to 
be different when comparing males and females. 
For example, Bertola et al. [ 3 ] conducted a cross- 
sectional study of 190 amateur athletes compet-
ing in a sprint distance triathlon (750 m swim, 
20 km bike, and 5 km run) and recorded their 
self-reported injury history. The majority of inju-
ries reported in males were muscle related (54 %), 
whereas women reported a more distributed 
injury profi le with 32 % related to muscle, 32 % 
related to tendinous, and 32 % related to bone [ 3 ]. 
Thus gender should be considered as a factor in 
the evaluation and management of triathletes. 

 The running discipline of the triathlon has the 
highest prevalence of injury (79 % for males and 
92 % for females) followed by cycling (16 % for 
males and 8 % for females) [ 3 ]. However, 
Zwingenberger et al. [ 11 ] conducted both a ret-
rospective and prospective study evaluating 
injury patterns in over a period of 12 months in 
non-professional triathletes. Results from this 
study indicated that 50 % of injuries were related 
to running, 43 % related to cycling, and 7 % 
related to swimming, while between 45 % and 
78 % of injuries were soft tissue in nature (e.g., 
ligament, muscle, and tendon). The neck and the 
knee are the two most common body regions 
associated with overuse injury during cycling 
[ 12 ,  13 ]. With the incorporation of aerobars in 
triathlon versus road cycling, the neck may be at 
even more vulnerable and at risk of pain and 
injury. However, overuse injury to the knee 
related to cycling has been shown to incurre the 
most time loss from training and competition 

when compared to injury to other body regions 
[ 14 ]. Further, the number of overuse injuries in 
Olympic distance triathlon racing has been 
shown to inversely correlate with the percentage 
of training time and number of sessions doing 
bike hill repetitions ( r  = −0.44 and −0.39, respec-
tively,  p  < 0.05) [ 4 ]. For full iron distance triath-
letes, the number of “speed bike” training session 
positively correlated with injury ( r  = 0.56, 
 p  < 0.05) [ 4 ]. It is suggested that a vast majority 
of triathlon cycling injuries can be linked to sub-
optimal bike fi t and cycling mechanics [ 15 ].   

    Triathlon Bike  Anatomy      

   Knowing and understanding triathlon bike anat-
omy (Figs.  16.1  and  16.2 ) helps to remove much 
of the mystery out of a bike discussion and is 
imperative in understanding patient/client 
demands, injuries, and concerns during a triath-
lon. Figure  16.1  illustrates the primary compo-
nents and aspects of a representative triathlon bike 
frame and drive train, while Fig.  16.2  illustrates 
the primary components of the “cockpit” or 
the handlebar region of a traditional triathlon 
bike setup.  

        Clinical Considerations of Cycling 
 Mechanics   

  Joint position and forces during cycling are 
affected by workload, seat/saddle height, foot 
position on the pedal, and seat tube angle [ 16 ]. 
Sagittal plane joint angles are typically the focus 
of most measurements during triathlon bike fi t-
tings. For example, changes in saddle height, 
power output, and foot position all have an effect 
on lower extremity joint movement during 
cycling [ 16 ,  17 ]. Understanding how these vari-
ables affect lower extremity joint movement and 
angles highlights the importance of individualizing 
the bike fi t based on the athlete’s ability, goals, 
training terrain, and potential injury. In general, 
lower extremity joint excursion during cycling is 
approximately 45° at the hip, 75° at the knee, and 
20° at the ankle [ 18 ]. Changes in aero position 
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  Fig. 16.1    Basic triathlon bike anatomy/components. ( a ) Sagittal view of a representative triathlon bike; ( b ) sagittal 
view of the drive train, bottom bracket, crank, and pedal  region               

  Fig. 16.2    Components of the “cockpit” or handlebar region. ( a ) Top view/rider’s view and ( b ) Sagittal view       
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and cadence have not been shown to substantially 
alter these lower extremity joint excursion values 
[ 19 ]. However, seat/saddle height infl uences not 
only these sagittal plane values but frontal plane 
movement as well. Therefore, full consideration 
needs to be given to the inter-relationships of all 
of the upper and lower extremity joints with any 
change to the athlete/bike interface. 

 The knee joint has the greatest joint excursion 
during cycling, and as previously mentioned, 
knee pain is a common complaint in cyclists and 
triathletes [ 12 ,  13 ,  18 ]. It is thought that anterior 
knee pain is caused by an imbalanced relation-
ship between knee joint forces and kinematics 
resulting in changes in patellofemoral force, 
contact area, and pressure [ 18 ,  20 ]. For example, 
increases in mechanically simulated knee 
moments have been shown to signifi cantly 
increase patellofemoral contact area and forces 
during fi xed pedal cycling [ 21 ]. However, it 
should be noted that patellofemoral contact stress 
did not signifi cantly change [ 21 ]. Patellofemoral 
forces are almost entirely determined by seat/
saddle height and force output while appearing to 
be less correlated to cleat position and cadence 
[ 16 ,  22 ]. For example, patellofemoral compres-
sive forces have been shown to be inversely 
related to seat/saddle height [ 23 ]. Therefore, 
modifying these two fi t parameters (saddle height 
and force output) in a triathlete with knee pain is 
critical. This does not mean that the other vari-
ables do not matter, but if the goal is to decrease 
stress or associated pain, decreasing the causal 
forces should be of focus during the fi t. 
Subsequent adjustment of other parameters will 
then be used to optimize position. In addition, 
consideration of mediolateral and transverse 
movement and associated forces at the knee dur-
ing the pedal stroke should also be evaluated 
when adjusting the saddle, cleat, and forefoot 
posting [ 24 ]. In general, “If the aim is to mini-
mize the risk of patellofemoral joint injuries, the 
inverse relationship between saddle height and 
patellofemoral compressive force may be used as 
a reference” [ 18 ]. 

 The foot-shoe-pedal interface is where the 
transfer of force occurs from the rider to the bike 
[ 25 ]. The tangential force (versus the centrifugal 

force) of the foot on the pedal during the down-
stroke of the pedal cycle is the most effi cient 
force while cycling and propelling the bike for-
ward [ 16 ,  26 ]. Common sense would suggest that 
these forces inherently change based on cycling 
conditions and terrain. For example, a 26 % 
increase in torque occurs while cycling at the 
same cadence on level ground versus inclined 
ground at an 8 % grade [ 27 ]. This increase in 
force at the foot-pedal interface ultimately 
requires a transfer of energy from the entire lower 
extremity. Further understanding these relation-
ships will assist clinicians in both modifying bike 
fi t and educating triathletes, patients, and clients 
on how simple changes in terrain may affect 
lower extremity loads and potentially injury risk. 
Foot pain is also a common occurrence in cyclists 
due to the high reactive forces and pressures 
being transferred to a small pedal [ 25 ]. Individuals 
with foot pain during cycling may consider the 
use of an insert orthosis in their cycling shoe. 
If foot pain persists after a proper bike fi tting, 
then custom, contoured orthosis should be con-
sidered. Contoured orthoses have been shown to 
increase the contract area of the foot in the shoe 
and thus decreasing pressure when compared to 
fl at inserts [ 25 ].   

    Getting Started: Basic Fit Setup 
and  Equipment      

   A thorough understanding of any type of athlete’s 
fl exibility, stability, neuromuscular control, 
strength, endurance, cardiovascular characteris-
tics, and any anatomic variations is imperative to 
optimizing treatment. Thus, a physical exam is 
imperative, and all of these factors should be con-
sidered in some capacity either when assisting in a 
triathlete’s rehabilitation from injury and/or in 
attempt to optimize their performance on the bike. 
Although the purpose of this chapter is not to pro-
vide all of the tools necessary to develop the clini-
cian into a bike fi tter or a bike mechanic, a basic 
understanding of simple bike adjustments and/or rec-
ommendations may assist clinicians in their treat-
ment and care of triathletes. This understanding will 
help to foster communication and understanding 
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with the athlete, the bike mechanic, as well as the 
certifi ed expert bike fi tter, all of whom are essen-
tial players in the sports medicine team of a triath-
lete. There are many different types of bike fi tting 

techniques ranging from static to dynamic fi ttings. 
During static fi ttings, the athlete’s joints are mea-
sured while not moving/pedaling. Dynamic fi t-
tings involve the measurement of joint angles and 
forces during the act of pedaling and typically 
require expensive three- dimensional motion anal-
ysis equipment and techniques. However, a basic, 
static bike assessment can quickly be performed in 
almost any clinic and/or offi ce with the right 
equipment and space. Basic equipment includes a 
bike trainer, goniometer, tape measure, pedal 
wrench, a set of Allen wrenches, and obviously the 
athlete’s bike (Fig.  16.3 ).  

       The Bike: Fit Window 

  Cycling position in triathlon   is a balancing act 
between maximal power output, comfort, and 
aerodynamics to optimize cycling speed or veloc-
ity (Fig.  16.4 ) [ 28 ]. The primary concern of this 
chapter is understanding the rider’s position on 
the bike and how it will affect both the athlete and 
cycling performance. It should be noted that 
dynamic bike fi tting in the laboratory produces 
signifi cantly different fl exion angle for all joints 
in the lower extremity, when compared to angles 
on the open road [ 29 ]. Furthermore, evidence 

  Fig. 16.3    Basic equipment necessary to perform a basic 
bike fi t assessment [allen wrenches (ideally also a torque 
wrench), tape measure (also used as a make-shift plumb 
bob), pedal wrench, and goniometer] (bike trainer not 
shown)       

  Fig. 16.4    Factors infl uencing cycling power and speed (modifi ed and adapted with permission from Atkinson et al. 
(2003) [ 47 ] and Taylor & Francis Ltd. (  http://www.tandfonline.com    )       
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suggests there is signifi cantly more variability in 
cycling kinematics when measured on the on the 
road versus on a stationary trainer [ 29 ]. Thus, the 
validity of bike fi ttings performed on a stationary 
trainer may limit the generalizability of the ath-
lete’s fi t to the road. Clinicians should recognize 
this limitation and may require more than one fi t-
ting session to ensure a triathlete’s bike fi t is opti-
mal and “dialed-in.”

   The rider’s position on a triathlon bike is 
designed to decrease frontal area in efforts to 
improve aerodynamics and to improve running 
performance off of the bike. “At racing speeds 
greater than 14 m/s, with a classical racing bicycle, 
 aerodynamic   drag represents about 90 % of the 
overall resistive forces” [ 30 – 33 ]. Overall, lower 
torso angle improves performance in the aero posi-
tion in trained cyclists, but the lower you go, the 
greater the metabolic cost [ 34 ]. However, the 
“aero” position is less economical and requires a 
higher metabolic demand, but the  aerodynamic   
benefi ts outweigh this metabolic and comfort cost 
(to a point), and the athlete is faster [ 34 ]. Thus, 
there is a trade-off between maximizing  aerody-
namic   advantage and physiologic functioning 
[ 34 ]. In triathlon, especially long course, an aero-
dynamic position must be comfortable enough to 
maintain for a long period of time while optimiz-
ing the physiologic capacity. This is especially 
important for full iron distance races requiring ath-
letes to maintain a position for 4–6+ hours. 

 The effect of  aerodynamics   plays a greater 
infl uence as velocity increases. In other words, 
the faster the athlete is that you are treating, the 
more important their aerodynamic position is. So 
what is the best aero position for triathlons? The 
answer is it depends on the athletes: race dis-
tance, fl exibility, ability, goals, past medical his-
tory, comfort, fi nancial resources for change, and 
safety. There are several schools of thought when 
it comes to triathlon fi tting. The main systems 
out there are Dan Empfi eld’s Fit Institute 
“Slowtwitch” [ 35 ], Serotta International Cycling 
Institute, Retul, Trek [ 36 ], Specialized [ 37 ], etc. 
However, a limitation to all of these methods is 
that they are based on mostly expert opinion 
versus strong empirical, scientifi c evidence. 
The correct fi tting method is most likely a combi-
nation of several (if not all) of these methods. 

 To optimize a bike fi t for a triathlete, it may be 
necessary to evaluate them immediately following 
a swim (swim-to-bike brick) as power output has 
been shown to change after swimming which may 
infl uence mechanics [ 38 ]. This sequencing may 
provide the most optimized event-specifi c position 
possible. The subsequent paragraphs will outline 
general “guidelines” for fi tting or “fi t window.” In 
reality, most athletes can tolerate a fi t within a few 
centimeters in several directions and can dial in 
their specifi c position based on the parameters 
listed above. When considering the biomechanics 
of triathlon fi tting, the major elements include the 
following: seat tube angle, seat/saddle height, cleat 
position, forefoot posting, arch support, pedal/
shoe selection, shoulder- hip- knee angle, shoulder 
angle/reach “cockpit distance,” arm pad stack and 
reach, armrest width, crank length, saddle width/
tilt, and helmet/sunglasses. 

    Seat Tube Angle ( STA)         (Fig.  16.5 ) 

       Understanding how changes in seat tube angle 
(STA) may affect other joint angles and perfor-

  Fig. 16.5    Saddle  height         and seat tube  angle               
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mance is important in triathletes as triathlon bikes 
typically have steeper STA when compared to 
road bikes: STA in triathlon bikes are typically 
between 78 and 80° [ 35 ,  39 ]. This essentially 
allows the rider to rotate their entire body forward 
on the bike, keeping a similar hip fl exion angle 
and in turn decreasing frontal area and associated 
drag by bringing their torso more horizontal. 
Increasing the STA has been shown to increase 
anterior pelvic tilt but has limited to no infl uence 
on other lower extremity joint angles [ 39 ]. In 
addition, typically the steeper the STA, the lower 
the associated pad stack height/drop. This posi-
tion allows a rider to use less power to go faster, as 
compared to an upright position on a road bike 
secondary to reduced drag [ 34 ]. Seat tube angle 
affects the riders positon, and thus moving the 
saddle position changes the effective seat tube 
angle of the riders actual position. This should be 
considered when adjusting saddle fore/aft or 
when changing out to a different kind of saddle.     

     Seat/Saddle Height         (Fig.  16.5 ) 

    Seat/saddle height may be the most important 
part of a bike fi t in optimizing mechanical work, 
pedaling effi ciency, and joint stress [ 40 ]. Most 
often, seat/saddle height is the distance measured 
from the center of the bottom bracket to the mid-
portion of the top of the saddle. Others may cite 
seat/saddle height as the distance between the top 
of the saddle to the top of the pedal axle with the 
pedal at dead bottom center (crank arm at the bot-
tom of the pedal stroke aligned with STA) [ 17 ]. 
The goal with seat/saddle height is to achieve a 
knee fl exion angle at dead bottom center to be 
approximately 25–40° (statically measured) as 
this range has been suggested to reduce the risk 
of knee injuries and optimize aerobic perfor-
mance [ 40 ,  41 ]. 

 There are three common methods of deter-
mining seat/saddle height including (1) the Greg 
LeMond method, (2) heel method, and (3) knee 
angle method [ 18 ]. The Greg LeMond method is 
performed by taking inseam measurement and 
multiplying it by 0.883 [ 18 ]. A limitation of this 
method includes that it does not account femur, 

tibial, foot, or crank length which may be impor-
tant factors depending on individual athlete body 
types and sizes. The heel method is performed by 
having the triathlete sit on the seat/saddle with 
heel on the pedal with cranks in line with seat 
tube [ 18 ]. In this position, optimal seat/saddle 
height would be indicated with the knees in full 
extension. Finally, the most commonly used 
technique for determining optimal seat/saddle 
height is the knee angle method [ 18 ]. This method 
is the most specifi c and considers crank, tibial, 
foot, and femur lengths, thus improving consis-
tent knee kinematics between riders [ 18 ]. 
However, when utilizing the knee angle method, 
“ankling” (excessive plantar fl exion at the bottom 
of the pedal stroke) at the bottom of the pedal 
stroke and/or lateral rocking of the hips should be 
minimized as these compensations may infl uence 
knee fl exion angles by as much as 5–6° [ 40 ]. The 
knee angle method is most accurately measured 
during active cycling using video or three- 
dimensional motion analysis. However, static 
bike fi t measurements (measurements taken at 
rest) of the knee have been shown to underpredict 
the dynamic measurements (measurements while 
riding) using two-dimensional and three- 
dimensional analyses [ 42 ].     

     Cleat Position         (Fig.  16.6 ) 

       Most competitive and elite-level triathletes will 
opt for what is known as a “clipless pedal.” This 
is somewhat a misnomer as “clipless pedal” is 
actually directly attached to a cleat at the bottom 
of the shoe, fi rmly securing the pedal and the 
shoe as one unit. This pedal-shoe interface 
improves cycling effi ciency. There are many dif-
ferent types and versions of cleats and pedals 
(e.g., Speedplay, Look, SPD, etc.). Cleat position 
may assist in the accommodation for leg length 
discrepancies, knee/foot pain, and foot numb-
ness. However, most often cleat adjustments are 
based on expert opinion and experience. Factors 
to consider when adjusting cleat position include 
fore/aft, medial/lateral placement, rotation or 
“fl oat,” cant, and shimming. The cleat rotation 
should mimic that of the way the individual walks 
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and/or sits with their feet dangling from a table. 
The athlete should have some available medial 
and lateral rotation or “fl oat” at the bottom and 
top of the pedal stroke. If this is not present at both 
of these points, cleat adjustment is warranted 
[ 37 ]. “The ideal rotational angle of the cleat on 
the sole of the shoe is the one where while pedaling 
under load; the rider has a more or less even 
degree of free movement either side of where 
their foot naturally sits on the pedal. If the foot is 
locked in place at a less than ideal rotational 
angle, stresses on the knee result; or, autonomic 
self-protection of the knee from stress shifts the 
load to other elements in the kinetic chain 
involved in pedaling or structures involved in sta-
bilizing those elements” [ 43 ]. The cleat and the 
inside of the shoe of an injured triathlete may/
should be adjusted for forefoot abnormalities 
such as forefoot varus and valgus with wedged 
shim(s) between the cleat and the shoe or in the 
shoe under the insole. This may also be achieved 
with custom orthotics.     

     Hip Angle         (Fig.  16.7 ) 

       There are several different ways hip angle may be 
measured. However, for the purposes of this chap-
ter, hip angle will be described as the angle from 
the lateral portion of the acromion to the greater 
trochanter and to the bottom bracket (Fig.  16.7 ). 

The optimal range of hip fl exion on the bike is 
approximately 90–105° [ 35 ]. An athlete’s func-
tional availability of hip fl exion is critical with this 
measurement [ 37 ]. Functional hip fl exion mea-
sured off the bike should be measured with their 
knee in approximately 30° of fl exion to mimic 
aero position on the bike. If hip fl exion is mea-
sured with the rider’s knee fully fl exed, their func-
tional available hip fl exion may be overpredicted. 
Therefore, this is one of the most important com-
ponents of the pre-bike fi t examination. Hip angle 
measure on the bike greater than 105° may predis-
pose the athlete low back, hamstring, and anterior 
hip pain [ 15 ]. The bottom line here is that care 
must be taken not to place the athlete on the bike 
in a position that exceeds their functional and/or 
anatomical constraints found during a physical 
exam. The optimal hip angle can be achieved by 
raising and/or lowering the handlebars.     

     Shoulder Angle         (Fig.  16.8 ) 

       The angle of the shoulder should be approxi-
mately 90° of fl exion and is the angle measured 
between a line through the long axis of the 
humerus and line following the torso angle (e.g., 
same torso line used in the hip angle) [ 35 ]. This 
angle allows for the most comfortable position 
when aero and is closely linked to the reach of the 
aero bars as the elbow angle should also be at 90° 

  Fig. 16.6     Cleat position         with a speed play © pedal/cleat. ( a ) Fore/aft position, ( b ) cleat position on shoe indicating the 
potential positioning and available fl oat, ( c ) speedplay © pedal indicating the potential positioning and available fl oat       
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of fl exion. An additional technique that may be 
used to evaluate and optimize shoulder angle is to 
drop a plumb line from the AC joint. This line 
should fall at the posterior aspect of the elbow 
[ 37 ,  44 ]. It should also be noted that the proximal 
portion of the elbow should be hanging off the 

aero pad to prevent compression of the ulnar 
nerve and to prevent the elbow from slipping off 
of the pad when hitting a bump. Both of which 
are a safety concern. However, even with these 
considerations, many triathletes prefer to have 
their elbows directly on the pads.     

  Fig. 16.7     Hip angle         
measured with subject 
positioned with pedal at 
dead bottom center       

  Fig. 16.8     Shoulder angle               
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     Arm Pad Stack/Drop and Reach      
(Fig.  16.9 ) 

      Arm pad stack or drop is the measurement taken 
from the top of the saddle where the rider sits in 
aero (not the highest point of the rear upslope of 
the saddle) to the center portion of the top of the 
pads and is the vertical distance. This measure-
ment may also be measured as the vertical dis-
tance from the center of the bottom bracket to 
the top of the arm pad. Reach is the horizontal 
distance from the center of the bottom bracket to 
the center of the arm pad. The amount of drop 
needed can be determined by formulas that use 
seat/saddle height and seat angle to calculate. 
However, the most important parameter in this 
position is the rider’s ability to sustain this posi-
tion for a given distance/time. If the rider is in 
pain or is unable to maintain a particular stack 
height for the duration of the event, they are in 
the wrong position. The more drop an athlete 
has, the more cervical extension is required to 
maintain vision down the road. Often when a 
rider’s drop is lowered to achieve a greater  aero-
dynamic   advantage, interventions may need to 
be prescribed to improve/optimize cervical 
mobility and stability to maintain this more 
aggressive position. Failure to give the athlete 

interventions off the bike may make this position 
unsustainable in training and racing and subse-
quently limit performance and/or cause injury. 
The amount of drop should also keep the riders 
hip fl exion angle the same/similar as it is on a 
road fi t. This can be achieved by moving the seat 
fore as the bars are lowered [ 37 ].    

     Armrest Width      (Fig.  16.2a ) 

   In triathlon this is determined by comfort, fl exibil-
ity, race distance, and the athlete’s shoulder width. 
One way to determine their functional fl exibility of 
the posterior shoulder is to perform an elbow touch 
test. This is performed by fl exing shoulders and 
elbows to 90° and touching elbows together as in 
horizontal adduction [ 36 ]. Interventions focused on 
thoracic and shoulder mobility and stability may be 
warranted when adjusting armrest width.    

     Crank Length         (Fig.  16.1b ) 

    Ideal crank arm length is up for debate. It appears 
that a large change in crank length is required to 
cause a decrease in power output. “Crank length 
does not affect relative joint-specifi c power once 

  Fig. 16.9    Stack height/drop        
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the effects of pedaling rate and pedal speed are 
accounted for” [ 45 ]. When caring for an injured 
triathlete, shorter cranks may be another way to 
increase their hip angle and decrease stress on 
athlete’s hips and knees. If crank length is signifi -
cantly changed, the rest of the fi t will have to be 
adjusted. Changing crank length can be very use-
ful in riders with hip dysfunction and the aging 
triathlete with mobility issues. There are various 
tables you can fi nd and/or formulas to use to pre-
dict ideal crank length. Bottom line, the shorter 
the triathlete the more important crank length is, 
because it affects their joint angles more.     

     Saddle Position      

   Triathletes participating triathlon should be edu-
cated in the need to evaluate multiple saddles to 
fi nd the most comfortable one. This is very athlete 
dependent. Some fi tting methods argue that the 
front of a triathlete’s saddle should be tilted down 
to make the aero position more comfortable [ 37 ]. If 
the athlete complains of sliding forward, the seat/
saddle should be tilted more toward the horizontal. 
If an athlete is having trouble getting comfortable 
on the saddle when in aero, then you may need to 
assess their sacral angle in aero and compare this to 
their sacral angle when doing a toe touch or stand-
ing hamstring stretch [ 36 ]. If a steeper angle is 
present, the saddle may be limiting the ability of 
the pelvis to rotate anteriorly. Furthermore, the 
rider’s saddle width can be determined by measur-
ing ischial tuberosity width, but this still requires 
testing on the bike to ensure comfort is achieved.    

     Helmets/Sunglasses      

   Riding in the aero position can put considerable 
strain on the cervical spine especially with lower-
ing stack heights. The more of an aggressive  aero-
dynamic   position a rider achieves, the more 
cervical extension is required. Other components 
which may infl uence cervical position include hel-
met position and sunglasses. Thus, a triathlete with 
neck pain should have their helmet fi t checked 
(i.e., is the helmet obstructing their vision and thus 

causing more cervical extension). It is also recom-
mended that triathletes wear safety sunglasses that 
do not have a brim at the top, as this may also 
obstruct vision and further require additional cer-
vical extension. Thus, poor helmet fi t and subopti-
mal eyeglass wear may predispose the athlete to 
increased cervical pain and injury.     

    Other Fit Considerations 
for Different Triathlon Distances 

 As previously mentioned, there are several different 
types of triathlons all following the traditional 
swim-bike-run format (short course, long 
course, and draft legal). Although it is beyond 
the scope of this chapter to describe all of the 
considerations related to cycling for these dif-
ferent distances, attention to the following may 
be helpful to the clinician who is new to triath-
lon. In particular, for long course (e.g., half and 
full iron distance triathlons), raising the aero-
bars slightly may be helpful for longer events. 
This will increase the hip angle, allow more 
room for the diaphragm to move, and decrease 
tension on the hamstrings, low back, and 
perineum [ 46 ]. Although a small amount of 
 aerodynamic   advantage will be lost, this will be 
made up for with greater cycling comfort when 
training or racing for 2–7 h. Conversely for 
short-course training and racing, lowering the 
bars may provide more of an  aerodynamic   ben-
efi t. Although this position will likely be less 
comfortable, the shorter duration of the cycling 
leg of a short-course triathlon may allow the 
athlete to sustain this position for a short period 
of time. It should be noted that it is usually not 
recommended to make changes to bike fi t close 
to or the day of a race. 

 Finally, most long-course (e.g., half and full 
iron distance) and short-course (e.g., sprint and 
Olympic distance) triathlons in the USA are 
non-draft legal racing. This means athletes 
must maintain a particular distance away from 
other triathletes during cycling to avoid any 
drafting benefi t. However, draft legal triathlon 
racing is a growing trend in the USA and is 
common internationally and at the Olympics. 
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This type of racing typically follows the format 
of 1.5 km swim, 40 km cycle, and 10 km run 
and allows competitors to ride in the draft of 
others. This makes for very tight packs or pelo-
tons of triathletes during the cycling portion of 
the race and requires quick handling in tight 
spaces similar to standard road races such as 
criteriums. For this reason, those participating 
in draft legal triathlons often ride with standard 
road drop handlebars with shorter clip-on aero 
bars versus full aerobars. Thus, there may be 
different considerations of the triathlete and 
their bike fi t who race in draft legal events 
which are beyond the discussion of this 
chapter.  

    Summary 

 Becoming effi cient and competent in understand-
ing medical bike fi tting for the triathlete requires 
substantial time, effort, and practice. As the num-
ber and types of triathletes (e.g., short-course ver-
sus long-course) continue to grow, the need for 
competent clinicians and medical professionals to 
perform medical bike fi ttings will be imperative to 
a comprehensive injury management plan. It is 
imperative to recognize that every bike fi t is 
unique, and a one-size-fi ts-all approach to fi tting 
will not meet the need of triathletes. While this 
chapter has focused on the importance of medical 
bike fi ttings for the triathlete, much of this infor-
mation may also be extrapolated to other types of 
cyclists including time-trialists, road, cyclo- cross, 
and mountain. However, these types of cyclists 
have other unique considerations which are 
beyond the scope of this chapter. Finally, an inte-
gration of a thorough history and physical exami-
nation including review of training, nutrition, and 
sleeping habits is extremely important in the 
comprehensive management of the triathlete.     

   References 

      1.    Egermann M, Brocai D, Lill C, Schmitt H. Analysis 
of injuries in long-distance triathletes. Int J Sports 
Med. 2003;24(4):271–6.  

         2.   USA Triathlon. 2015.   http://www.usatriathlon.org/    . 
Accessed 31 Aug 2015.  

       3.    Bertola IP, Sartori RP, Corrêa DG, Zotz TGG, Gomes 
ARS. Profi le of injuries prevalence in athletes who 
participated in SESC Triathlon Caiobá-2011. Acta 
Ortop Bras. 2014;22(4):191–6.  

       4.    Vleck VE, Bentley DJ, Millet GP, Cochrane T. 
Triathlon event distance specialization: training and 
injury effects. J Strength Cond Res. 2010;24(1):30–6.  

      5.    Strock GA, Cottrell ER, Lohman JM. Triathlon. Phys 
Med Rehabil Clin N Am. 2006;17(3):553–64.  

    6.    Wilk BR, Fisher KL, Rangelli D. The incidence of 
musculoskeletal injuries in an amateur triathlete rac-
ing club. J Orthop Sports Phys Ther. 1995;22(3):
108–12.  

     7.    Cipriani DJ, Swartz JD, Hodgson CM. Triathlon and 
the multisport athlete. J Orthop Sports Phys Ther. 
1998;27(1):42–50.  

    8.    Levy C, Kolin E, Berson B. The effect of cross training 
on injury incidence, duration, and severity (part 2). 
Sports Med Clin Forum. 1986;3:1–8.  

    9.    O’Toole ML, Hiller WDB, Smith RA, Sisk 
TD. Overuse injuries in ultraendurance triathletes. 
Am J Sports Med. 1989;17(4):514–8.  

   10.    Galera O, Gleizes-Cervera S, Pillard F, Riviere 
D. Prevalence of injuries in triathletes from a French 
league. Apunts Med Esport. 2012;47(173):9–15.  

     11.    Zwingenberger S, Valladares RD, Walther A, Beck H, 
Stiehler M, Kirschner S, et al. An epidemiological 
investigation of training and injury patterns in triath-
letes. J Sports Sci. 2014;32(6):583–90.  

     12.    Dettori NJ, Norvell DC. Non-traumatic bicycle inju-
ries. Sports Med. 2006;36(1):7–18.  

     13.    Wilber C, Holland G, Madison R, Loy S. An epide-
miological analysis of overuse injuries among recre-
ational cyclists. Int J Sports Med. 1995;16(3):201–6.  

    14.    Clarsen B, Krosshaug T, Bahr R. Overuse injuries in 
professional road cyclists. Am J Sports Med. 
2010;38(12):2494–501.  

     15.    Deakon RT. Chronic musculoskeletal conditions 
associated with the cycling segment of the triathlon; 
prevention and treatment with an emphasis on proper 
bicycle fi tting. Sports Med Arthroscopy Rev. 
2012;20(4):200–5.  

       16.    Ericson MO, Nisell R, Németh G. Joint motions of the 
lower limb during ergometer cycling. J Orthop Sports 
Phys Ther. 1988;9(8):273–8.  

     17.    Fonda B, Sarabon N. Biomechanics of cycling. Sport 
Sci Rev. 2010;19(1–2):187–210.  

            18.    Bini MR, Hume PA, Croft JL. Effects of bicycle 
saddle height on knee injury risk and cycling perfor-
mance. Sports Med. 2011;41(6):463–76.  

    19.    Chapman AR, Vicenzino B, Blanch P, Knox JJ, 
Dowlan S, Hodges PW. The infl uence of body posi-
tion on leg kinematics and muscle recruitment during 
cycling. J Sci Med Sport. 2008;11(6):519–26.  

    20.    Bini RR, Hume PA, Kilding AE. Saddle height effects 
on pedal forces, joint mechanical work and kinemat-
ics of cyclists and triathletes. Eur J Sport Sci. 
2014;14(1):44–52.  

M.S. Briggs and T. Obermire

http://www.usatriathlon.org/


227

     21.    Wolchok JC, Hull M, Howell SM. The effect of inter-
segmental knee moments on patellofemoral contact 
mechanics in cycling. J Biomech. 1998;31(8):
677–83.  

    22.    Ericson MO, Nisell R. Patellofemoral joint forces 
during ergometric cycling. Phys Ther. 1987;67(9):
1365–9.  

    23.    Bressel E. The infl uence of ergometer pedaling 
direction on peak patellofemoral joint forces. Clin 
Biomech. 2001;16(5):431–7.  

    24.    Ruby P, Hull M, Hawkins D. Three-dimensional knee 
joint loading during seated cycling. J Biomech. 
1992;25(1):41–53.  

      25.    Bousie JA, Blanch P, McPoil TG, Vicenzino 
B. Contoured in-shoe foot orthoses increase mid-foot 
plantar contact area when compared with a fl at insert 
during cycling. J Sci Med Sport. 2013;16(1):60–4.  

    26.    Hoes MJ, Binkhorst R, Smeekes-Kuyl AE, Vissers 
AC. Measurement of forces exerted on pedal and 
crank during work on a bicycle ergometer at different 
loads. Eur J Appl Physiol Occup Physiol. 1968;
26(1):33–42.  

    27.    Bertucci W, Grappe F, Groslambert A. Laboratory 
versus outdoor cycling conditions: differences in ped-
aling biomechanics. J Appl Biomech. 2007;23(2):87.  

    28.    Atkinson G, Peacock O, Gibson ASC, Tucker 
R. Distribution of power output during cycling. Sports 
Med. 2007;37(8):647–67.  

     29.    Cockcroft SJ. An evaluation of inertial motion capture 
technology for use in the analysis and optimization of 
road cycling kinematics. Stellenbosch: University of 
Stellenbosch; 2011.  

    30.    Candau RB, Grappe F, Ménard M, Barbier B, Millet 
GY, Hoffman MD, et al. Simplifi ed deceleration 
method for assessment of resistive forces in cycling. 
Med Sci Sports Exerc. 1999;31:1441–7.  

   31.    Di Prampero PE. Cycling on earth, in space, on the 
moon. Eur J Appl Physiol. 2000;82(5–6):345–60.  

   32.    Martin JC, Milliken DL, Cobb JE, McFadden KL, 
Coggan AR. Validation of a mathematical model for 
road cycling power. J Appl Biomech. 1998;14:276–91.  

    33.    Debraux P, Grappe F, Manolova AV, Bertucci 
W. Aerodynamic drag in cycling: methods of assess-
ment. Sports Biomech. 2011;10(3):197–218.  

       34.    Fintelman D, Sterling M, Hemida H, Li FX. Optimal 
cycling time trial position models: aerodynamics ver-

sus power output and metabolic energy. J Biomech. 
2014;47(8):1894–8.  

       35.   Empfi eld D. The F.I.S.T. Method for fi tting triath-
letes to their bikes. 2007.   http://www.slowtwitch.
com/Bike_Fit /F.I .S.T._Tri_bike_fi t_system/
The_F.I.S.T._Method_for_fitting_triathletes_to_
their_bikes_16.html    .  

      36.    Lohr J, Timmerman M. Trek ten-step triathlon fi tting 
manual. Madison, WI: University of Wisconsin; 
2013. Trek Fit Services.  

         37.    Pruitt A. Body Geometry bicycle fi t course. 5th ed. 
Morgan Hill: Specialized Bicycle Components, INC; 
2008. p. 1–80.  

    38.    Peeling P, Bishop D, Landers G. Effect of swimming 
intensity on subsequent cycling and overall triathlon 
performance. Br J Sports Med. 2005;39(12):960–4.  

     39.    Silder A, Gleason K, Thelen DG. Infl uence of bicycle 
seat tube angle and hand position on lower extremity 
kinematics and neuromuscular control: implications 
for triathlon running performance. J Appl Biomech. 
2011;27(4):297–305.  

      40.    Ferrer-Roca V, Roig A, Galilea P, García-López 
J. Infl uence of saddle height on lower limb kinematics 
in well-trained cyclists: Static vs. dynamic evaluation 
in bike fi tting. J Strength Cond Res. 2012;26(11):
3025–9.  

    41.    Holmes J, Pruitt A, Whalen N. Lower extremity over-
use in bicycling. Clin Sports Med. 1994;13(1):
187–205.  

    42.    Fonda B, Sarabon N, Li FX. Validity and reliability of 
different kinematics methods used for bike fi tting. 
J Sports Sci. 2014;32(10):940–6.  

    43.   Hogg S. Footloose. 2010.   http://bicyclingaustralia.
com.au/content/2010/steve-hogg/footloose    .  

    44.    Pruitt AL, Matheny F. Andy Pruitt’s complete medical 
guide for cyclists. Boulder: VeloPress; 2006.  

    45.    Barratt PR, Korff T, Elmer SJ, Martin JC. Effect of 
crank length on joint-specifi c power during maxi-
mal cycling. Med Sci Sports Exerc. 
2011;43(9):1689–97.  

    46.    Zinn L, Telander T. Zinn & the art of triathlon bikes. 
Boulder: VeloPress; 2007.  

    47.    Atkinson G, Davison R, Jeukendrup A, Passfi eld L. 
Science and cycling: current knowledge and future 
directions for research. J Sports Sci. 2003;21(9):
767–87.      

16 Clinical Considerations of Bike Fitting for the Triathlete

http://www.slowtwitch.com/Bike_Fit/F.I.S.T._Tri_bike_fit_system/The_F.I.S.T._Method_for_fitting_triathletes_to_their_bikes_16.html
http://www.slowtwitch.com/Bike_Fit/F.I.S.T._Tri_bike_fit_system/The_F.I.S.T._Method_for_fitting_triathletes_to_their_bikes_16.html
http://www.slowtwitch.com/Bike_Fit/F.I.S.T._Tri_bike_fit_system/The_F.I.S.T._Method_for_fitting_triathletes_to_their_bikes_16.html
http://www.slowtwitch.com/Bike_Fit/F.I.S.T._Tri_bike_fit_system/The_F.I.S.T._Method_for_fitting_triathletes_to_their_bikes_16.html
http://bicyclingaustralia.com.au/content/2010/steve-hogg/footloose
http://bicyclingaustralia.com.au/content/2010/steve-hogg/footloose


229© Springer International Publishing Switzerland 2016 
T.L. Miller (ed.), Endurance Sports Medicine, DOI 10.1007/978-3-319-32982-6_17

      Evaluation and Treatment 
of the Swimming Athlete                     

     Katherine     Wayman      and     Joshua     Pintar   

  17

          Introduction 

   Swimming   as a competitive sport has archaeo-
logical evidence dating its origins back to the fi rst 
century BCE in Japan [ 1 ,  2 ]. The popularity of 
competitive swimming grew between the seven-
teenth and nineteenth century and has evolved 
ever since the inclusion of swimming in the mod-
ern Olympic games in 1896 [ 1 ]. The sport has 
drastically changed over its competitive history, 
and it continues to mature into the twenty-fi rst 
century with sports science developing evidence- 
based- driven coaching, injury prevention, and 
treatment. This sport evolution includes stroke 
and training technique, advancements in suit 
technology, the addition of goggles, and resis-
tance/assistance training both in and out of the 
water. Competitions navigated from open water 
distances to natatoriums with meter/yard pools 
while have added starting blocks and wave- 

dampening lane lines and gutters over time. An 
example of this swimming revolution can be seen 
in one of the oldest competitive events, the 100 m 
freestyle, in which man has decreased his time by 
18 s between the 1908 and 2008 Olympic games. 
Current event distances range between 50 and 
1500 m with four distinct competitive strokes 
(freestyle, backstroke, breaststroke, and butter-
fl y) and an event that combines them all, the indi-
vidual medley [ 1 – 4 ].   

    The Four Competitive  Strokes   

  Swimming is a unique sport in which ground 
reaction forces are rarely used during competi-
tion; the exception is off the walls/blocks for 
starts and turns. Instead, the core becomes a loca-
tion of proximal stability to drive movement and 
propulsion for the upper and lower extremities. 
No matter the stroke, each is a balance of power 
and effi ciency dependent on technique that is 
susceptible to fatigue. Swimming performance is 
strongly related to technique and swimming 
economy. Higher-level swimmers demonstrate 
better economy with less speed fl uctuation, lower 
drag forces, and increased velocity during pro-
pulsion phases [ 5 ]. Each stroke will be discussed 
in detail later, but their link from the core will be 
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introduced to highlight the differences found 
between the elite international-level swimmers 
and those who pursue the sport recreationally. 

 During breaststroke and butterfl y, core control 
occurs along a short axis, as the hips and lumbar 
spine undulate and develop power from sagittal 
plane movement [ 6 ]. A similar anterior and pos-
terior movement is used off the wall for most 
strokes in a kicking sequence called a  dolphin 
kick  . Breaststroke allows only one underwater 
kick, whereas butterfl y, freestyle, and backstroke 
allow as many underwater kicks as possible until 
the swimmer reaches the 15 m mark. 

 Freestyle and backstroke core control occurs 
along a long axis, with a hip and shoulder rota-
tion along transverse plane along the spine [ 6 ]. 
The body rolls along this long axis to make arm 
recovery easier while allowing the opposite arm 
to pull more directly under the center of mass 
[ 7 ]. The hips rotate and kick to counter balance 
the sway of the swing of the arms and breathing 
action [ 8 ]. With proper body roll, a swimmer 
can decrease drag and improve effi ciency [ 9 ]. 
There are differences found between the shoul-
der and hip roll during freestyle between skill 
levels [ 7 ]. The shoulder roll has been found to 
increase while breathing, which will increase 
drag and decrease speed. Elite skill levels adapt 
their technique by decreasing their shoulder roll, 
which increases speed [ 7 ]. Hip roll increases 
with fatigue creating additional drag that 
reduced speeds; however, no difference has 
been found in the hip roll while breathing in 
freestyle [ 7 ].   

    Freestyle  Biomechanics                  

    Phases of swimming have not clearly been 
defi ned in literature and vary depending on 
sources and audience. Current biomechanical lit-
erature breaks freestyle stroke into fi ve phases, 
while literature more clinically based breaks the 
stroke into 3–4 phases [ 10 ]. For consistency of 
language, we divided the phases of swimming 
into four phases to best communicate with exist-
ing clinical literature (Fig.  17.1 ) [ 11 ]:

•     Early pull-through  
•   Late pull-through  
•   Early recovery  
•   Late recovery    

 The optimal freestyle technique and a synop-
sis of key factors for this stroke as described by 
Pink et al. [ 12 ] and Spigelman et al. [ 10 ] are illus-
trated below.    

    Freestyle  Upper Extremity Movement      

•        As the hand enters the water, the elbow should 
be located above the hand. The wrist should 
maintain slight fl exion as this position appro-
priately engages the latissimus dorsi.  

•   The palm and forearm should face backward 
with fi ngertips pointing down toward the bot-
tom of the pool for as long as possible to 
improve use of the forearm as a propulsive 
“paddle.”  

  Fig. 17.1    Phases of the  swimming   stroke [ 11 ]       
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•   The swimmer should not fl ick the wrist to exit 
the water as this causes the swimmer to lead with 
the hand (should be lead with the elbow) and 
increase impingement positions of the shoulder.  

•   Optimal body roll during the stroke should be 
approximately 30–45° along the longitudinal 
axis of the body.  

•   During recovery, the elbow should remain 
higher than the hand in preparation for entry 
as elbow should not contact the water fi rst. 
Frequently, a dropped elbow position predis-
poses the swimmer to a thumb-fi rst hand entry, 
which increases shoulder impingement and 
labral/bicep stress (Table  17.1 ).

             Freestyle  Lower Extremity Movement      

•        A six-beat kick is most commonly utilized as it 
promotes symmetry of stroke with regard to body 
roll and upper extremity stroke mechanics.  

•   The kick will have knees separated slightly 
with the hips slightly internally rotated (IR) 

and the ankles plantar fl exed and relaxed. The 
kick should fi nish below the water surface.  

•   The lower extremity performs a repeated fl ut-
ter kick during freestyle with legs alternating 
the fl exion and extension movements. The 
knee should be slightly fl exed (~10°), and 
ankles should be relaxed in a plantar-fl exed 
and inverted position.        

    Freestyle Stroke  Mechanics     : General 
Notes 

•        Sprinters most commonly use a six-beat kick 
(three kicks per arm revolution), while distance 
swimmers most commonly utilize a four-beat 
kick (two kicks per arm revolution).  

•   The preferred breathing pattern is called the 
“alternate breathing pattern” and occurs when 
the swimmer breathes every three strokes. 
This encourages muscular symmetry and 
decreases risks of injury due to overexposure 
to impingement positions (Table  17.2 ).

   Table 17.1     Freestyle      upper extremity muscle activation [ 10 ,  12 ,  13 ]   

 Phases  Description  Muscle activity 

 Early 
pull- through 

 Begins with hand entry and ends at 
mid-pull-through, where arm is 
perpendicular to the body 

 Begins with upper trapezius, rhomboids, 
supraspinatus, anterior and middle deltoid, 
and serratus anterior and ends with 
pectoralis major, teres minor, and serratus 
anterior 

 Late 
pull- through 

 Begins as the hand and arm continue 
backward underwater toward the hip 
and ends as the hand exits water 

 Muscle activation transitions from above and 
ends with latissimus dorsi, subscapularis, 
and serratus anterior 

 Early 
recovery 

 Begins as the hand exits the water led 
by the elbow and ends at mid recovery 
as the arm is perpendicular to the body 

 Muscle activation transitions from above and 
adds middle and posterior deltoid, 
supraspinatus, subscapularis, and rhomboids 

 Later 
recovery 

 Begins as the arm moves past mid 
recovery and ends as the hand breaks 
the surface of the water for the next 
hand entry 

 Muscle activation transitions from above and 
ends with anterior and middle deltoid, 
supraspinatus, subscapularis, and rhomboids 

   Table 17.2     Freestyle      lower extremity muscle activation [ 14 ]   

 Phases  Description  Muscle activity 

 Upbeat 1  Hip extension- knee extension  Biceps femoris (eccentric), gastrocnemius 

 Upbeat 2  Hip extension- knee fl exion  Biceps femoris (concentric), gastrocnemius, and internal 
oblique during transition from upbeat to downbeat 

 Downbeat 1  Hip fl exion- knee fl exion 
positions 

 Rectus femoris (eccentric) and vastus medialis 

 Downbeat 2  Hip fl exion- knee extension  Rectus femoris (concentric) and vastus medialis 
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              Backstroke  Biomechanics                  

    In backstroke, the swimmer is supine while per-
forming reciprocal arm strokes that are coupled 
with trunk rotation and an alternating leg kick 
[ 12 ]. The stroke is very similar to freestyle as 
propulsion is again impacted by stroke rate and 
length. Additionally, similar muscle activation 
patterns are used in both strokes [ 15 ]. The opti-
mal backstroke technique and a synopsis of key 
factors for this stroke according to Pink et al. are 
described below [ 12 ].    

    Backstroke  Upper Extremity 
Movement      

•        Hand entry should be pinkie fi rst with internal 
rotation and full extension at shoulder. Entry is 
above the head, approximately shoulder width 
apart, and without crossing midline of the body.  

•   Hand entry should consist of trunk rotation 
~20–40°, so the body is on the side during the 
catch (when the arm switches from recovery 
to propulsive phases). This rotation is to be 
timed with the underwater stroke fi nish of the 
opposite arm.  

•   The fi rst motion of the underwater catch 
should be to fl ex the wrist to align direction of 
force toward the feet. The elbow fl exion 
should immediately follow, to allow forearm 
water propulsion toward feet.  

•   The catch becomes the pull phase once the 
hand and forearm begin to pull down and 
backward toward the feet.  

•   The middle pull focuses on keeping upper arm 
aligned with the scapular plane with the elbow 
fl exed between 110 and 120°; thus the hand is 
vertically under the shoulder without crossing 
midline of the body. The palm of the hand and 
the forearm continue to direct propulsion 
forces toward the feet.  

•   Once the hand passes the waist, the hand 
will pitch downward and inward as the 
shoulder internally rotates and the elbow 
extends. The hand should fi nish the stroke 

slightly deeper than the hips and wider than 
the shoulder. The hand should fi nish with the 
pinkie down, thumb up, and palm facing 
medially position  

•   The fi nish provides leverage to rotate the body 
toward the opposite hand’s entry.  

•   Recovery should be driven from the shoulder, 
lifting arm out of the water with body rotation. 
The hand is positioned thumb up via shoulder 
external rotation (ER).  

•   The shoulder fl exion that drives the recovery 
should allow for a relaxed arm to be straight as 
it transitions from shoulder external (ER) to 
internal rotation (IR) by the time of hand entry.        

    Backstroke:  Lower Extremity 
Movement      

•        The kick should create most of the propulsion 
on the upbeat driven from the hips, similar to 
the freestyle downbeat.  

•   Most commonly, a six-beat kick is used to cre-
ate propulsion, reduce drag, and aid in body 
rotation.  

•   The kick will have knees separated slightly 
with the hips IR and the ankles plantar fl exed.  

•   The kick should fi nish below the water surface.        

    Backstroke Mechanics: General Notes 

•        The head throughout all phases should remain 
constant in an upward position toward the 
ceiling with a subtle tilt backward to keep 
water level at the  ear      (Table  17.3 ).

              Butterfl y  Biomechanics                  

    The butterfl y stroke is a combination of freestyle 
and breaststroke mechanics. The stroke is a short- 
axis stroke, in that the swimmer moves in the 
frontal plane, the short axis of the body [ 12 ]. The 
optimal butterfl y technique and a synopsis of key 
factors for this stroke according to Pink et al. are 
described below [ 12 ].    
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    Butterfl y  Upper Extremity Movement      

•        The hands should enter the water palms down 
to slightly outward about shoulder width 
apart. As the hands enter the water, they will 
travel laterally, just outside of shoulder width 
for the underwater catch.  

•   As the catch ends prior to propulsion phase, the 
wrists and elbows fl ex to direct the palms and 
forearms toward the feet, while the shoulder 
internally rotates into a high-elbow position.  

•   The propulsion phase begins once the swim-
mer has reached the high-elbow position. At 
this point, the hand and forearm are used in 
conjunction to direct propulsion forces toward 
the feet as the shoulders adduct.  

•   During the pull, there may be a slight in- 
sweep, bringing hands under body, but not 
crossing midline.  

•   The hands should accelerate through the entire 
pull to allow for effi cient momentum between 
strokes. The fi nal portion of the underwater pull 
is the ideal time to breathe during butterfl y.  

•   The arms begin the recovery phase at the end 
of the propulsion phase. The arms should be 
straight during recovery with the palm facing 
the water.  

•   The head and arms will enter the water in con-
junction with the kick to reinforce the undula-
tion motion that drives the stroke (Table  17.4 ).

             Butterfl y  Lower Extremity Movement      

•        The butterfl y kick is executed with both legs 
beating at the same time with two beats per 

stroke cycle of the arms for sprints and some-
times one beat in distance butterfl y.  

•   The fi rst kick should occur as the hands enter 
the water.  

•   The second kick should occur as the hands 
end the propulsion phase to provide propul-
sion for the recovery phase. This kick should 
be more powerful than the fi rst.  

•   The butterfl y kick creates most of its propul-
sion during the downward sweep of the legs. It 
is driven by the hip fl exors and core with the 
legs extending and driving force through sepa-
rated, internally rotated, and plantar-fl exed 
legs and ankles.        

    Butterfl y Stroke  Mechanics     : General 
Notes 

•        A neutral spine posture should be maintained 
during breathing strokes by elevating the 
torso. The alignment between the head and 
torso remains the same with and without 
breath. The eyes should remain looking at the 
bottom of the pool with each stroke and 
breath (never looking forward toward the end 
of pool).         

    Breaststroke  Biomechanics                  

    The breaststroke is a unique stroke; it uses less 
propulsion by pushing the water toward the feet 
from the arms [ 12 ]. Instead it requires propulsion 
lift and drag from a sculling action with the arms, 
while greater propulsion forces are being driven 

   Table 17.3     Backstroke   upper extremity muscle activation [ 12 ,  16 ]   

 Phases  Description  Muscle activity 

 Early pull- through  Begins with hand entry and ends at mid-pull-
through, where the arm is perpendicular to the 
body 

 Begins deltoids supraspinatus, rhomboids, 
upper trap, and serratus anterior 

 Late pull- through  Begins as the hand and arm continue 
backward underwater toward the hip and 
ends as hand exits water 

 Muscle activation transitions from above 
and ends with latissimus dorsi, 
subscapularis, and teres minor 

 Recovery  Begins as the hand exits the water led by the 
elbow and ends as the hand breaks the 
surface of the water for the next hand entry 

 Rhomboids 
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by the kick. The optimal breaststroke technique 
and a synopsis of key factors for this stroke 
according to Pink et al. are described below [ 12 ].    

    Breaststroke  Upper Extremity 
Movement      

•        The stroke begins in a streamline position with 
the arms fully extended overhead and the legs 
streamlined and extended behind the body. 
The head should be aligned in a neutral posi-
tion with eyes looking down to minimize drag.  

•   The upper extremity begins to separate into a 
pull position once the legs are in a streamline 
position. The hands will separate from the 
streamline position by pulling/sculling out-
ward, slightly wider than shoulders, while the 
head remains in neutral position.  

•   Once in the widest pull position, the wrists 
and elbows fl ex for a high-elbow position as 
the shoulders internally rotate.  

•   As the body begins to pull, the torso should 
rise with neutral spine for breath as the hands 
sweep inward and adduct under the body but 
not crossing midline. The scooping motion of 
the pull should focus on pulling body forward 
and not upward.  

•   The arms continue to accelerate into the recov-
ery, as the hands turn inward toward each other 
and upward during the scooping motion. The 
end position is when the arms return to the 
extended position of the streamline. The body 
should surge forward due to the force of the 
kick during the recovery with the elbows in a 
narrow elbow position (Table  17.5 ).

             Breaststroke  Lower Extremity 
Movement      

•        The kick begins as the legs are drawn up, with 
knee and hip fl exion, toward the buttock during 
recovery.  

•   As the heels get closer to the buttock, the hips 
internally rotate to position and set up the feet 
for the kick. The feet should externally rotate 
outward, so the toes point laterally slightly 
and the plantar surface of the feet point behind 
the swimmer.  

•   As the kick propulsion begins, the arms should 
be in a streamline position overhead. Here, the 
legs will rapidly extend the legs rearward and 
slightly downward. Pressure should be felt in 
the heel and plantar surface with the feet later-
ally rotated for the majority for the kick. The 
downward motion of the kick will drive the 
hips upward into an undulation.  

•   At the end of the kick, the feet and legs are 
adducted rapidly together into a streamline 
position (Table  17.6 ).

             Breaststroke Stroke  Mechanics     : 
General Notes 

•        Undulation should occur at the torso and chest 
with a neutral spine from the head to the trunk.  

•   The streamline position can be held for differ-
ent lengths of time depending on the length of 
competition distance.  

•   The timing of the kick is crucial to an effective 
breaststroke. It should begin once the arms 
move to the recovered position.         

   Table 17.4     Butterfl y   upper extremity muscle activation [ 12 ]   

 Phases  Description  Muscle activity 

 Early 
pull- through 

 Begins as the hands enter palms down just slightly 
wider than shoulders. The wrists and elbows will 
fl ex to face the palms and forearms toward the 
feet, while the shoulder internal rotates into a 
high-elbow position 

 Begins deltoids supraspinatus, 
rhomboids, upper trap, and 
serratus anterior 

 Late pull- through  Begins as the arms propel with a slight in-sweep 
bringing hands underbody, no further than 
midline, and continue to accelerate through the 
entire pull and round off into a scull to the outside 

 Muscle activation transitions 
from above and ends with 
latissimus dorsi, 
subscapularis, and teres minor 

 Recovery  Begins as the hands exit the water and continue 
until entry with straight arms facing palm 

 Rhomboids and deltoids 
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   Table 17.5     Breaststroke   upper extremity muscle activation [ 12 ,  17 ,  18 ]   

 Phases  Description  Muscle activity 

 Early 
pull- through 

 Begins with upper and lower extremity in 
streamline position, with the hands separating 
and sculling out to a shoulder width position 

 Begins with triceps brachii, deltoids, 
serratus anterior, and teres minor 

 Late 
pull- through 

 Begins as the wrists and elbows fl ex for a 
high-elbow position as the shoulder internally 
rotates as the arms begin to pull, raise the torso, 
and sweep inward and forward under the body 

 Muscle activation transitions from 
above and ends with serratus anterior, 
teres minor, deltoid, bicep brachii, 
pectoralis major, and latissimus dorsi 

 Recovery  Begins as the arms accelerate and the hands 
turn medially and upward during the scooping 
motion and end back into the extended 
internally rotated position of the streamline 

 Ends with serratus anterior, teres 
minor, and deltoid 

   Table 17.6     Breaststroke   lower extremity muscle activation [ 12 ,  17 ,  18 ]   

 Phases  Description  Muscle activity 

 Hip kick phase  Begins with hip extending out of 
the recovery position 

 Begins with biceps femoris and other hip extenders 

 Knee kick phase  Begins as the knee extends from 
the recovery position 

 Muscle activation transitions from above and ends 
with rectus femoris and other knee extenders 

 Ankle kick phase  Begins in dorsifl exion and extends 
to plantar-fl exed positions 

 Muscle activation transitions from tibialis anterior 
to plantar fl exors 

 Recovery  Begins as the ankle, hips, and 
knees fl ex during recovery 

 Ends with rectus femoris, biceps femoris, and 
tibialis anterior 

    Common Stroke Technique Error 

 Swim stroke modifi cations can occur as swim-
mers fatigue. Novice swimmers decrease speed 
when fatigued, and this can be demonstrated with 
decreased stroke rate and stroke length [ 19 ]. 
Conversely, expert swimmers show less speed 
reduction, but rather these swimmers increase 
stroke rate to make up for decreased stroke 
length. The expert swimmers spend more time in 
the propulsive phases of the stroke and shorten 
the recovery time to maintain speed [ 19 ].  

    Freestyle  Errors            

    Pink and Tibone [ 20 ]  reported         most common 
shoulder injuries during freestyle occur in early 
pull-through (70 %) or early recovery (18 %). 
Virag et al. [ 21 ] performed an underwater and 
above-water video analysis on healthy individuals 

to investigate biomechanical errors found in 
swimming that increase the risk of shoulder pain.    

    Common Errors in  Freestyle      Are 
Found Below (% Prevalence 
in Subjects Tested) [ 21 ] 

•     Dropped elbow during the pull-through phase 
(61.3 %)  

•   Dropped elbow during the recovery phase 
(53.2 %)  

•   Eyes-forward head-carrying angle (46.8 %)  
•   Incorrect hand entry (45.2 %)  
•   Incorrect hand entry angle (38.71 %)  
•   Incorrect pull-through pattern (32.3 %) 

(Figs.  17.2 ,  17.3 ,  17.4 ,  17.5 ,  17.6 ,  17.7 , and 
 17.8 ) [ 21 ]
               The above errors can lead to anterior shoulder 

impingement, increased stress to the anterior 
labrum and bicep attachment, and shoulder 
impingement (both general impingement and 
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subacromial impingement). Furthermore, inap-
propriate positioning of the upper extremity in 
these biomechanical errors listed above can place 
the active muscles in positions of mechanical dis-
advantage leading to early fatigue of the swim-
mer and progressively earlier faulty mechanics 
during practice and/or competition. 

 An example of a mechanical position error 
that can create shoulder pain and impingement is 
called “humeral hyperextension” which is defi ned 
as “a combination of humeral abduction and 
extension (i.e., the humerus is behind the long 
axis of the body while the arm is abducted)” [ 12 ]. 
This position can frequently occur with inappro-

  Fig. 17.2    Hand entry angle [ 21 ]       

  Fig. 17.3    Hand entry position [ 21 ]       

  Fig. 17.4    Pull-through pattern [ 21 ]       
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  Fig. 17.5    Elbow position during pull-through [ 21 ]       

  Fig. 17.6    Elbow position during recovery [ 21 ]       

  Fig. 17.7    Body roll angle [ 21 ]       
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priate hand entry (too wide or too narrow) as well 
as with inappropriate body roll (too much = greater 
than 45° or too little = less than 30°) [ 12 ]. 

 Many of the errors demonstrate a pattern of 
being interrelated, suggesting one error may lead 
to other errors. Patterns found include the follow-
ing: (a) dropped elbow during recovery phase can 
lead to thumb-fi rst hand entry, (b) a dropped 
elbow during recovery phase can lead to incor-
rect hand entry position where the hand enters 
too wide from shoulders or crosses midline of the 
long axis of the body, and lastly, (c) eyes-forward 
head position can cause inappropriate underwater 
pull-through technique [ 21 ]. When coaches and 
athletes can identify these biomechanical errors, 
shoulder injury risk factors can be decreased and 
allow the athletes more opportunity for injury- 
free swimming. 

 Yanai et al. [ 22 ] also studied shoulder impinge-
ment with freestyle. Important fi ndings include 
noting that healthy swimmers rated impingement 
during some trials and not others (approximately 
25 % of the swim trials), which suggests that 
impingement is not completely explained by only 
shoulder joint anatomy abnormalities but likely 
rather due to stroke technique abnormalities. 
These authors also found that unilateral breathing 
patterns are associated with shoulder impinge-
ment on the same side during the recovery phase 
of freestyle swimming [ 22 ]. This study suggests 
that by adopting a bilateral breathing pattern, the 
swimmer can reduce risk of shoulder impinge-
ment injury by reducing the scapular tilt, which 
can impinge the shoulder joint on the breathing 
side during recovery.     

     Injury Prevalence and Incidence   

     As aquatic endurance athletes, swimmers train 
beyond the recreational and therapeutic level for 
sport-specifi c adaptations. In 2012, two system-
atic reviews on the epidemiology, treatment, and 
rehabilitation in the competitive swimmer 
allowed insight for the health-care professional 
regarding musculoskeletal injuries to the shoul-
der, knee, and spine that can occur during this 
highly repetitive sport. Research highlights mus-
cle fatigue, joint laxity/ ROM defi cits, and 
improper or altered stroke kinematics as stressors 
that cause micro-damage to the static and 
dynamic stabilizers which are prone to injury in 
swimmers at all levels [ 13 ,  23 ]. 

 And it appears injury rates are on the rise. 
During the 2012 Olympics, 5.4 % of the swim-
mers reported injuries, which increased from 
3.4 % in 2008 [ 24 ,  25 ]. Injury rates were also 
found to increase between the 2009 and 2013 
world championships from 2.7 to 6.1 per 100 
swimmers [ 26 ,  27 ]. The incidence of injuries 
reported by the NCAA between 2009 and 2014 
from swim training/competition include a propor-
tion of 1.48/1000 for male athletes and 1.63/1000 
for female athletes [ 28 ]. In 1996, a 7-year injury 
rate in female  NCAA swimmers   highlights an 
injury rate of 2.22/1000 swimmers when dryland 
weight training injury rates were included [ 29 ]. 
Research suggests a trend exists for both swim 
training and weight training injuries in the sport of 
swimming. Most injuries in the pool are from non-
contact/overuse injuries, which occur in females 
more than males. Luckily, rarely are these overuse 

  Fig. 17.8    Head-carrying angle [ 21 ]       
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injuries severe enough for surgery with a recent 
occurrence rate of 2.7 % in male and 2.9 % in 
female swimmers [ 28 ]. For stroke-specifi c injury 
rates, swimmers specializing in breaststroke, 
backstroke, butterfl y, or the individual medley 
(IM) are at a higher risk of injury as compared to 
the freestyle-only specialists [ 28 ,  30 ].       

     Performance Considerations   

  With regard to muscle endurance, strength, and 
range of motion (ROM), Evershed et al. [ 31 ] 
defi ned asymmetry as a difference between limbs 
greater than 10 %. Evershed et al. found three  cat-
egories   of swimmers based on these clinical data: 
(1) symmetrical group with symmetrical clinical 
strength for all strength measures, (2) uniform 
asymmetrical group which represents the swim-
mers with strength defi cits consistently on the 
same side, and (3) mixed asymmetrical group 
with swimmers that have strength defi cits on both 
sides of the body [ 31 ]. Results from this study 
found that 84 % ( n  = 27) of the 32 subjects were 
asymmetrical with strength production, most 
commonly in internal rotation, shoulder adduc-
tion, and horizontal adduction. Interestingly, 
60 % of these swimmers demonstrated 
 symmetrical hand force production (meaning 
equal underwater propulsive forces bilaterally 
despite asymmetries in the clinical strength tests). 
This is because 14 of the 27 asymmetrical swim-
mers were able to compensate for the asymme-
tries [ 31 ]. 

 These results suggest that a swimmer that has 
a strength asymmetry in one of their prime mov-
ers may develop a compensatory strength imbal-
ance in another muscle group (this was found in 
86 % of the swimmers), and the result is sym-
metrical hand force production. The example 
given is “Subject 16’s left horizontal abduction is 
stronger than right, but right internal rotation and 
adduction are stronger than left. When these 
forces are summated, the overall force produc-
tion refl ects symmetry” [ 31 ]. When the strength 
compensations were not made by the swimmer, 
some swimmers found a way to compensate 
through kinematic strategy changes. The move-

ment strategy changes most commonly noted in 
the study included signifi cant changes in thoracic 
rotation (which likely contributes to asymmetri-
cal body roll) [ 31 ]. 

 Another example of these compensatory strat-
egies is highlighted in a study by Hellard et al. 
[ 32 ] that demonstrated 200 m stroke-rate vari-
ability between Olympic and national semifi nal-
ists. They found Olympic swimmers exhibited 
faster backstroke rate and longer freestyle stroke 
length with less stroke-rate variability [ 32 ]. Both 
level of swimmers decreased stroke rate in but-
terfl y, freestyle, and backstroke with fatigue in 
the second 100 m. Breaststroke swimmers dem-
onstrated variability in performance based more 
upon stroke rate and length and less due to 
fatigue, suggesting greater ability to individual-
ize technique based upon swimmer build [ 32 ]. 

 Research regarding the underwater dolphin 
kick has described that the maximal thrust occur-
ring with a downbeat kick is approximately twice 
that of the upbeat kick [ 33 ]. During the up- and 
downbeat of the kick, drag forces increase from 
16 N gliding to 208 N and will grow in size and 
strength with each kick [ 33 ]. A case study found 
there may be an optimal kick cycle specifi c for 
each individual swimmer, as speed can eventu-
ally match the amount of drag a swimmer cre-
ates, making additional efforts ineffi cient for the 
energy costs [ 33 ]. A 15 m underwater kick time 
trial is frequently performed by coaches to help 
swimmers fi nd their most effi cient individualized 
kick rate.   

    The  Pediatric Swimmer      

   Most scientifi c literature focuses on the high 
school swimmer and older. However, there are 
approximately 266,000 registered pediatric 
swimmers in the United States (USA) and 
approximately 2.5 million pediatric swimmers 
worldwide. Of US swimmers, 57 % of these 
266,000 swimmers are between ages of 6 and 12 
years, and 37 % are between 13 and 17 years of 
age [ 34 ]. With specialization in sport becoming 
more prevalent across all sports, coaches, par-
ents, and athletes are always seeking ways to fi nd 
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a competitive edge. Several authors have investi-
gated energy cost of swimming and parameters 
that may indicate success in swimming. 

 Energy cost of swimming has been defi ned as 
the total energy expenditure required for displac-
ing the body over a given unit of distance [ 35 ]. It 
has been reported that pediatric athletes accumu-
late less blood lactate than adults with swimming 
[ 36 ,  37 ]. Van Praagh reported these energy cost 
differences could be attributed to hormonal 
effects, neuromotor maturation, and/or muscle 
fi ber characteristic changes [ 38 ]. Another consid-
eration includes the assumption that pubertal 
children can produce more energy-utilizing 
anaerobic pathways [ 38 ]. 

 Jurimae et al. [ 39 ] studied 29 boys and divided 
them into two groups, 15 prepubertal boys 
(11.9 years ± 0.3; Tanner stages 1–2) and 14 
pubertal boys (14.3 years ± 1.4; Tanner stages 
3–4), and studied anthropometrics, body compo-
sition, peak oxygen consumption, stroking 
parameters, and energy cost in a 400 m freestyle 
event. These authors recognized two key patterns 
from their study. First, they found that backward 
extrapolation of 400 m freestyle at maximal 
effort is an appropriate mechanism to assess 
VO2peak in water as long as expired gas samples 
were collected in the fi rst 20 s of recovery [ 39 ]. 
Second, the authors found the top predictive fac-
tors for swimming performance [ 39 ]:

•    Best biomechanical factor → stroke index (SI)  
•   Best anthropometric factor → arm span  
•   Best bioenergetic factor → in-water VO2peak    

 These results were in agreement with another 
study by Lätt et al. (2010). Lätt et al. [ 35 ] were 
able to quantify how these performance predic-
tors could account for variance between swim-
mers. This group reported that stroke index 
accounted for 90.3 % of variance, arm span 
accounted for 45.8 % of variance, and blood lac-
tate accumulation accounted for 45.2 % of per-
formance variance between youth swimmers 
[ 35 ]. Dormehl et al. [ 40 ] compared male and 
female swimmers in two age categories, ages 
12–14 and 15–18. These authors studied video 
footage of these swimmers competing in 100 m 

and 200 m events. It was found that the older age 
group demonstrated a higher velocity, longer 
stroke length, and greater stroke index than the 
younger swimmers. Additionally, as distance 
increased, stroke length decreased progressively 
with larger changes noted in the younger swim-
mers, which may indicate the role of physical 
immaturity and racing inexperience, which this 
may have a role in swimmers’ pacing abilities 
and performance with longer distances [ 40 ]. 
Knowledge of the weight of these variables and 
parameters can help coaches create appropriate 
training loads for the pediatric swimmer to boast 
performance while minimizing overtraining and 
injury risk.    

    The  Masters Swimmer      

   Even in healthy adults,  physiological functional 
capacity (PFC)   declines with increased age [ 41 – 45 ]. 
 PFC   is defi ned as “the ability to perform the physi-
cal tasks of daily life and the ease with which these 
tasks can be performed”[ 6 ]. Several researchers 
have investigated performance of aging elite ath-
letes to more completely understand  PFC   changes 
with increased age. Aging elite athletes generally 
have fewer variables found than the aging general 
population including fewer/lesser changes in body 
composition, lesser changes in physical activity 
participation, and fewer comorbidities/degenera-
tive diseases [ 6 ]. 

 Donato and his coauthors [ 6 ] investigated the 
performance of 640 elite masters swimmers 
between 1988 and 1999 from the US Masters 
Swimming (USMS) Championships. The ath-
letes studied placed in the top 10 in their age 
group in the 50 m or 1500 m during the 12-year 
study period [ 6 ]. A follow-up study was per-
formed by Rubin et al. [ 46 ], and these authors 
performed a retrospective study collecting data 
from the USMS and International Masters 
Swimming Hall of Fame (IMSHOF) records. The 
inclusion criteria for subjects in Rubin’s study 
include a minimum age of 25 years, participation 
in at least 16 years of masters swimming (compe-
tition spanning at least 4–5 year age groups), and 
IMSHOF recognition (Table  17.7 ) [ 6 ,  46 ].  
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       Common Injuries 

     Shoulder      

    The most common area prone to injury in a swim-
mer is the shoulder where 40–91 % swimmers 
have reported shoulder pain in their lifetime [ 13 ]. 
The shoulder’s primary use is to aid the arm’s 
ability to generate propulsion forces necessary to 
pull the body forward in the water. Males and 
females have similar injury risk and injury pat-
terns, which appears to begin with muscle fatigue 
scapular dyskinesia, which has been found dur-
ing practice even in healthy, pain-free swimmers 
[ 47 ]. During a swim practice quartered into 
breaks, scapular dyskinesia increased from 37 %, 
to 68 %, to 74 %, and eventually to 82 % by the 
end of practice in healthy swimmers [ 47 ]. Once 
scapular dyskinesia presented it never disap-
peared for the remainder of practice, suggesting 
vulnerability over time with high levels of repeti-
tion and training [ 47 ]. 

 Tate et al. [ 48 ] studied risk factors associated 
with shoulder pain/disability across the lifespan 
of competitive swimmers in 2012. They found 
swimmers less than 12 years have shoulder pain, 
while older swimmers have shoulder pain and 
disability [ 48 ]. Hours swum per week were posi-
tively correlated with shoulder pain and disabil-
ity, while participation in other sports, besides 

water polo, was found to reduce the risk of injury 
[ 48 ]. Additionally, for younger swimmers, it 
appears that shoulder fl exibility, weakness of the 
middle trapezius and shoulder internal rotators, 
and tightness of the latissimus dorsi predispose 
them to shoulder pain [ 48 ]. On the contrary, older 
swimmers present with pectoralis minor muscle 
tightness and core muscle weakness which pre-
dispose them to pain and disability [ 48 ]. 

 Wolf et al. [ 30 ] and Walker et al. [ 49 ] high-
light injury patterns and risk factors for the shoul-
der. They found that injuries that occur during 
swim practice were due to stroke technique errors 
and the use of hand paddles. Other risk factors 
were (a) strength and conditioning errors, (b) 
being freshmen in college, and (c) being female. 
Scapular dyskinesia, rotator cuff strength imbal-
ances, glenohumeral laxity, and external rotation 
(ER) range of motion (ROM) <93° and ≥100° 
were risk factors that should be assessed and 
addressed to protect from injury to reinjury. 

 The risk for injury increases as the dynamic sta-
bilizers fatigue and the static structures become 
overused which leads to the possibility of increased 
laxity over time [ 13 ]. An example of this during 
freestyle is at stroke entry, when the forward fl ex-
ion and internal rotation of the glenohumeral joint 
during the recovery phase meets the hydrody-
namic force of the hand hitting the water, forcing 
the hand to elevate the arm into an impingement 

   Table 17.7    Age-related changes in the  masters swimmer   [ 6 ,  46 ]   

 Swimming performance 
[ 6 ,  46 ] 

 Declines progressively with age until ~70 years 

 After 70 years, the decline becomes quadratic 

 Strength and power declines 

 Water resistance and drag increases 

 Event duration [ 6 ]  Long-duration event performance more affected by age than short duration 

 Females versus Males 
[ 6 ,  46 ] 

 Female swimmers show greater decline in performance 

 Female swimmers demonstrate decreased muscular strength and power 
especially in the upper extremities 

 General [ 6 ]  Age-related decline is variable based on numerous factors including: 

 Variability in training volume 

 Variability in training intensity 

 Athlete motivation 

 Comorbidities 

 General body fatigue in response to exercise 
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position if not stabilized [ 13 ]. This impingement 
position was estimated from video analysis to be 
24.8 % of the stroke time during freestyle [ 22 ]. 
Consider that a high-level swimmer trains for 
~20–30 hours per week which can add up to 
~500,000 strokes per arm; an untreated shoulder 
that experiences continued impingement can expe-
rience a spectrum of injuries including laxity, 
 tendonitis, lesions, defects, and loose bodies [ 50 ]. 

 Common clinical fi ndings in the injured swim-
mers shoulder include [ 23 ]:

•    Supraspinatus and subscapularis 
tendinopathy  

•   Subacromial impingement and thickening of 
the supraspinatus, infraspinatus, and teres 
minor  

•   Subacromial bursitis with lesions of the acro-
mial joint (ACJ) that can lead to osteoarthritis 
(OA)  

•   Superior shoulder labral tear from anterior to 
posterior (SLAP)

• Bankart and long head of the biceps tendon 
lesions    

 Impingement is primarily caused by altered 
kinematics rather than subacromial pathological 
changes when [ 13 ,  51 ]:

    (1)    Anteroinferior acromion impinges the bursal 
surface of the rotator cuff.   

   (2)    Anterosuperior glenoid and labrum impinge 
the rotator cuff and/or the bicep tendon.    

  This has been supported by Sein et al. [ 51 ] 
whose MRI images found only three out of 52 
swimmers presented with acromion pathology. 
Additionally, he found that positive MRI fi ndings 
were seen in healthy swimmers [ 51 ]. 

 Glenohumeral joint rotation changes in unilat-
eral overhead athletes have been shown to occur 
in the dominant shoulder when compared to the 
nondominant [ 52 – 54 ]. The competitive swim-
mer, however, is a bilateral upper extremity ath-
lete, utilizing both dominant and nondominant 
arms. Humeral adaptations in bilateral upper 
extremity athletes depend on the muscle demands 
and technique of each swimmer. Research by 

Potts et al. found a disparity in shoulder strength 
exists in swimmers due to the preferred breathing 
style, demonstrating bilateral breathers are better 
balanced than unilateral breathers [ 55 ]. Whiteley 
at el. [ 54 ] reported in elite swimmers signifi -
cantly greater humeral retrotorsion (6.4°> ER) of 
the dominant versus nondominant arm in adoles-
cent swimmers [ 56 ]; however, this is almost half 
the difference found in unilateral upper extremity 
athletes (11.9° > ER) [ 56 ]. 

 Additional research by Riemann et al. sup-
ported this pattern of greater external rotation in 
the dominant arm found in all sexes across the 
age groups in youth, high school, and master pro-
grams [ 50 ]. These authors studied  active range of 
motion (AROM)   in 144 swimmers aged 12–61 
years without recent history (<6 months) of 
shoulder pain or injury, with at least one year of 
competitive swimming experience, and practice 
frequency of ≥ 3× weekly were involved in the 
study. These swimmers demonstrated adaptive 
changes in the total arc of shoulder ROM with 
and without scapular stabilization in both the 
dominant and nondominant arms; commonly, the 
dominant arm will have greater ER AROM, 
while the nondominant arm will have greater IR 
AROM [ 50 ]. The rationale that may explain this 
fi nding is that, for example, a right-hand- 
dominant swimmer more frequently prefers to 
breathe right even when they report being bilat-
eral breathers, which correlates to a need for 
more stability and more propulsive forces created 
underwater with the nondominant left arm [ 50 ]. 
However, the authors admit that more research 
needs to be done to investigate breathing pattern 
preferences and compare dominant and nondom-
inant upper extremity strength and ROM values 
as this was not directly studied by the group. 

 Poor mechanics while swimming can be doc-
umented with both breathing and nonbreathing 
strokes. Abnormal mechanics also appear to be 
heightened in the presence of pain. One example 
of technique change is an increase in body rota-
tion on the breathing side of the painful shoulder 
[ 57 ].  Musculoskeletal limitations   in ROM could 
be a possible cause as a study by Thomas et al. 
found  musculoskeletal limitations in ROM   pres-
ent after 12 weeks of swim practice [ 58 ]. These 
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changes include decreased internal rotation and 
scapular protraction at 45° of elevation which can 
impact stroke performance [ 58 ]. Heinlein et al., 
Scovazzo et al., and Cools et al. each discuss 
variations in muscle activation for freestyle found 
from previous research, including an altered acti-
vation in the anterior and middle deltoid, upper 
trapezius, rhomboid, and serratus anterior which 
affect scapular upward rotation and protraction 
[ 59 – 61 ]. Similar studies highlight butterfl y 
mechanical changes with noticeable altered 
upper trapezius, serratus anterior, supraspinatus, 
and teres minor activation, resulting in downward 
rotation of scapula [ 11 ,  59 ]. Further, previous 
research in breaststroke demonstrated altered 
muscle activation from latissimus dorsi, upper 
trapezius, subscapularis, and supraspinatus, 
resulting in the same decrease in scapular upward 
rotation that predisposes the shoulder to dyskine-
sia and impingement [ 17 ,  59 ]. 

 Additional changes have been found in swim-
mers with painful shoulder during functional 
tasks, including greater activation of the sterno-
cleidomastoid, upper trapezius, and anterior sca-
lene on the involved side [ 62 ]. A study by 
Figueiredo et al. found muscles prone to fatigue 
in the last laps of 200 freestyle include fl exor 
carpi radialis, biceps brachii, triceps brachii, pec-
toralis major, upper trapezius, rectus femoris, and 
biceps femoris [ 63 ]. A follow-up study in 2013 
by Figueiredo found a kinematic change occurs 
in stroke mechanics at the onset of fatigue for the 
above muscles. He noted increased muscle activ-
ity and activation duration during the pull- 
through phase with the onset of muscle fatigue. 
Unfortunately, the increased muscle activation 
did not generate higher propulsion forces, caus-
ing a decrease in velocity in the last 50 of a 200 m 
swim [ 64 ]. 

 This same phenomenon is most likely occur-
ring during practice with similar injury risk and 
injury patterns, which appear to begin with mus-
cle fatigue and compensation leading to scapular 
dyskinesia and other altered mechanics [ 47 ,  58 ]. 
Common corrective exercises and recommenda-
tions for injury prevention and rehabilitation will 
be discussed later.     

     Knee      

    Knee pain is the second most reported location 
injured among swimmers with 34–86 % inci-
dence among swimmers [ 13 ]. The greatest inci-
dence of knee pain is among breaststrokers, and 
the primary cause is the biomechanics of the 
breaststroke kick which generates high valgus 
loads during the adduction phase [ 13 ]. Evidence 
of repetitive stress to the medial compartment in 
breaststrokers includes synovitis, MCL strains, 
thickening of the medial plica, and pes anserine 
tendinitis or bursitis [ 65 – 67 ]. 

 One study found a higher incident of knee 
pain when hip abduction angles were either less 
than 37° or greater than 42° [ 68 ]. Altered kick-
ing kinematics have been seen in swimmers 
with medial patellar facet pain, as additional 
stress is accumulated when the swimmer 
increases hip abduction and fl exion with 
increase in knee fl exion [ 69 ]. These swimmers 
with MCL pain showed high velocity at the 
hips and knees, with the tibia increasing exter-
nal rotation as the knees extended and the ankle 
plantar fl exed [ 67 ]. 

 The fl utter kick used during backstroke and 
freestyle can also place repetitive stress thru the 
knee via patellofemoral overload [ 66 ]. This type 
of anterior knee pain may also be the result of 
improper starts and turns that place forceful mus-
cle contractions through the knees in mini-squat 
position [ 66 ]. Additional considerations should 
be considered regarding tracking abnormalities, 
patellar instability, subluxations, impaired 
strength, endurance, and fl exibility that may pre-
dispose a swimmer’s knee to injury [ 13 ]. 

 Swimmers may have abnormalities in stroke 
technique, training error, and dryland dysfunc-
tional movements that take years to become 
symptomatic at the knee [ 13 ]. This statement is 
supported by a study in asymptomatic elite swim-
mers, 14–15 years of age, with abnormal  MRI   
fi ndings in 69.2 % compared to 31.1 % in age- 
matched controls [ 70 ]. The areas of MRI abnor-
malities include edema to the infrapatellar fat pad 
(53.8 %), bone marrow (26.9 %), prefemoral fat 
pad (19 %), and joint effusion (15.3 %) [ 70 ]. It is 
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unknown whether or not these fi ndings corre-
spond to benign acute changes from training or if 
the stress fi ndings become chronic damage, 
defect, or instability; additional research is 
warranted.     

     Spine      

    Similar to other swimming overuse injuries, mus-
cle strength, endurance, and fl exibility each have 
a role in back pain. Outside of myofascial strains 
that can result from the twisting motion with fl ip 
turns and body roll errors [ 23 ], it appears that 
degenerative disk changes at multiple levels are 
more common in swimmers than control [ 71 ]. 
Research has demonstrated little sex differences 
in low back pain; however training intensity, 
duration, and distance of the competitive swim-
mers appear to increase disk degeneration in elite 
swimmers (68 %) compared to recreational 
swimmers (29 %), in those ~20 years of age [ 72 ]. 
Another underlying cause could also be related to 
the aqueous training environment, which can 
lead to decreased bone mineral density as com-
pared to athletes who compete on land [ 73 ]. 

 The streamline position, used for starts and 
turns, may predispose the back to repeated stress. 
A study by Kobayashi et al. found the streamline 
position, while swimming increased lumbar lor-
dosis, with a strong positive correlation to a 
streamline position on land [ 74 ]. This extended 
position can lead to repetitive loading of the pos-
terior structures placing them at risk for spondy-
lolysis and spondylolisthesis [ 13 ]. Similarly, the 
undulation motion that occurs at these hips and 
spine during butterfl y and breaststroke can exag-
gerate lumbar lordosis [ 13 ]. Additional stressors 
to the lumbar spine can occur at practice with the 
utilization of fi ns, kick boards, and pull buoys, as 
each has been found to produce excessive hyper-
extension of the lumbar spine [ 75 ]. 

 The number of training hours in adolescence 
may predispose swimmers to increased thoracic 
and lumbar spine injury without a balanced pro-
gram. A study by Wojtys et al. found that lumbar 
lordosis and thoracic kyphosis angles increase in 
swimmers between 8 and 18 years of age in both 

sexes, compared to the smaller angles found in 
the age-matched youth who lacked sport partici-
pation [ 76 ]. During this time of development and 
growth in the age group swimmer, the bones have 
not ossifi ed/hardened to protect against repeated 
stress [ 77 ]. If the training hours surpass the 
endurance of often weak abdominal muscles, 
then the hip fl exors can increase lordosis and lead 
to other common back injuries in swimmers 
including: acute disk herniation, apophyseal frac-
ture, strains, sprains, contusions, spondylolysis, 
and spondylolisthesis [ 77 ]. 

 Altered activation patterns in the lumbo- pelvic 
musculature may predispose these athletes to 
overuse injuries to the vertebral joints, muscles, 
and ligaments [ 78 ]. It is imperative to assess and 
teach proper control of the lumbar spine at rest 
and against sport-specifi c demands to protect the 
swimmers’ back during swimming tasks. An 
increase in lumbar lordosis is related to a decrease 
in internal oblique and transverse abdominal acti-
vation during the streamline position [ 74 ]. 
Further information regarding how to improve 
core control will be discussed later in the reha-
bilitation section of this chapter.     

     Hip      

    Similarly, control of the lumbo-pelvic muscula-
ture may also predispose a swimmer to injuries to 
the hip joint, ligaments, and musculature. Most 
common injuries include the hip fl exor and the 
adductor magnus and brevis [ 66 ]. These adductor 
injuries can occur during the wide breaststroke 
kick that causes the breaststroker knee [ 23 ]. 
Chronic hip pain, femoral acetabulum impinge-
ment, structural instability, labral tears, and chon-
dral lesions are all risks from repetitive hip 
internal rotation (IR) motions of the lower 
extremity (LE) that occur during the breaststroke 
kicking motion [ 79 ]. Impaired stability and 
movement patterns during a swimmer hip-driven 
kick should be assessed as research reports the 
presence of muscle weakness in those with 
chronic hip pain [ 79 ]. 

 The muscles found to be weak and lacking 
neuromuscular control are those responsible for 
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hip external rotation, internal rotation, and abduc-
tion [ 56 ,  79 ]. Utilizing fi ns and a kick board at 
practice can increase lumbar lordosis and apply 
additional stress to the hip structures [ 10 ]. 
Common corrective exercises and recommenda-
tions for injury prevention and rehabilitation will 
be discussed in further detail in the rehabilitation 
section of this chapter.     

     Ankle      

    The ankle is used in many ways to create under-
water propulsion forces. Backstroke, freestyle, 
and butterfl y share a similar kicking kinematics 
with a kick driven from the hips that transfer high 
forces against hydrodynamic resistance down the 
kinematic chain to a plantar-fl exed foot. 
Additionally, these three strokes may all use an 
underwater,  dolphin kick action   to produce veloc-
ity from a start or turn into their breakout strokes. 

 Scientifi c evidence is lacking regarding effects 
of ankle fl exibility in swimming, even though 
many swimming programs emphasize ankle 
plantar fl exion stretches into their routine. A 
recent study by Willems et al. found muscle 
strength of plantar fl exors, and internal rotators 
were predictors of power and performance during 
the  dolphin kick   in competitive swimmers [ 80 ]. 
They did not fi nd a relationship between plantar 
fl exion and internal rotation ROM on perfor-
mance; however, the authors wanted to investi-
gate the changes in mechanics in a swimmer with 
inadequate ankle plantar fl exion ROM. By taping 
the tested ankle to temporarily increase joint 
stiffness, the authors altered kicking kinematics 
at the knee, increasing fl exion and decreasing 
extension propulsion forces [ 80 ]. Kicking with a 
plantar-fl exed ankle appears to be a skill learned 
through experience, as novice swimmers have 
demonstrated a dysfunctional kick with less plan-
tar fl exion, which was theorized as a reproduc-
tion of walking in the water [ 81 ]. With increased 
exposure, novice swimmers have been found to 
effectively achieve optimal plantar fl exion ROM 
as evidenced by the performance of functional 

kick movement patterns learned with increased 
experience [ 81 ,  82 ]. 

 Ankle hypermobility and chronic instability 
may cause problems for those athletes who fatigue 
in their dynamic stabilizers or lack proper neuro-
muscular control to prevent repeated lateral ankle 
sprains. If untreated, chronic instability can develop 
into osteoarthritis as research had found ligamen-
tous stabilizers could lengthen, tear, and allow the 
fi bula to displace laterally and widen the ankle 
joint, which allows for excessive talar rotation [ 83 ]. 
This can lead to rear foot eversion movement that 
negatively impedes ground reaction forces and per-
formance seen during a swim start [ 82 ]. 

 Fin use has been associated with ankle inju-
ries, as the foot requires more energy and torque 
depending on the type of fi n used, and has been 
found to affect the body position during the kick 
[ 10 ,  80 ]. Using a swimmers’ fi n has been found 
to have a kinematic change that increase the kick 
frequency, amplitude, and depth of the kicking 
feet [ 80 ]. This may predispose the swimmer to 
injury as the increasing amplitude and speed cre-
ates a bigger wake and drag to overcome. Elipot 
et al. discovered higher-level swimmers have an 
improved coordination and less drag during their 
underwater undulation, as they are able to keep 
joint angles smaller than lower-level swimmers 
[ 84 ]. These higher-level swimmers move with a 
synergistic action between the ankle and hip and 
an independent knee action [ 84 ]. 

 The extra stress applied through the ankle to 
the tibia during a swimmer’s kick may predis-
pose an athlete to repeated stress leading to 
medial tibial stress syndrome. This supports pre-
vious research that found swimmers have lower 
bone mineral density than athletes who compete 
in a weight-bearing sport [ 73 ]. Mudd et al. found 
the spine, pelvic, and lower legs to site-specifi c 
area prone less bone mineral in swimmers [ 73 ]. 
And a study by Palmer et al. found that swim-
mers who are symptomatic with medial tibial 
stress syndrome had a lower bone mineral den-
sity than non-symptomatic swimmers [ 85 ] which 
places them at higher risk for stress fractures in 
the lower extremities.      
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    Swimming Injury  Conclusion                  

  Regardless of the injury, treatment should begin 
with relative rest, ice, and NSAIDS during the 
acute phase to reduce infl ammation. Conservative 
rehabilitation should focus on the technique cor-
rection of muscle imbalances found during evalu-
ation and during swim stoke. Corticosteroid 
injections have been suggested if pain is consis-
tent and hinders rehabilitation [ 23 ]. The fi nal 
option, if 3–6 months of conservative treatment 
was unsuccessful, is surgery. However, the 
research on overhead athletes with arthroscopy 
and subacromial decompressions includes few 
swimmers and suggests poor results with a 56 % 
return rate to swimming at prior level of function 
[ 23 ]. The return rate for posteroinferior capsular 
shift has been found to be 70 %, with a low recur-
rence rate of multidirectional instability [ 23 ].   

    Unique Pulmonary Considerations 
in Swimmers 

    Thoracic Outlet and Paget-Schroetter 
 Syndrome            

     The cervical spine is also an area prone to injury 
in overhead athletes. Most injuries appear to be 
muscle strains, sprains, or contusions [ 86 ]. 
However, other conditions have been found in 
swimmers including thoracic outlet syndrome 
and Paget-Schroetter Syndrome, which is a medi-
cal emergency with a thrombosis of the subcla-
vian vein [ 87 ,  88 ]. This effort thrombosis occurs 
from strenuous and repetitive activity of the 
upper extremities during swimming which pres-
ents similarly to thoracic outlet syndrome; excep-
tions include arms swelling with distention and 
dilation of visible veins across the shoulder and 
upper arm (Urschel’s sign) [ 88 ]. Evidence sup-
ports that anatomical abnormalities of the tho-
racic outlet are involved in the pathogenesis of 
these thrombosis, including the cervical rib, con-
genital bands, hypertrophy of scalene tendons, 
and abnormal insertion of costoclavicular liga-
ments. Doppler ultrasonography is the preferred 
initial test, with contrast venography being the 
cold standard for diagnosis [ 88 ].      

    Swimming-Induced Pulmonary 
 Edema      

   Swimming-induced pulmonary edema (SIPE) is 
not widely described in literature as it is diffi cult 
to capture as it is transient in nature. A diagnosis 
of SIPE is made when a swimmer reports 
 shortness of breath accompanied with coughing 
in the absence of water aspiration [ 89 ]. Severity 
is categorized as “mild” when the swimmer is 
able to complete the swimming trial despite onset 
of symptoms and “severe” when the swimmer 
stops the swim due to symptoms. Miller and his 
coauthors surveyed athletes belonging to the US 
triathlon organization to assess prevalence and 
risk factors for SIPE. Based on their fi ndings, 
SIPE may be present in 1.4 % of the population; 
only four of 31 cases occurred in the absence of 
these risk factors [ 90 ]. See Table  17.8  for SIPE 
risk factors.

   Shupak et al. followed 35 males aged 18–19 
years who were undergoing military training for 
open water swimming. None of the subjects had 
a history of pulmonary conditions, and none were 
habitual smokers (“some” smoked 2–3 cigarettes 
daily for 1–2 years). All swimmers completed 
fi ve open water swim trials. Trials 1, 2, 3, and 5 
were 2.4 km and trial 4 was 3.6 km. The water 
temperature was between 16 and 18 °C (61–
64 °F), and all swimmers wore 6 mm thick neo-
prene diving jackets, swam supine, and utilized 
fi ns. During the duration of the study, 29 inci-
dents of SIPE in 21 individuals (60 % incidence) 
were documented [ 89 ]. 

 Shupak et al. propose that SIPE is induced by 
stress failure of the pulmonary capillaries. The 
failure of the pulmonary capillaries could be 
caused by the increased pulmonary blood fl ow 
and pressure which allows for the higher molecu-
lar weight protein edema fl uid and red blood cells 
to leak into the interstitium and alveolar space 
[ 89 ]. The incidence of activity-induced pulmo-
nary edema is higher in aquatic environments as 
compared with dryland environments. This is 
likely because immersion increases cardiac pre-
load and pulmonary arterial pressure [ 89 ]. 
Additionally, cold water also increases risk for 
SIPE as cold water decreases core body tempera-
ture, which causes the body to shift the blood 
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from peripheral to more central (thoracic) blood 
vessels [ 92 – 95 ]. Cold water immersion also 
increases cardiac pre- and afterloads [ 96 ,  97 ]. 

 Presentation in the emergency department is 
varied due to transportation times. 
Electrocardiography may show minor changes; 
some cases may present with positive troponin 
levels and transient left ventricular dysfunction 
[ 92 ,  98 ]. Pulmonary function tests may reveal 
rales, wheezes, and/or abnormal chest X-rays. 
Based on observation of three patients with SIPE, 
it was found that the gravity-dependent areas of 
the pulmonary vasculature were at higher risk to 
demonstrate abnormal lung sounds and chest 
X-ray results [ 91 ]. Other signs of SIPE presenta-
tion include dyspnea, cough (with our without 
hemoptysis), tachypnea, and confusion 
(Table  17.8 ) [ 89 – 91 ]. 

 The above cardiopulmonary dysfunctions are 
not common in the swimming athlete but should 
be recognizable to health-care providers within 
differential diagnosis considerations to improve 
athlete outcomes and expedite return to prior 
level of swimming function as safely and effi -
ciently as possible (Table  17.9 ) [ 91 ].  

        Rehabilitation      

   Rehabilitation of injured swimmers depends on 
many factors including past medical history, 
comorbidities, medications, allergies, and the 
timing of a conservative versus surgical rehabili-
tation on the return to sport for a competitive sea-
son. Many of the principles applied in the 
conservative and surgical rehabilitation program 

are the same; however, protection of anatomic 
repair and any concomitant pathologies must be 
considered on an individual bases [ 99 ]. 
Regardless of the mechanism of injury, treatment 
starts with diminishing pain and infl ammation 
and protecting the healing tissue while prevent-
ing the negative effects of immobilization and 
nonuse [ 99 ]. 

 The following are recommendations and con-
siderations regarding the rehabilitation of swim-
mers. Treatment should begin with setting the 
foundation of proper movement patterns, dis-
couraging faulty movements early and through-
out the return to sport. 

 Swimming is a unique sport in which ground 
reaction forces are rarely used. In the water, the 
trunk becomes the location of proximal stability 
to drive movement and propulsion from the upper 
and lower extremities. Regardless of injury, core 
stability and strengthening must be a signifi cant 
focus of the rehabilitation. The end goal must be 
sport-specifi c control and endurance utilizing the 
upper legs, pelvis, trunk, and shoulders together.    

     Breathing      

   Breathing is an unconscious core muscle activa-
tion pattern that has been found to become disor-
dered in athletes with dysfunctional movement 
patterns [ 100 ]. The normal and most effi cient 
breathing pattern is termed “diaphragmatic 
breathing,” and it involves the use of the dia-
phragm muscle to synchronize motion along the 
rib cage and abdomen [ 100 ]. One common dys-
functional breathing pattern is called “thoracic 

    Table 17.8    Risk factors for  swimming-induced pulmo-
nary edema (SIPE)   [ 89 – 91 ]   

 1  Swimming in cold water 

 2  Oral fl uid overload before a swimming event 

 3  History of hypertension 

 4  Participation in triathlon competition length 
of half-ironman distance or greater (1.2+ 
miles of swimming) 

 5  Female sex 

 6  Use of fi sh-oil supplements 

   Table 17.9     Swimming-induced pulmonary edema 
(SIPE)   treatment guidelines [ 91 ]   

 On scene  Provide nebulized albuterol and 
supplemental oxygen (O 2 ) 

 Continue O 2  until saturation of 
≥95 % maintained (often 1–5 days) 

 Prevent 
hypothermia 

 Remove cold clothing 

 Increase body warmth with towels 
and blankets 

 Continued care  Continue supplemental O 2  and beta 
2-agonist for alveolar clearance 
and symptom improvement 
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breathing,” which involves the upper chest mus-
cles expanding the upper rib cage and not utiliz-
ing movement from the lower rib cage and 
abdomen [ 100 ]. Studies have found a connection 
between the muscle compensation that occurs 
with thoracic breathing and neck pain, scapular 
dyskinesia, trigger point formation, and respira-
tory alkalosis [ 100 ]. Objectively, these dysfunc-
tional movements have been researched utilizing 
a Functional Movement Screen [ 100 ]:

•    75 % of those who do not pass (score ≤ 14/21) 
demonstrated thoracic breathing.  

•   66.6 % of those who passed (score ≥15/21) 
were diaphragmatic breathers.    

 Therefore, swimmers that demonstrate tho-
racic breathing may have more abnormal func-
tional movement patterns and should be further 
evaluated for these in and out of the water. 

 Inspiratory muscle training has been shown to 
improve performance in both trained athletes and 
untrained individuals [ 101 ,  102 ]. A study by 
Wilson et al. found combining a standard warm-
 up with an inspiratory device improved perfor-
mance in 100 m freestyle by 0.62 s [ 103 ]. It has 
been demonstrated that improved inspiratory vol-
ume and forced expiratory volume in 1 s can 
occur after 12 weeks of respiratory training [ 104 ]. 
Additional research has demonstrated that swim-
mers with 6 weeks of respiratory training have 
been able to improve 100 m and 200 m times but 
not 400 m [ 105 ] times; additional research is 
needed to understand training effects on distance 
events.    

     Breath Control/Pulmonary Function   

  Different strategies can be employed to improve 
breathing economy to gain a competitive edge 
with swimming. A training strategy utilized to 
improve swimming performance is apnea train-
ing. It has been documented that apnea training 
has several metabolic responses including 
increased lung volume [ 106 ] and decreased ven-
tilatory responses to submaximal exercise/less 
dyspnea during exercise [ 107 ]. Lemaître and 
coauthors conducted a study of four male swim-

mers with no previous apnea training that per-
formed a 3-month apnea training which consisted 
of performing 30 s apnea bouts (precipitated by a 
deep but not maximal breath to avoid Valsalva 
and Muller maneuvers) followed by 30 s of 
breathing room air while performing steady-state 
cycling at 30 % maximal oxygen uptake for 1 h 
as described in previous research [ 108 ,  109 ]. The 
test/ retest was performance based upon time to 
complete the 50 m freestyle spirnt without a 
breath. All four swimmers presented after 3 
months with a signifi cant increase in minimum 
arterial oxygen saturation (SaO 2 min), maximal 
oxygen update (VO 2 peak), and respiratory com-
pensation point (RCP). Swimmers reported 
decreased perceived dyspnea, demonstrated 
delayed fatigue, increased stroke length (which 
has been reported to improve swimming perfor-
mance), and greater propulsive continuity after 
apnea training. [ 107 ]. It must be noted that 
underwater apnea training to promote improved 
performance has been advised against in more 
recent years due to the more public awareness of 
accidental drownings. 

 Boyd and his coauthors have issued a public 
service announcement warning swimmers to 
avoid “dangerous underwater breath-holding 
behaviors” (DUBBSs)    [ 110 ]. Hypoxic blackouts 
occur as a drop in partial pressure of oxygen in 
arterial blood gas occurs which results in hypoxia 
and then loss of consciousness underwater. 
Hyperventilation before swimming decreases 
carbon dioxide stores in the body, which delays 
the automatic response to come to the surface to 
breathe [ 110 – 112 ]. Four of 16 DUBB cases in 
New York between 1988 and 2011 resulted in deaths. 
Each of the four fatalities occurred in males who 
were known to be “expert” swimmers, and each 
performed hyperventilation activities before 
practicing underwater lap swimming [ 110 ]. 15 of 
the 16 drownings occurred in a pool facility, 14 of 
15 of these had a lifeguard on duty with lifeguard 
rescue attempt, and more than half of the 16 inci-
dents occurred with the drowning victim being 
accompanied by at least one other swimmer 
[ 110 ]. Due to the high and life- threatening risks 
associated with this type of training, the costs 
outweigh any benefi ts proposed and therefore it 
should be avoided. 
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 An alternative to apnea training is a respiratory 
muscle warm-up. As mentioned earlier, Wilson 
et al. studied 15 elite swimmers (nine male, six 
female) to assess if an inspiratory muscle exer-
cise (IME)-specifi c warm-up would improve 
swim performance as measured with a 100 m 
freestyle sprint [ 103 ]. Each swimmer had their 
own POWERbreathe device setup according to a 
percentage of their maximum inspiratory muscle 
pressure for the test. The swimmers were assigned 
to one of the four warm-up protocols. Protocol 1 
included a swim-only warm-up. Protocol 2 
included a IME warm-up with 2 × 30 reps of 40 % 
maximal inspiratory muscle pressure (40 % to 
prevent fatigue). Protocol 3 included the same 
swim warm-up as protocol 1 and included a sham 
IME warm-up (2 × 30 reps of 15 % maximal 
inspiratory muscle pressure). Lastly, protocol 4 
included the same swim warm- up as protocol 1 
followed by the IME warm-up described in pro-
tocol 2. The athletes performed their assigned 
warm-ups 1× weekly for 4 weeks [ 103 ]. At retest, 
the results are as follows from fastest 100 m time 
to slowest: swim and IME warm-up, swim and 
sham IME warm-up, swim- only warm-up, and 
IME-only warm-up. The swim and IME warm-
up was statistically faster than the swim-only 
warm-up and the IME-only warm-up but not sta-
tistically faster than the swim warm-up and sham 
IME warm-up. Follow-up investigation is needed, 
but these initial results demonstrate that the IME 
warm-up can be a safe and simple addition to 
swim training and improves performance [ 103 ].    

    Spine 

     Cervical      

   Endurance of the deep cervical spine muscles 
and pelvic and lumbar stabilizers are important in 
rehabilitation nontraumatic spine injuries. It is 
important to rule out red fl ags at the cervical and 
lumbar spine when warranted to determine if an 
appropriate referral or emergent care is needed. 
A recent literature review highlights how nonspe-
cifi c neck pain in athletes maybe the result of 
minor sprains and strains during athletics [ 86 ]. It 

appears these injuries result from defi cits in 
cervical or upper thoracic mobility as well as cer-
vical and upper thoracic muscle recruitment, 
strength, and endurance that effect repositioning 
acuity, postural stability, and oculomotor control 
[ 86 ]. This is supported by other researches found 
in overhead athletes, supporting thoracic ROM 
asymmetries and defi cits are found even in 
healthy controls between the dominant and non-
dominant arms [ 113 ]. 

 Research also highlights the importance of 
stretching exercises for the scalenes, upper trape-
zius, levator scapulae, and pectoralis minor in 
athletes with neck pain [ 86 ,  114 ]. Tightness of 
these muscles can lead to axillary artery occlu-
sion or thoracic outlet syndrome and compres-
sion of the subclavian artery, vein, or brachial 
plexus and/or axillary artery, with neurovascular 
symptoms of arm fatigue, pain, tenderness, and 
cyanosis [ 87 ,  114 ]. If an increase in thoracic 
kyphosis or anterior scapular tilt is present, then 
thoracic extension and pectoralis minor stretch-
ing have been recommended [ 86 ]. Nerve glides 
maybe needed for those athletes who have radic-
ular symptoms down the upper extremity [ 86 ]. 
Other interventions include cervical retraction 
exercises to reduce forward-head position with 
improvement in deep neck musculature; a sample 
program is provided below (Appendix  A ) [ 86 ].    

     Lumbar         

    Treatment options for athletes with low back pain 
must be based upon sound clinical judgment to 
diagnose the appropriate care for a spondylolysis, 
spondylolisthesis, pars interarticularis stress frac-
tures, avulsion fractures, and vertebral end plate 
fractures common in the young swimmer’s back 
[ 115 ]. The purpose of this section will be to dis-
cuss interventions for trunk coordination, 
strengthening, and endurance exercises recom-
mended in the clinical practice guidelines from 
the orthopedic section of the  American Physical 
Therapy Association   for low back pain [ 116 ]. It 
is recommended to begin these interventions for 
athletes with subacute and chronic low back pain 
with movement coordination impairments [ 116 ]. 
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It was also recommended that manual therapy 
interventions should be utilized to reduce pain 
and disability in patients with mobility defi cits at 
the spine and hip [ 116 ]. These manual techniques 
will be discussed in the hip section. 

 Trunk stability  progression   is a very important 
component of swim training. The more stable the 
core, the more effi cient the swimmer. It is recom-
mended to start strengthening and rehabilitation 
programs with abdominal bracing to improve 
effectiveness of trunk stability programs. Start 
with isolation of transverse abdominis and inter-
nal oblique muscles and move to larger, more 
surface-level muscles. Once isolation activation 
of these core muscles has been appropriately 
established, the athlete should progress then to 
more functional and swim-specifi c movements 
[ 117 ]. In order to encourage appropriate carry- 
over to functional activities and swimming, train-
ing should utilize all three planes of motion with 
the strengthening program [ 117 ].  Trunk stability 
training   is especially important for pediatric 
swimmers. During developmental ages, mechan-
ical stroke technique is not commonly mastered 
yet, and movement ineffi ciencies can be preva-
lent. Allen et al. studied youth swimmers and 
found that trunk stabilization exercises over a 
6-week period (utilized parallel roman chair 
dynamic back extension, prone and lateral plank, 
dynamic and static curl-up) are effective in a 
pediatric swimmer population with swim perfor-
mance and injury prevention [ 118 ]. It can be 
extrapolated that strengthening and core activa-
tion exercises should be an important component 
of dryland training for  swimmers   of all ages. 

 Bilven et al. [ 119 ] discuss that an initial core 
stability program should include neutral spine 
awareness and proper postural muscle recruit-
ment. In time, the athlete must gain propriocep-
tive, kinesthetic awareness and the ability to 
control the lumbar spine during return to sport 
progression. This is important because previous 
studies have found that altered neuromuscular 
control is a risk factor in patients with LBP [ 120 ]. 
Thus, it is recommended to begin with the local 
trunk stabilizers, training them without compen-
sation, utilizing abdominal hallowing, bracing, 
and diaphragmatic breathing [ 119 ]. The follow-

ing compilation of exercises for core stability is 
the focus of early neuromuscular progression 
from Bilven et al. [ 119 ], Kachingwe et al. [ 121 ], 
and Ellsworth et al. [ 122 ] (Appendix  B ).     

     Hip         

    It has been well documented that core muscle 
endurance and hip strength infl uence the risk for 
lower extremity injuries [ 119 ,  123 ,  124 ]. 
Research suggests that neuromuscular control of 
the core and hip musculature also play an impor-
tant role in injury prevention [ 125 ,  126 ]. 

 In swimmers, available research is limited 
regarding hip control and strength. However, a 
recent article by Semciw et al. compared the glu-
teus minimus and medius strength in swimmers 
versus nonswimmers. Their fi ndings suggest 
there is an unloading effect from training in the 
water that affects muscle timing on land, not 
muscle size [ 56 ]. This gives insight into a key 
component to consider when treating an injured 
swimmer on land; dysfunctional movement pat-
terns that are common in land athletes might be 
heightened/more pronounced in aquatic athletes. 
Thus, control defi cits should be considered when 
screening for proper progression of dryland train-
ing or return to swimming rehabilitation. 

 One common soft-tissue hip injury resulting 
from pelvic instability and muscle imbalances is 
nonspecifi c groin pain/athletic pubalgia [ 124 ]. It 
is important for appropriate evaluation and diag-
nosis as many pathologies may cause referral 
pain to the groin that mimics these hip adductor 
and abdominal muscle injuries [ 122 ,  124 ]. 
According to Kachingwe et al., there are fi ve 
signs indicative of athletic pubalgia (Table  17.10 ) 
[ 121 ,  122 ].

   With these diagnoses, rehabilitation begins with 
pain and edema management, progressing within 
the physiology of soft-tissue healing [ 121 ,  122 ]. 
The acute phase goals (weeks 0–6) for nonopera-
tive management of athletic pubalgia/sports hernia 
are based upon Ellsworths et al.’s [ 122 ] invited 
clinical commentary and should be used to guide 
the appropriate progression with individualized 
considerations for protection, rest, ice, and com-
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pression as needed. Please refer to Appendix  B  for 
additional suggested progression details. 

 Additional considerations for manual and 
therapeutic exercise are based upon the core pro-
gression utilized prior to dynamic exercise in a 
case series by Kachingwe et al. that suggest con-
servative management is a viable option for 
return to higher-level sport [ 121 ]. Their nonop-
erative protocol guides the management of each 
athlete individually through an algorithm that 
considers the time of season as well as a sugges-
tion to refer for surgery if <80 % improvement 
were not seen within 4–6 weeks [ 121 ]. Kachingwe 
et al. reported successful swimmers who returned 
to sport with the use of conservative treatments 
including soft-tissue and joint mobilization/
manipulation, neuromuscular reeducation, man-
ual stretching, and therapeutic exercise [ 72 ,  121 ]. 
The manual techniques and progression used are 
described in Fig.  17.9 . Notice a suggested time 
frame for return to swim program may begin 
once the swimmer is able to reach phase 3 of the 
initial core exercise progression [ 121 ].   

        Knee         

    Similar mobilizations have been found to provide 
an immediate positive response to knee pain with 
activity for subjects with a side-to-side difference 
in hip internal rotation range of motion greater 
than 14° [ 127 ]. Research suggests that this patel-
lofemoral pain is related to proximal hip dys-
functional movement patterns that cause stress to 
the patella from tracking errors and increased 

mechanical load [ 128 ]. Conservative manage-
ment has been supported by a recent systematic 
review, and meta-analysis by Lack et al. high-
lighting robust research supporting proximal 
rehabilitation combined with quadriceps 
strengthening produces a better result for both 
the short and the long term [ 128 ]. Other thera-
peutic aid considerations should include patella 
taping, orthotics, core control, and functional 
movement retraining [ 128 ].     

     Ankle         

    Swimmers primarily use the ankle passively as a 
propulsion surface to transfer forces created from 
the hip and knee musculature and joint actions 
while swimming in a plantar-fl exed position [ 81 , 
 129 ]. The opposite extremes of ROM must be 
considered at the ankle during closed kinetic 
chain activities when the ankle is dorsifl exed dur-
ing dryland training, starts, and turns [ 129 ]. 
Rehab may be able to improve the closed kine-
matic chain activities in swimming based upon 
the literature available for land-based sports; 
however, additional information is needed for 
open chain considerations for swimmers. 

 Instead of the top-down approach from the 
core and hip, swimmers may benefi t from an 
ankle rehabilitation program that focuses on a 
ground-up approach [ 130 ]. The extrinsic muscles 
of the foot should be considered part of the reha-
bilitation plan, but it is suggested to start with the 
intrinsic core of the foot for normal lower extrem-
ity function, including dynamic neuromuscular 
control [ 131 ]. Building the foundation of the foot 
has been associated with improving plantar fasci-
itis symptoms, posterior tibial tendon dysfunc-
tion, medial tibial stress syndrome, and chronic 
lower leg pain [ 131 ]. Learning to utilize the 
intrinsic muscles fi rst has been suggested as 
important as learning the abdominal hallowing 
maneuver to address LE pain and dysfunction 
[ 131 ]. The ability to maintain and progress proper 
foot doming without extrinsic muscles is impor-
tant throughout the progression from static to 
dynamic exercise for swimmers [ 131 ]. If a swim-
mer is able sense sitting subtalar neutral, with the 

   Table 17.10    Signs and symptoms indicating  athletic 
pubalgia   [ 121 ,  122 ]   

 1. Subjective complaint of deep groin/lower 
abdominal pain 

 2. Pain increases with exertion: dryland, sprinting, 
resisted swimming, and kicking 

 3. Palpable tenderness over the pubic ramus at the 
insertion of the rectus abdominis and/or conjoined 
tendon 

 4. Pain with resisted hip abduction at 0°, 45°, 90° of 
hip fl exion 

 5. Pain with resisted abdominal curl-up 
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calcaneus and the metatarsal head on the ground 
[ 131 ], then progression is suggested statically in 
standing on both legs and eventually to one 
before dynamic functional movements are pro-
gressed on stable and unstable surfaces [ 131 ].     

     Shoulder         

    Promoting dynamic stability in the shoulder 
while restoring pain-free ROM is a goal that 
starts immediately in rehabilitation [ 99 ,  114 ]. 

  Fig. 17.9    Lumbar, sacral, and hip mobilizations [ 121 ]       
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Research regarding overhead-throwing athletes 
highlights the importance of controlling the 
micro-instability at the shoulder to reduce risk of 
rotator cuff tendonitis, internal impingement, and 
labral lesions [ 114 ]. Reinold and Curtis [ 114 ] 
report principles of treating the overhead athlete 
with shoulder instability include (a) maintaining 
range of motion, (b) improving strength of the 
glenohumeral and scapulothoracic musculature, 
(c) emphasizing dynamic stabilization and neuro-
muscular control, and, fi nally, (d) integrating 
local and global stabilizers [ 114 ]. 

 It is suggested to start with posture, correcting 
for the rounded shoulders and forward-head pos-
ture commonly seen in swimmers [ 114 ]. This 
posture has been associated with [ 114 ]:

•    Weakness of the scapular retractors, deep neck 
fl exors, lower trapezius, and serratus anterior  

•   Tightness of the pectoralis minor, upper trape-
zius, and levator scapula    

 Depending on the individual needs of each 
swimming injury, treatment of the shoulder often 
begins with the correction of the above dysfunc-
tion in strength and ROM. 

 It has been reported that overhead athletes can 
develop  glenohumeral internal rotation defi cits 
(GIRD)   due to soft-tissue-acquired posterior 
shoulder tightness. To prevent ROM defi cits that 
can cause injury and/or stroke asymmetry, stretch-
ing of the shoulder involving shoulder horizontal 
adduction with scapular stabilization should be 
integrated as a part of regular dryland swim train-
ing [ 132 ]. Additional benefi ts from instrument-
assisted soft-tissue mobilization (IASTM) will be 
discussed in “Mobility” section. 

 In addition to ROM maintenance, promoting 
correct muscle activation while improving scapu-
lar proprioception has been promoted when reha-
bilitating overheard athletes [ 133 – 135 ]. The six 
scapular retraction exercises in Fig.  17.10  have 
been found to help retrain scapular muscles 

  Fig. 17.10    Scapular exercises and trapezius activation [ 86 ]       
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responsible for scapular external rotation, upward 
rotation, and posterior tilt [ 135 ]. These exercises 
should be considered part of the swimmer reha-
bilitation program to gain necessary scapular 
muscle activation to reduce injury risk common 
to overhead athletes. Teaching the proper form 
early for endurance and enforcing scapular con-
trol with each dynamic movement progression 
back to the pool are critical (Fig.  17.10 ) [ 86 ].

   Additional muscles that require strengthening 
in the shoulder include the middle and lower tra-
pezius, the pectoralis muscle group, and the tri-
ceps. Moeller et al. [ 136 ] studied muscle 
activation patterns in common upper extremity 
exercises. Based on electromyography (EMG), 
Moeller et al. recommend using ER with scapular 
squeeze, to target middle and lower trapezius 
[ 136 ]. It was found that the bow and arrow exer-
cise demonstrates higher upper trapezius 
 activation despite cueing to increase mid- and 
low-trap muscle use and therefore can be less 
benefi cial than the others with targeted scapular 
stabilizer strengthening [ 136 ]. An additional 
fi nding by that group included that individuals 
with and without shoulder injuries had the same 
scapular muscle activation ratios during these 
exercises. If the latissimus dorsi is the targeted 
muscle group, Anderson et al. [ 137 ] found that 
positioning with a wider grip while performing 
the lat pull-down exercise was most effective. 
Furthermore, in this wider grip position, there is 
less bicep co- activation with this hand position, 
which improves isolation of the muscle [ 137 ]. 

 Strength training is an important component 
of dryland training in  swimmers  . However, pro-
prioception is important in swimmers as it relates 
to body awareness. It has been reported that 
decreased proprioception in the shoulder joint 
correlates to shoulder joint instability. Salles 
et al. [ 138 ] found that after 8 weeks of training, 
the best results for proprioceptive improvement 
occurred with constant intensity and lower vol-
ume with exercises [ 138 ]. Progression consisted 
of isometric strength throughout a pain-free arc 
of motion prior to neuromuscular progression 
control of the glenohumeral and scapulothoracic 
joint [ 114 ]. Neuromuscular training progresses 
from rhythmic stabilization to reactive neuro-

muscular control drills, closed kinetic chain exer-
cises, and plyometric exercises [ 114 ]. Proper 
muscle activation without compensation is an 
early goal to decrease scapular dyskinesia in 
overhead athletes (Appendix  C ) [ 99 ,  114 ,  133 ]. 

 Frequently, swimmers demonstrate increased 
mobility of shoulder and scapular structures, and 
winging is a common presentation. Winging sig-
nifi es imbalance between the pectoralis major 
and the serratus anterior muscles; this imbalance 
can be a source of abnormal shoulder mechanics 
with swimming. Subjects with winging demon-
strate increased pectoralis major activation ver-
sus subjects without winging in all push-up plus 
exercise conditions (hands on the wall,  quadruped, 
and standard fl at plank) [ 139 ]. Park et al. found 
that increased weight-bearing increases serratus 
anterior activation and therefore recommends 
that once the athlete can tolerate increased 
weight-bearing through the upper extremity, the 
swimmer should be strengthened in standard 
push-up plus position to increase serratus ante-
rior activation and decrease pectoralis major acti-
vation (Fig.  17.11 ) [ 139 ].

   The use of  TRX   straps has become increas-
ingly popular with dryland training for swimmers 
as it allows for the creation of an unstable sur-
face. As an additional benefi t, it was found that 
the suspension aspect of the upper extremity 
(UE) strength training increases muscle activa-
tion of all studied muscles (deltoids, pectoralis 
major, trapezius, and triceps) as the prone push-
 up motion was tested [ 140 ]. This is relevant to 
swim training as the triceps and pectoralis mus-
cles are used largely for forward propulsion in 
swimming. Suspension training has also been 
found to increase the work of the rectus abdomi-
nis and external oblique [ 141 ] and should be 
incorporated as part of dryland strengthening 
program to enhance performance and decrease 
low back injury risk. 

 However, it should be noted that while TRX/
suspended bands allow for activation of many 
target muscle groups simultaneously, this type 
of strengthening does not increase activation of 
one particular muscle group versus stable con-
ditions. For rehabilitation purposes, if the goal 
is to focus on one particular muscle or muscle 
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group, closed kinetic chain strengthening is best 
[ 142 ]. Suspension training is helpful in addition 
to closed kinetic chain strengthening, and it is 
recommended that the swimming athlete should 
rotate between them (Fig.  17.12 ) [ 142 ].   

        Mobility      

   A literature review of myofascial origin of shoul-
der pain discovered that both active and latent 
myofascial trigger points are a mechanism of 
pain and sensitivity in those with shoulder pain 
[ 143 ]. Palpation is a useful tool to diagnose myo-
fascial pain in those with nontraumatic shoulder 

pain, and the most prevalent trigger point loca-
tions were in the infraspinatus, upper trapezius, 
and levator scapulae muscles [ 143 ]. The presence 
of myofascial pain’s effects on shoulder function 
includes reduced muscle strength, accelerated 
muscle fatigue, and simultaneous overloading of 
active motor units [ 143 ]. Techniques used to 
improve soft-tissue mobility may include 
instrument- assisted soft-tissue mobilization. 

 A study within overhead athletes found that 
the use of  instrument-assisted soft-tissue mobili-
zation (IASTM)   to the posterior musculature 
demonstrated an increase in functional glenohu-
meral adduction ROM [ 144 ]. Other instruments 
such as foam rollers have been studied and found 

  Fig. 17.11    Serratus muscle activation increases with weight-bearing [ 139 ]       
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to reduce muscle soreness while improving active 
and passive ROM, as well as, performance with 
increased muscle activation. Foam roller use has 
also been found to reduce delayed onset muscle 
soreness after 10 min of treatment to the affected 
muscles [ 145 ]. In addition, the research found a 
tendency toward crossover effect to a contralat-
eral limb [ 145 ]. Hip limitations in ROM have 
also been found to improve in athletes who have 
less than 90° of hamstring ROM, when utilizing a 
foam roller to assist the static stretches [ 146 ]. 

 Foam roller use in swimmers can improve 
muscle length and performance. One study found 
improvement in  maximum voluntary isometric 
contraction (MVIC)   with foam roll use and static 
stretching combined as compared to either inter-
vention alone [ 147 ]. However, because the 
improvement effects last only ~10 min [ 147 ], 
multiple applications may be needed throughout 
meets and practice to maintain unrestricted ath-
letic performance.    

     Elastic Therapeutic Taping         

    A 2015 systematic review and meta-analysis 
reported elastic therapeutic taping (ETT) to be a 
treatment option that can reduce pain and disabil-
ity from chronic musculoskeletal pain (>4 weeks) 
including shoulder impingement, myofascial 
pain, patellofemoral pain syndrome, plantar fas-
ciitis, and mechanical neck and low back pain 
[ 148 ], which are common in swimmers. However, 

the existing evidence does not support ETT to be 
superior to other treatment approaches including 
home exercises, joint manipulations, rigid taping, 
dry needling, and mechanical traction; used 
alone, the tape does not improve strength, pro-
prioception, and functional performance [ 148 ]. 
ETT used in combination with other interven-
tions may be more effective as two studies sup-
port both skilled exercise and ETT signifi cantly 
reduced pain and disability in athletes with neck 
pain and shoulder impingement [ 149 ,  150 ]. The 
mechanism of action and the application details 
of ETT are still not well understood regarding the 
amount of tension or duration for most effective 
response although a preliminary study found the 
effect size of pain was lower when the tension 
was higher and the tape was applied longer [ 148 ].     

     Return to Sport Considerations         

    Swimmers are encouraged to continue dryland 
strengthening and physical therapy as needed while 
progressing through the return to swimming stages 
at the health-care provider’s discretion. Return to 
swimming criteria as outlined by Hamman [ 34 ] 
includes (Table  17.11 ) the following.

   A useful return to sport screening tool, in 
addition to range of motion and strength testing, 
is the utilization of the upper quarter and lower 
quarter  Y-balance test   (YBT-UQ/ YBT-LQ). 
Because swimming requires upper body strength, 
core strength, shoulder mobility, and shoulder 

  Fig. 17.12    Suspension training with  TRX bands   [ 142 ]       
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stability, a functional test to quantify these vari-
ables can be helpful to assist with movement 
assessment and injury prevention. As previously 
discussed, female swimmers are at higher risk of 
upper quarter injuries as compared to their male 
counterparts at all levels [ 29 ,  30 ,  151 ]. Intrinsic 
risk factors for shoulder injury include shoulder 
joint laxity, decreased scapular and core muscle 
strength and endurance, and muscular imbalance 
between the shoulder joint and scapulothoracic 
joints [ 152 ]. 

 Butler and his coauthors propose the use of 
the YBT-UQ test as an injury screen test because 
it is reliable and can be easily and cost-effi ciently 
conducted to assess unilateral upper quarter 
dynamic function as it tests the swimmers’ upper 
extremity (UE) strength, core strength, shoulder 
mobility, and shoulder stability [ 152 – 155 ]. It is 
important to note that no sex or bilateral differ-
ences exist in the YBT-UQ in the general popula-
tion [ 152 ,  154 ,  155 ]. 

 Butler et al. studied 43 male and 54 female 
National Collegiate Athletic Association Division 
I collegiate swimmers before the start of their sea-
son for testing, and all swimmers were pain- free 
at the time of participation. The authors found that 
while the swimmers demonstrated symmetrical 
performances between upper extremities for the 
three reaches tested (medial, inferolateral, and 
superolateral), males scored signifi cantly higher 
with medial, inferolateral, and composite reaches 
[ 152 ]. Medial and inferolateral reaches require 
the largest amount of trunk mobility in the stabi-

lized posture, which may explain the lower scores 
in females. The authors suggest that improving 
core and shoulder strength/stability would 
improve performance with the YBT-UQ through 
strength and conditioning programs, female 
shoulder injury risk may decrease, and swim per-
formance may improve [ 152 ]. 

 YBT-LQ injury screens in land-based athletes 
found <95 % limb asymmetry correlated with 
6.5× increased risk for a lower extremity injury 
[ 156 ,  157 ]. A study by Ambegaonkar et al. used 
a related screen called the Star Excursion Balance 
Test (SEBT) and found an association between 
collegiate female athletes who demonstrated 
higher SEBT scores also had increased hip fl exor, 
hip extensor, and hip abductor strength [ 123 ]. 
Therefore, it is suggested that coaches include 
lower extremity strengthening and stability train-
ing to decrease lower extremity injury risk.     

     Return to Swimming Protocol         

    There exist a large percentage of injuries, espe-
cially to the shoulder, of the swimming athlete 
during his/her career. These injuries are often 
caused by strength asymmetries, improper stroke 
technique, swim practice duration, and high 
yardage. Dryland rehabilitation can assist with 
the correction of the typical “swimmer posture” 
including forward-head and forward-shoulder 
posturing, scapular stabilization, shoulder and 
scapular neurological rehabilitation, and core 
strengthening [ 10 ]. However, dryland training 
does not appropriately activate the muscles in the 
same way that swimming does. Therefore the 
importance of  return to swimming protocols 
(RTSP)   increases. Spigelman et al. created a list 
of drills to aid the swimmer’s stroke mechanical 
improvement [ 10 ]. Additionally, Hamman cre-
ated a two-phase RTSP for the pediatric swim-
mer, and Spigelman et al. created an  RTSP   for the 
adult swimmer (Figs.  17.13  and  17.14 ) [ 10 ]. Both 
programs were created to address progression of 
yardage safely and create a guideline to assist 
 clinicians communicate effectively with coaches 
and swimmers regarding appropriate return to 
sport advancement (Fig.  17.15 ) [ 34 ].

   Table 17.11    Return to swimming criteria [ 34 ]   

 1  Ability to complete cardiovascular activities 
on land (physical education classes in 
school, running, recess participation, etc.) 

 2  Pain-free activities of daily living 

 3  Pain-free and normalized range of motion 
(including scapulohumeral rhythm if 
shoulder injury involved) 

 4  Strength within 90 % of uninvolved side 

 5  Appropriate functional testing scores as 
performed by health-care provider 
[including functional movement screening 
(FMS), hop testing, Y-balance testing for 
the upper and lower extremities as needed] 
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  Fig. 17.13    Drills for return to swimming progression [ 10 ]       
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     Hamman offers a clinical commentary with 
regard to a return to swimming guideline specifi c 
to the pediatric swimmer. He provides three 
phases for return to swimming for the nonopera-
tive swimmer after injury. Hamman emphasizes 
not only progressive return to normal practice 

distance but also swimmer’s exertion level pro-
gresses [ 34 ]. The phases were not created to be 
used in a linear fashion, so pre-organization of 
individualized swimmer needs and circumstances 
will dictate where to begin and end for the ath-
lete’s full return to sport (Table  17.12 ) [ 34 ].   

  Fig. 17.14    Return to  swimming protocol for   adults [ 10 ]       
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  Fig. 17.15    Pediatric return to  swimming protocol   [ 34 ] parts—A and B         
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Fig. 17.15 (continued)

   Table 17.12    Return to swimming criteria [ 34 ]   

 Phase 1: reintroduction to water. 
Focus is on normalizing stroke 
mechanics 

 a. Used if the swimmer has been removed from sport for greater than or equal 
to 6 weeks due to injury 

 b. No participation in formalized practice to prohibit competition and refocus 
on stroke technique 

 c. Only freestyle performed as it comprises more than half of their training 
volume regardless of stroke specialization 

 d. Rest involved body part: 

 i. Neck, upper extremity injuries: swimmers are to perform on their back 
in a streamline position and kick 

 ii. Low back, lower extremity injuries: swimmers use the pull buoy 

 Phase 2: emphasis on technique 
restoration 

 a. Used if the swimmer has been removed from sport for less than 6 weeks or 
has already completed phase 1 

 b. Return to organized swim practice with team 

 c. Yardage and pacing restrictions outlined for safe progression to prior level 
of function 

 Phase 3: multiple practices 
in 1 day 

 a. Dictates to follow practice guidelines normally during fi rst practice of day 

 b. Restricts second practice of day to follow the guidelines outlined in phase 2 

 c. During second practice, allow for relative rest of involved body part(s): 
(until phase 2, stage 3) 

 i. Neck, upper extremity injuries: no pull buoy or paddle use 

 ii. Low back, lower extremity injuries: no use of kickboard or fi ns 
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  Fig. 17.16    Swimming  equipment  —uses and contraindications [ 10 ]       

        Training Considerations 

     Equipment Considerations   

  Research is still needed to fully understand the 
appropriate use and progression to swimming 
equipment. What is currently supported 
includes the utilization of in-water resistance 
training as it can improve maximal swimming 
force, power, and velocity; assisted elastic-
band swimming was found to enhance techni-
cal skills including decreasing stroke rate 
while decreasing stroke depth [ 158 ,  159 ]. 
Wanivenhaus et al. discuss the therapeutic use 
of fi ns to decrease upper body stress while 
swimming as well as a pull buoy to reduce drag 
and stress on the shoulder [ 13 ]. 

 The evidence, however, is lacking to support 
the use of a swim bench for rehabilitation [ 153 ]. 
Barbosa et al. raise concern for the selection of 

paddle size by age group or for rehabilitation as 
their results showed an increase in paddle size 
had a signifi cant effect on increasing peak force, 
average force, minimum force, time to peak 
force, stroke duration, rate of force development, 
and impulse [ 160 ]. This increased muscular 
intensity and duration must be considered for a 
swimmer on an individual assessment. Additional 
stressors from equipment include those to the 
lumbar spine that occur during practice with the 
utilization of fi ns, kick boards, and pull buoys, as 
they have been found to produce excessive hyper-
extension of the lumbar spine [ 160 ]. Fins have 
also been associated with ankle injuries as the 
foot requires more energy and torque which has 
been found to affect the body position during the 
kick [ 10 ,  80 ]. 

 Spigelman et al. highlight additional use and 
considerations of equipment here (Fig.  17.16 ) [ 10 ]. 
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        Coach/Trainer Resistance Training 
Expertise   

  Communication with coaches, PE teachers, and 
strength-training coaches is critical in the 
assessment of benefi ts versus barriers to swim-
mer health. If the athlete is not appropriately 
educated on appropriate resistance training and 
safe mechanics, they sustain injuries and unsafe 
training regimens for themselves. McGladrey 
et al. [ 161 ] investigated coach and teacher 
awareness of safe resistance training practices 
to assess knowledge of the instructors. 
McGladrey and his group evaluated 287 strength 
coaches and PE teachers and 140 university PE 
teacher education students and gave them a 
90-question examination covering safety, train-
ing regimen, and prescription, as well as 
mechanics. It was found that coaches who 
instructed athletes in resistance training had a 
pass rate of 9.5 %, the university PE education 
students had a pass rate of 16 %, coaches, and 
those that had a resistance training certifi cation 
(CSCS, USAW) passed at 50 % [ 161 ]. Subjects 
demonstrated the lowest scores occurred in the 
“safety knowledge” section which is concern-
ing. Knowledge of safe practices and mechanics 
as well as communication with other care pro-
viders are crucial to the safety of athletes. 

 When training, there are several factors the 
instructor/therapist/coach and the swimmer 
should consider. First, once an injury or risk of 
injury has been accurately identifi ed, it is impor-
tant that the swimmer focus on the activation of 
individual muscles instead of movement itself in 
order to best increase/improve activation of tar-
geted muscles with rehabilitation [ 136 ]. Athletes 
often use commonly practiced motor activation 
patterns, which may usurp the activation of the 
desired muscle groups—thus perpetuating the 
muscle imbalance cycle.   

    Effi cacy of  Dryland Strength Training      

   Dryland training has historically been utilized to 
improve swimming performance and prevent 
injuries. In a study by Gatta et al., swimmers per-

formed either dryland training in addition to 
swim practice or performed additional swimming 
drills before swim practice for 6 weeks [ 162 ]. It 
was found that power increased in the dryland 
strength-training group and not the swim training 
group after 6 weeks of preseason training in 20 
male masters swimmers [ 162 ]. Therefore, it is 
recommended to use high-intensity, lower- 
repetition dryland training to increase power and 
performance in swimmers. 

 Another group studied the effects of eccentric 
strengthening. During rehabilitation, restoration 
of function is a top priority, and the focus is 
commonly the involved/injured side. However, 
Lepley and his coauthors found that eccentrically 
strengthening the uninjured side carries over to 
the injured side and therefore should be used in 
addition to focused strengthening of the injured 
side. The resultant effects can be useful both for 
injury prevention and rehabilitation strategies for 
swim training [ 163 ].    

    Effi cacy of Swim  Training Regimen   

  The perfect prescription of training volume, 
intensity, and frequency to result in optimal exer-
cise performance has yet to be discovered in 
sport. In swimming, historically, high-volume 
training has been the routine with athletes swim-
ming anywhere from 4000 to 10,000 yards per 
high school or club swim practice for competitive 
events that range in completion time between 
20 s and 15 min (50 yards through 1500 m). 
However, recent studies have experimented with 
bouts of high-intensity, low-volume training fi nd-
ing success with swimmer competitive perfor-
mance [ 164 – 167 ]. And due to the high level of 
overuse injuries in swimmers, especially of the 
shoulder complex, lower volume may be benefi -
cial to injury prevention in swimmers which 
makes investigation into this topic even more 
important. 

 In a study by Faude et al. [ 166 ], ten high-level 
teenage swimmers altered their normal training 
routine to perform two different four-week train-
ing periods, both followed by one identical taper 
week. The athletes continued to be coached by 
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their home coach, but during the high-volume 
training trial, their total training volume increased 
30 % above normal. During the swimmers’ high- 
intensity training, the training volume decreased 
40 % below their normal level. After 4 weeks of 
training, both the high-volume and high-intensity 
trials increased the individual anaerobic thresh-
old to higher than pre-training values. 
Additionally, the high-intensity group increased 
their maximal blood lactate concentration. 
Swimmer 100m and 400m performance times 
were not signifi cantly different between groups 
before and after the 4-week training trials [ 166 ]. 
Overall, this study found no signifi cant differ-
ences in performance and heart rate with maxi-
mal and submaximal swim speeds. Lastly, there 
was no difference between trials in subject 
“Profi le of Mood States” (POMS) questionnaire 
which assesses possible overtraining by measur-
ing changes in vigor, fatigue, depression, and 
anger [ 166 ]. 

 These results are in agreement with those 
found by Kilen et al. [ 165 ]. Kilen and his coau-
thors studied 41 elite swimmers (average 
age = 20 years) and assigned them to a control 
group or high-intensity training group. The high- 
intensity group (HIT) reduced their training vol-
ume to 50 % of their normal volume and increased 
the intensity to 50 % more than normal. After 12 
weeks of training, these authors found no signifi -
cant difference between the high-intensity train-
ing and the control groups with regard to 
swimming performance, swim-specifi c VO 2 max, 
body composition, blood metabolic markers, and 
swimming economy. However, it was found that 
VO 2 max normalized to body weight decreased in 
the high-intensity group only and did not change 
in the control group [ 165 ]. 

 It has been found in other studies that younger 
swimmers (average age = 10) demonstrated 
improved swimming performance with high- 
intensity training [ 168 ]. This could signify that 
the age of the participant has a different effect on 
training results. It is also possible that there exists 
an upper limit to how much exposure to high- 
intensity, low-volume training is present as the 
elite swimmers in the Kilen study had performed 
high-intensity and low-volume training as part of 

their normal regimen for several years [ 165 ]. 
Pugliese studied the high-intensity training effect 
on ten male masters swimmers (average 
age = 32 years) [ 167 ]. Pugliese et al. put his 
swimmers through both a high-volume, low- 
intensity training regimen for 6 weeks and then a 
high-intensity, low-volume training regimen for 
the next 6 weeks [ 167 ]. These swimmers 
responded with improved peak oxygen consump-
tion and improvements in the 400 and 2000 m 
swim performance after the high-volume, low- 
intensity training. After the subsequent high- 
intensity, low-volume training, these same 
swimmers did not demonstrate changes in their 
peak oxygen consumption nor changes in their 
400 and 2000 m time from their post high- 
volume, low-intensity training. They did, how-
ever, improve their individual anaerobic threshold 
and their 100 m swim performance [ 167 ]. 

 In a similar study, Laursen et al. split groups 
of cyclists/triathletes into three different groups 
for three different kinds of high-intensity, low- 
volume training [ 164 ]:

•    Group 1 completed eight intervals at VO 2 peak 
power output for a duration equal to time to 
exhaustion as calculated from a progressive 
exercise test with a recovery ratio of 1:2.  

•   Group 2 completed eight intervals at VO 2 peak 
power output for a duration equal to time to 
exhaustion as calculated from a progressive 
exercise test with a recovery time as long as 
needed to allow the body to return to 65 % of 
max heart rate.  

•   Group 3 completed 12 × 30 s bouts of 175 % 
peak power outlet with a 4.5 min recovery in 
between bouts.  

•   The control group did not alter their normal 
training regimen.    

 Their results demonstrated that groups 1 and 
2 demonstrated the biggest improvement in 
endurance performance (40 km time trial), peak 
power output, and VO 2 peak. Laursen et al. [ 164 ] 
report that time to exhaustion intervals could be 
more rigorous than other study protocols. 
Additionally, effort adjustments in protocol 
training were made after reassessments as were 
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performed to monitor cyclist progress through-
out the trial. These effort adjustments also 
increased the rigor of the training. 

 It is important to note that while the above 
studies do not demonstrate improved perfor-
mance with high-intensity, low-volume training, 
subjects did not note a decrease in performance 
which means that both methods, as understood so 
far, produce similar results. Perhaps high- 
intensity, low-volume training can reduce the risk 
of overuse injuries by reducing training time and 
allowing longer recovery time between training 
sessions. Current training programs incorporate 
variations of intensity, volume, and frequency in 
their routine, but the exact proportions required 
to produce the best and safest performance has 
yet to be determined. Laursen et al. [ 169 ] recom-
mend a mixture of both high-volume, low- 
intensity and high-intensity, low-volume 
regimens into a highly trained athletes’ plan. 
Laursen et al. [ 169 ] also suggest that because the 
metabolic adaptations occur with both training 
strategies overlap signifi cantly, but the molecular 
events are different, both should be incorporated. 
Laursen et al. suggest a ratio of approximately 
75 % high-volume, low-intensity training, and 
10–15 % of the training regimen should be high- 
intensity, low-volume training [ 169 ].   

    Training Effort and  Communication 
with Coaches   

  Communication between athletes and coaches is 
very important to ensure the status of goal 
achievement, training plan compliance, and ath-
lete safety. Barroso published two articles 
regarding communication between swimmers 
and coaches. Barroso et al. [ 170 ,  171 ] defi ned 
communication during one training workout as 
“session rating of perceived exertion” (SRPE)   . 
The authors studied 160 swimmers of different 
age categories (11–12-year-olds, 13–14-year-
olds, and 15–16-year-olds) and different com-
petitive swimming experience and nine coaches. 
The coaches rated the SRPE before the training 
session as falling within these three categories: 
easy (SRPE < 3)   , moderate (SRPE 3–5), and 

 diffi cult (SRPE > 5). The SRPE was indicated by 
the swimmers 30 min after the end of the ses-
sion. Barroso et al. [ 170 ] found that increased 
age and competitive swimming experience 
improved coach and athlete SRPE agreement. It 
was found that younger swimmers (ages 11–14) 
rated training intensity differently from coaches 
in all three categories. The 15–16-year-old 
swimmers demonstrated agreement with the 
easy and moderate SRPE but differed in the 
SRPE diffi cult category [ 170 ]. 

 Additionally, in a follow-up study, Barroso 
et al. [ 171 ] investigated SRPE and how training 
volume and intensity may affect agreement 
between swimmers and coaches. Using the three 
SRPE categories defi ned above, coaches recorded 
the desired SRPE levels before the session and 
swimmers recorded their response 30 min after 
the training concluded. Thirteen moderately 
trained swimmers (average 21 years ± 1.1 year) 
were given different swim volumes (10 × 100 m, 
20 × 100 m, 10 × 200 m, and 5 × 400 m) at the 
same relative intensity. Athlete and coach SRPE 
differed in 10 × 200 m and 5 × 400 m. Therefore 
SRPE is affected by intensity, volume, and dis-
tance. It is recommended that coaches ensure 
thorough communication with swimmers espe-
cially with increased volume, longer distance, 
and higher intensity to ensure desired training 
effort is applied by the athletes and to prevent 
injuries [ 170 ,  171 ].   

     Altitude Training      

   One training type that can be feasibly diffi cult 
due to opportunity, cost, and traveling logistics 
is altitude training. Altitude dosing has been 
established as living high enough (>2000 m), 
spending enough hours at that height daily 
(>14–16 h/day), for a duration of >19–20 days 
to create the hypoxic erythropoietic effect. This 
equates to approximately 300–400 h of expo-
sure [ 172 ,  173 ]. It has been documented that an 
increase in hemoglobin mass of 1 % per 100 h 
of exposure can occur in endurance athletes 
[ 174 ,  175 ]. However, increased hemoglobin 
mass changes are highly variable, and even the 
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hypoxic erythropoietic effect dose ranges from 
“no change” to “increased by 15 %” after 3–4 
weeks at altitude [ 172 ,  173 ,  176 ,  177 ]. It is rec-
ommended to use caution when exercising 
above 3000 m due to general fatigue experi-
enced by some athletes. These athletes’ training 
intensity will decrease over time, and therefore 
they will miss several of the intended benefi ts 
of altitude training. Some individuals are sensi-
tive to higher altitudes and the effects of 
hypoxia as it can create acute mountain sick-
ness, decreased appetite, generalized muscle 
fatigue and even muscle wasting, increased 
ventilatory work, and protein synthesis inhibi-
tion—all which negate the benefi cial effects of 
the altitude training concepts (Table  17.13 ) 
[ 172 ,  178 ,  179 ].  

        Injury Prevention 

     Video Analysis      

   Along with focused strengthening and stabiliza-
tion techniques used inside and outside of the 
pool, poor or abnormal stroke biomechanics are 
risk factors for developing pain and pathology 
[ 22 ,  180 ]. Video swim stroke analysis can be a 
useful tool to provide the swimmer with tech-
nique feedback to address current abnormal 
movement patterns and also reduce future injury 
risk. Refer to the “Common Stroke Technique 
Errors” section at the beginning of this chapter 
for common biomechanical stroke errors that can 
be improvable with use of video analysis.    

   Table 17.13    Notable training considerations at altitude   

 Increased dehydration 
[ 172 ] 

  Defi nition:  increased and unanticipated fl uid loss through the upper respiratory system 
due to the low humidity of the higher altitudes and the body’s need to compensate to 
maintain a moisturized airway 

  Monitor urine color/osmolality 

  Monitor pre- and post- training water weight loss (dehydration is a loss of greater than 
2 % body mass after training) 

  Monitor headaches 

 Quality of sleep [ 172 ]  At moderate altitude (2000–3500 m) 

  Sleep disturbances only occur in approximately 25 % of athletes 

  Usually resolves within 2–3 nights of sleeping at the same altitude as the athlete 
acclimatizes 

 At high altitudes (over 3500 m) 

  40–50 % of athletes will have disordered breathing with sleep 

  These athletes may need to follow the rest high, train low, sleep low paradigm to 
avoid the disordered breathing 

 Compromised immune 
system [ 172 ] 

  Higher risk of upper respiratory tract infection due to the decreased humidity of the 
air 

  Potential sleep disturbances can decrease resting/recovery quality 

  It is recommended to ease into normal training routine in order to progress workload 
and decrease the stress of the altitude change on the athlete’s body 

 Food intake changes 
[ 178 ,  179 ] 

  Carbohydrates are used more in hypoxic environments and therefore increase 
consumption of carbs pre-training decreases oxygen desaturation 

  Carbohydrates have been found to improve quality of interval training at altitude 
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     Feedback   

  The ability to communicate between coaches and 
swimmers is inhibited by the aquatic environment. 
In other sports, coaches and clinicians can easily 
provide verbal simultaneous feedback to athletes to 
provide comments/critiques on mechanics and 
form. However, due to the nature of water, both 
swimmers hearing and vision are diminished which 
limits coaches’ ability to communicate. 

 Zaton and Szczepan [ 181 ] studied the effec-
tiveness of  immediate verbal feedback (IVF)   in 
swimmers. The goal was to modify stroke length 
in freestyle. The authors communicated with the 
swimmers in the experimental group, so the 
swimmer could hear feedback immediately while 
swimming. The control group received no feed-
back at all but understood the goal of the exercise 
was to lengthen the stroke to improve freestyle 
speed. Using two different methods to measure 
stroke length (the SIMI 2D movement analysis 
software) and the Hay method [ 182 ] which 
describes stroke length as the number of stroke 
cycles completed within a fi xed distance. 
Between both measurements, the experimental 
group increased stroke rate between 5 and 7 % 
improving speed and effi ciency, while the control 
group did not create signifi cant change in perfor-
mance [ 181 ]. 

 The authors found that IVF had the ability to 
correct misperceptions of coach’s information 
immediately to redirect the swimmer to more 
desirable swimming mechanics [ 183 ,  184 ] and 
also increased athlete interest in making these 
corrections [ 185 ].   

    A  Proposed Injury Screen   

  Preseason injury screens use common clinical 
tools to assess injury risk with the goal of 
decreasing and preventing athlete injury in sea-
son. While swimming is a bilateral overhead 

sport where both arms are frequently (and ide-
ally) performing symmetrical repetitive move-
ments through symmetrical ranges of motion, 
range of motion and strength normative values 
in the pain-free athlete are not yet fully under-
stood. For screening purposes, it can be expected 
that younger athletes will have greater ROM 
availability (even through high school age) 
especially in the composite IR and total arc 
ranges of motion [ 50 ]. And again, the dominant 
arm will likely have greater ER AROM, while 
the nondominant arm will have greater IR 
AROM [ 50 ]. The goals of these screens are to 
help identify individuals at higher risk for injury 
allowing targeted treatment to be appropriated 
to promote healthier, safer, and pain-free perfor-
mance in sport.   

    A Proposed  Dynamic Warm-Up   

  The  Federation Internationale de Football 
Association (FIFA)   has an injury prevention pro-
gram created to help prevent soccer sports injury. 
Characteristics of the program include core sta-
bility, proprioception, dynamic stability, plyo-
metrics, minimal equipment needed, and less 
than 15 min to complete. Barengo et al. per-
formed a systematic review investigating the 
effectiveness of the use of the FIFA 11+ injury 
prevention program [ 186 ]. From the review, it 
was found that the FIFA 11+ injury prevention 
program reduces the injury incidence and 
improves athlete sport performance. It is recom-
mended that a coach administer the program to 
ensure athlete “buy-in” and compliance. 
Additionally, the review concluded that increased 
compliance frequency improved injury preven-
tion [ 186 ]. 

 The authors of this textbook chapter propose a 
swim-specifi c version of the FIFA 11+ injury pre-
vention program to decrease injury risk in swim-
mers (Appendices  D ,  E , and  F ) [ 186 ,  187 ].        

17 Evaluation and Treatment of the Swimming Athlete



268

     Appendix A: General Rehab— Neck Pain for Swimmers   [ 86 ] 

 Goals  • Reduce pain 

 • Reestablish proper fl exibility, strength, and ROM 

 • Adequately prepare the athlete for the demands of sport: 

 • Proper muscle recruitment with oculomotor control 

 Treatment  • Begin with low-intensity exercise, below pain threshold 

 • Progress to muscular endurance and strength 

 • Minimize sternocleidomastoid and scalenes activation 

 • Modalities PRN 

 Mobility  • Stretches for scalenes, upper trapezius, levator scapulae, 
 • pectoralis minor, and pectoralis major 

 • Thoracic extension self- mobilization using foam roller 

 Primary muscles  • Deep cervical fl exors: longus capitis and colli, rectus capitis 

 • Anterior and lateralis, hyoid muscles 

 • Deep cervical extensors: semispinalis cervicis, multifi dus, 
 • Rectus capitis posterior major and minor 

 Criterion to progress to return to 
swimming program 

 • Pain-free activity 

 • Full neck range of motion and strength 

 • Sport-specifi c repositioning acuity, postural stability 

 • Oculomotor control 

 Cervical stabilization program 

 Exercise  1  2  3 

 Chin nods and cervical rotation  1 × fatigue  1–2 × fatigue  1–5 × fatigue 

 Cervical stretch and thoracic spine 
mobilization 

 1 × fatigue  1–2 × fatigue  1–5 × fatigue 

 Balance and oculomotor exercises  1 × fatigue  1–2 × fatigue  1–5 × fatigue 

 Cervical and thoracic muscle 
endurance 

 1–2 × fatigue  1–5 × fatigue 

 Cervical and thoracic muscle 
strength 

 1–5 × fatigue 

 Aerobic  Walk 
10–20 min 

 Swim 20 min 
without starts 

 Swim 20–45 min with starts 
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         Appendix B: General Rehab—          Trunk Program   (Lumbar and Hip) 
[ 119 ,  121 ,  122 ] 

 Goals  • Reduce pain 

 • Reestablish proper fl exibility, strength, and ROM 

 • Adequately prepare the athlete for the demands of sport 

 • Dynamic lumbo-pelvic stability and neuromuscular control 

 Treatment  • Begin with abdominal bracing and neutral spine awareness 

 • Progress proper recruitment with dynamic movements 

 • Modalities PRN 

 Mobility  • Full functional ROM of lumbar spine, pelvis, and hips 

 • Therapeutic mobilization techniques as medically 

 • necessary 

 Primary muscles  • Gluteus maximus and medius, longissimus thoracic, lumbar 

 • multifi dus, external and internal obliques, transverse 

 • abdominis, rectus abdominis, and hamstrings 

 Criterion to 
progress to return 
to swimming 
program 

 • Pain-free activity 

 • Full lumbar, pelvis, and hip range of motion and strength 

 • Sport-specifi c awareness to self-correct neutral spine and hip control with 
dynamic movements 

 Trunk stabilization program 

 Exercise  1  2  3 

 Dead bug  Support, arms 
overhead, marching, 
3 × 30 s 

 Unsupported, arms 
overhead, one leg 
extended, 3 × 1 min 

 Unsupported, arms 
alternate with legs 
extended, 3 × 2 min 

 Partial sit-ups  Forward, hands on the 
chest, 1 × 10 

 Forward hands on the 
chest, 3 × 10 

 3 × 10 forward, 3 × 10 left, 
and 3 × 10 right 

 Bridging  Slow reps, double leg, 
2 × 10 

 Slow reps, double leg 
with weight, 2 × 20 

 Single leg, one leg 
extended 3 × 20 

 Bird-dog  Alternate the arm/leg 
with gluteal set, 1 × 10 

 Alternating the arm/leg 
2 × 10 hold 5 s 

 On ball, alternating the 
arm/leg 2 × 10 hold 5 s 

 Quadruped  Alternating arms and 
legs, 1 × 10 hold 5 s 

 Alternating the arm and 
leg, 2 × 10 hold 5 s 

 Alternating the arm and 
leg, 3 × 10 hold 5 s 

 Wall squats  Less than 90° 1 × 10  At 90° 1 × 10 hold 20 s  At 90° 1 × 10 hold 30 s 

 Aerobic  Water walk 10 min  Water run 10 min  20–30 min swim 
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        Appendix C: General Rehab—Shoulder  Program         [ 99 ,  114 ,  133 ] 

 Goals  • Reduce pain and infl ammation 

 • Reestablish proper fl exibility, strength, and ROM 

 • Adequately prepare for the demands of sport 

 • Posterior strength and dynamic neuromuscular endurance 

 Treatment  • Begin with abdominal bracing and neutral spine activation 

 • Progress proper recruitment with dynamic movements 

 • Modalities PRN 

 Mobility  • Full, pain-free total arc of motion, horizontal ADD 
 • scapulothoracic posture, and a lumbar neutral streamline 

 • Self-mobilization and stretch: latissimus dorsi, pectoralis 

 • minor and major, trapezius, thoracic extension and rotation 

 Primary muscles  • Rotator cuff muscles, with a focus on ER, 

 • Serratus anterior, lower and middle trap 

 Criterion to progress to 
return to swimming 
program 

 • Pain-free activity 

 • Full thoracic and shoulder motion and strength 

 • Sport-specifi c dynamic stability and endurance 

 Trunk stabilization program 

 Exercise  1  2  3 

 Rotator cuff 
strengthening 

 Submaximal, mutli-angle 
isometrics, pain-free ranges 

 Begin in supine and 
progress to standing 
with tubing/manual 
rotator cuff program 

 Continue to advance rotator 
cuff program resistance/
weight 

 Scapular strengthening  Isometric, pain-free 
scapular retraction, 
depression, and protraction 

 Begin in prone and 
progress to standing 
with tubing/manual 
rotator cuff program 

 Continue to advance rotator 
cuff program resistance/
weight 

 Dynamic and rhythmic 
stabilization exercises 

 IR and ER with arm in 
scapular plane, 30° of 
abduction, and supine 
multidirectional elevated to 
90–100° 

 Supine multidirectional 
rhythmic stabilization, 
elevated to 90–100° 

 Multidirectional 
stabilization 45–120° of 
elevation with and without 
protraction 

 Closed kinetic chain 
exercises 

 Quadruped weight shifts, 
multidirections, and 
push-up plus 

 Plank variations, 
dynamic, rhythmic 
stabilization, and 
push-up plus 

 Two-hand drills with 
suspension training 

 Bilateral UE 
plyometrics 

 Begin with side-to-side 
and chest pass 

 Progress, overhead throws, 
and slams 

 Unilateral UE 
plyometrics 

 Deceleration throws and 
throw with bounce back 

 Aerobic  Stationary bike, 20 min  Bike 30 min and upper 
body ergometer, 
5 × 1 min alternating 
direction 

 Bike 30 min and upper 
body ergometer, 5 × 2 min 
alternating direction 
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        Appendix D: Part 1—Dynamic Shoulder, Spine, Hip, Knee, and Ankle 
Warm-Up (All 2 × 15 Reps) [ 186 ,  187 ] 

 Diaphragmatic 
breathing 

      
      

 Supine  Standing 

 Shoulder ER to IR 

            

 Start  Finish 

 Scapular squeezes 

            

 Start  Finish 

 90/90 abduction to 
adduction 

            

 Start  Finish 
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 90/90 ER to IR 

            

 Start  Finish 

 Scapular squeezes to 
streamline 

            

 Start  Finish 

 Hip IN and OUTs 

            

 Start  Finish 

 Dynamic ankle and 
knee 

            

 Start  Finish 
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        Appendix F: Part 3— Aquatic Swimming-Specifi c Drills   [ 186 ,  187 ] 

 Out of water, streamline 
with core hallowing 

      
      

 2 × 20 s on, 10 s off 

 In water streamline from: 
block × 1 and wall × 1 

            

 2 × max distance with 
easy swim 

 Prone sculling, catch 

            

 2 × 25 yards 

 Prone sculling, mid-pull 

            

 2 × 25 yards 

 Supine sculling, fi nish 

            

 2 × 25 yards 

 Six-kick stroke with 180° 
rotation 

            

 2 × 25 yards 
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 Corkscrew swimming, 
alternating direction by 
25 

            

 2 × 25 yards 

 Speed work × 1 fast 
between walls and fl ags 
and ×1 fast between fl ags 

            

 2 × 25 yards 
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           Introduction   

  Ask athletes the percentage of  sport   performance 
that is mental, and they will often give estimates 
around seventy-fi ve percent. Next, ask what per-
centage of their  training  is mental. Zero is the 
common response. While sport psychologists do 
not advocate for athletes to substitute a 50-mile 
bike ride with a 3 h imagery session, we do rec-
ommend supplementing physical training with 
mental training. Sport psychologists assist ath-
letes with mental health and mental skills train-
ing in order to improve their sport performance. 
In this chapter, we focus on mental skills training 
for endurance sports. 

 Mental skills training can “…enhance ath-
letes’ chances of performing at their highest level 
under very demanding, stressful, and sometimes 
even hostile conditions” [ 1 ]. Imagine a cross- 
country skier battling icy wind, a cyclist trying to 
avoid a crash while fl ying down a steep decline, 
or a runner trudging through mile 20 of a mara-
thon. Endurance sports often present such stress-
ful, demanding conditions, and athletes who are 
mentally prepared will be the ones to thrive. 

 Mental skills training has positive effects on 
endurance sport performance, according to one 
literature review [ 2 ]. In particular, goal setting, 
imagery, and self-talk show consistent effective-
ness for endurance sport performance. More 
research is needed to learn how and for whom 
these mental skills work. 

 Mental training interventions occur individually 
or in packages. Individually,  mental skills   include 
motivation, goal setting, arousal or energy manage-
ment, self-talk, focus, imagery, routines, mindful-
ness, and team building. While sport psychologists 
commonly teach several mental skills in combina-
tion, more research is needed to determine if men-
tal training packages add more improvement than 
individual skills. Packages including goal setting, 
energy management, imagery, and self-talk have 
improved triathlon performance [ 3 ] and 1600 m 
running performance [ 4 ]. 

 Get ready to psyche up for endurance sports! 
Because it takes inordinate discipline to excel as 
an endurance athlete, we start with a discussion 
about motivation. Then we dive into specifi c 
mental skills to train your mind as well as your 
body. We fi nish the chapter with a discussion of 
fi nding balance in exercise. Here is the order of 
topics in this chapter: 

 –    Motivation  
 –   Goal setting  
 –   Energy management  
 –   Self-talk  
 –   Focus  
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 –   Imagery  
 –   Performance routines  
 –   Mindfulness  
 –   Exercise balance     

     Motivation      

   Motivation is likely one of the most important 
psychological constructs in sport, especially 
within endurance sport. The ongoing energy 
required for endurance athletes to persist in 
repetitive high-quality, grueling training ses-
sions, even in the face of adversity and other life 
demands, exemplifi es motivation as a founda-
tional requirement for high performance and 
achievement. As such, it is no surprise that train-
ers, coaches, organizations, and athletes alike all 
have vested interest in understanding, develop-
ing, and maintaining motivation. 

 Research has consistently shown that motiva-
tion is a crucial factor in human behavior because 
it infl uences the initiation, direction, intensity, and 
persistence of specifi c goal-directed behavior [ 5 ]. 
Self-determination  theory   [ 5 ] focuses on the 
strength of athletes’ motivation to perform particu-
lar behaviors and has been increasingly applied to 
sport [ 6 ].  SDT   focuses on the factors that infl uence 
athletes’ decisions to perform and persist in sport. 
One such factor is the goals or motives that ath-
letes cite for engaging in their sport [ 6 ]. 
Specifi cally, a distinction is made between  intrin-
sic  (i.e., establishing meaningful relationships, 
feeling a sense of community, gaining knowledge, 
fi nding stimulation, and achieving personal 
growth) and  extrinsic  goals or motives (i.e., win-
ning, seeking fame, obtaining an appealing appear-
ance, and achieving fi nancial success) [ 5 ]. 

 Within self-determination  theory   [ 5 ], goal type 
has implications for personal and relational func-
tioning. Intrinsic goals focus on developing per-
sonal interests, values, and potential and are 
inherently satisfying to pursue [ 6 ]. According to 
 SDT  , the pursuit of intrinsic goals will lead to both 
sustained engagement in the behavior as well as 
more positive psychological outcomes (e.g., well-
being, self-esteem) [ 7 ]. In contrast, extrinsic goals 
are more outwardly oriented, directed toward 

 external  indicators of worth, leading to the less 
inherent satisfaction and human development [ 7 ]. 
While the desire to win to prove something to 
others can be motivating, athletes must be careful 
in their utilization of extrinsic motives for they 
may undermine the development of intrinsic moti-
vation. Relying solely on extrinsic motives might 
limit the ability for endurance athletes to sustain 
training requirements for the long haul and 
decrease their enjoyment of the process. 

 Some strategies for increasing intrinsic moti-
vation include building on past success, prepara-
tion, positive reinforcement, variety in training, 
and athlete contribution to training [ 8 ]. Successful 
experiences increase perceived intrinsic ability 
and strengthen personal competence. For exam-
ple, athletes experience success by setting small 
goals and reaching them. Adequate preparation is 
also essential for endurance athletes. Slowly pro-
gressing through a training protocol will be more 
motivating than going for a long distance without 
suffi cient training. Rewards that are contingent 
with performance can be benefi cial. For example, 
Bill has been gunning for a particular pace on a 
training run, and once he reaches it, he rewards 
himself with his favorite meal. 

 Verbal and nonverbal praise from athletes and 
coaches can provide positive feedback that helps 
increase motivation. Further, motivational self- 
talk has also been shown to improve performance 
in whole body endurance activity [ 2 ]. Mixing up 
the training process by varying drill sequences or 
activity days can keep training stimulating and 
more motivating. Finally, allowing athletes to 
have a say in training, and other related decisions, 
can increase autonomy and intrinsic motivation. 
Understanding the need for increasing and main-
taining higher motivation levels is critical for ath-
letic success in endurance sport. Appropriately 
tapping into intrinsic and extrinsic motivation is 
essential to developing this performance fuel.    

     Goal Setting   

  A goal is a target, specifi c standard, or accom-
plishment that one strives to attain, usually within 
a specifi ed period of time [ 9 ]. Goal setting and 
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has been shown to consistently facilitate sport 
performance [ 10 ]. Objective goals are those that 
are measureable, such as “I want to run a half- 
marathon in under two-hours” [ 11 ]. Subjective 
goals, on the other hand, are more general state-
ments of intent, such as wanting to do well at 
the race [ 11 ]. 

 Goals have commonly been further divided 
based on whether the intention of the goal is out-
come, performance, or process driven [ 11 ]. An 
outcome goal usually focuses on the result of an 
event, such as wanting to win a race, gain entry 
into an event, or earn a medal. Performance  goals   
focus on achieving objectives that are in compari-
son to one’s own previous performance rather 
than the performance of competitors. For 
instance, wanting a personal record in a marathon 
or lowering one’s swim time during a triathlon 
are examples of performance goals. Finally, pro-
cess goals focus on executing concrete actions in 
order to perform well [ 11 ]. For instance, focusing 
on spearing the hand into the water during each 
swim stroke or pushing and pulling with each 
pedal revolution are pertinent process goals. 
When used systematically, goals help athletes 
plan, evaluate, and manage their behavior and 
thoughts [ 10 ]. 

 In general, when compared to no goals or vague 
“do your best” goals, specifi c goal setting has been 
shown to enhance athletes’ performance [ 9 ]. 
Outcome goals, though uncontrollable, are attrac-
tive and exciting—useful in enhancing the motiva-
tion needed for the physical and mental grind of 
training [ 9 ]. Performance  goals   offer more control 
and fl exibility, thus allowing athletes the opportu-
nity to raise and lower their goal diffi culty to 
remain challenged and excited [ 9 ]. Athletes use 
process goals in immediate situations to enable 
focus on specifi c task demands in productive ways 
[ 9 ]. Considered collectively, setting outcome, per-
formance, and process goals offers unique benefi ts 
to maximizing performance. 

 Within endurance sport, goal setting has been 
shown to improve performance. In particular, 
using goals helped high school runners improve 
their 2.3 km times and nonathletes cycle for lon-
ger durations during an incremental test [ 2 ]. 
Further, in a gymnasium sprint triathlon, outcome, 

performance, and process goals all positively 
impacted race day performance [ 3 ]. These endur-
ance sport data, combined with many years of 
goal setting research in other sport performance 
domains, yield clear and consistent results for 
goal setting as a performance-enhancing 
strategy. 

 There are guidelines which improve the effec-
tiveness of goal setting [ 10 ]. Set specifi c goals in 
measurable and behavioral terms, which makes it 
easier to detect progress. Set moderately diffi cult 
but realistic goals to remain challenged enough to 
be motivated, instead of frustrated from repeated 
failure. Set short-range and long-range goals to 
stay focused on the path and experience small 
successes along the way. As noted above, out-
come, performance, and process goals all offer 
benefi ts to enhancing performance when used 
appropriately. Set goals in both practice and com-
petition to enhance performance. Set positive 
goals instead of negative goals, which allows ath-
letes to focus on what they want to accomplish, 
not reminding themselves of what they do  not  
want to accomplish. Identify targets for goal 
attainment to improve focus and promote a sense 
of urgency, such as completing a half marathon 
within 4 months. Finally, write goals down and 
frequently evaluate them to stay on the path 
toward success.   

    Energy  Management      

   Too high or too low? Some athletes experience 
excessive anxious energy prior to competition, 
causing tense muscles and wasted energy. Others 
feel too fl at or tired to perform well. Athletes 
have an optimal zone of energy (also known as 
arousal or emotion) in which they perform best, 
and mental training helps them fi nd that ideal 
energy zone. 

 Following the tenet of “moderation in all 
things,” it appears a moderate level of energy 
works well for most athletes [ 12 ,  13 ]. But due to 
the complexity of behavior, researchers have the-
orized more multifaceted relationships between 
energy and performance. Hanin proposes that 
individuals vary in the amount of energy they 
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need to succeed in sport, depending on their per-
sonality and sport event [ 14 ]. For example, 
sensation- seeker Shannon swims faster in shorter 
events like the 200 freestyle when she has high 
energy, whereas anxiety-prone Sean rows best in 
the longer single sculls event when he’s more 
relaxed. 

 Individual interpretation of energy level is 
also important, according to reversal theory [ 15 ]. 
Shannon views her fast heartbeat as excitement 
and a sign she’s ready to swim fast. Sean, how-
ever, interprets the butterfl ies in his stomach as 
unpleasant anxiety—a feeling of dread. 
McGonigal found that stress can be good for us if 
we reframe a thumping heartbeat and butterfl ies 
fl itting about in the stomach as a sign our bodies 
are preparing to rise to the challenge [ 16 ]. 

 When athletes have too much energy or anxi-
ety, relaxation strategies are often helpful [ 17 ]. A 
key skill is  diaphragmatic breathing  , also known 
as  belly breathing  . To practice diaphragmatic 
breathing:

 –    Place one hand on your chest and one hand on 
your belly (below belly button).  

 –   Inhale through your nose, exhale through your 
mouth.  

 –   When you inhale, keep the hand on your chest 
still, while pushing out the hand on your belly 
with air (the opposite of “sucking it in”).  

 –   Exhale completely…let your shoulders droop 
as you breathe out.  

 –   The diaphragm is the muscle beneath your 
lungs…you’ll feel that drop or push down as 
you inhale, which allows your lungs to expand 
down into your chest cavity.    

 Another calming breathing strategy is paced 
breathing which involves a shorter inhale and a lon-
ger exhale [ 18 ]. For example, breathe in to a count 
of two, and breathe out to a count of four. Paced 
breathing has been shown to reduce heart rate. 

 When athletes are too low in energy, they 
often feel tired and fl at and may suffer a “let 
down” [ 19 ]. Strategies to increase energy include 
quick, shallow breaths and jumping up and down. 
According to Cuddy, holding the body in a 
“power pose” for 2 min decreases cortisol (stress) 

and increases testosterone (feelings of energy 
and power) [ 20 ]. See Table  18.1  for more “chill 
out” and “pump up” strategies [ 17 ,  19 – 21 ].  

       Self- Talk      

   “Push harder.” “I can’t keep up.” “Why the  hell  am 
I doing this?” 

     Sound familiar? Self-talk is what athletes say 
to themselves before, during, and after training 
and competition. Cognitive-behavioral theory, 
which challenges dysfunctional self-talk, is a cor-
nerstone of mental training for sports. 

 Cognitive theories espouse that our reactions 
do not stem from the events that happen to us, 
but rather from how we  interpret  those events. 
For example, Amy and Sienna both swallow 
water during the swim of a triathlon. Amy 
thinks, “Oh, no! Why does this always happen 
to me? I suck at swimming. My race is ruined.” 
In contrast, Sienna thinks, “Yuck. This happens 
to lots of swimmers. Breathe. One stroke at a 
time.” Both Amy and Sienna experience the 
negative event of swallowing water, but Sienna 
reacts more effectively due to her evidence-
based self-talk. 

 Cognitive-behavioral therapy teaches skills to 
challenge dysfunctional thoughts like overgeneral-
ization [ 22 ]. Athletes who overgeneralize interpret 

   Table 18.1    Energy  management      strategies   

 Too nervous? Chill out  Too fl at? Pump up 

 Take diaphragmatic 
breaths, paced breaths 

 Take fast, shallow breaths 

 Repeat trigger word like 
“Just do my best” 

 Move your body. Jump 
up and down 

 Focus on the process, the 
controllables 

 Alternate contracting and 
relaxing muscles 

 Reexperience your best 
performance 

 Review your most 
important goal 

 Get perspective—it’s just 
a sport! 

 Walk and talk quickly. 
Act as if you’re energized 

 Listen to happy music, a 
comedy routine 

 Listen to pump up music 

 Talk to a friend about 
your stress 

 Repeat an affi rmation 
“I’ve got great stamina” 

 Hold a power pose for 
2 min 

 Hold a power pose for 
2 min 
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one negative event as a never-ending pattern, 
making broad conclusions about themselves and 
others. While training for a tramping event in 
New Zealand, Daniel’s old knee injury acts up, 
and he has to cut one practice short. If he thinks, 
“I’ll never be ready for this event. I screw up 
everything,” he is overgeneralizing. One abbrevi-
ated training session doesn’t mean that he will be 
ill-prepared for the race, nor does it imply that he 
fails at  everything  in his life. Such negative 
thoughts can lead to feelings of anxiety, hope-
lessness, and irritability, which can then impair 
training and sport performance [ 1 ]. 

 Another classic dysfunctional thinking style is 
“should” statements. When thoughts like “I 
should’ve known better” or “I should beat that 
athlete” pop up, athletes often become too tense 
or angry to perform well. Ellis advises us to stop 
“shoulding” all over ourselves [ 23 ]. Instead, use 
words like “prefer,” or acknowledge the facts, 
such as “Just because I have a better ranking 
doesn’t mean I should beat that athlete. Rankings 
are meaningless on any given day.” 

 Do self-talk interventions improve sport perfor-
mance? In a 2011 meta-analysis, Hatzigeorgiadis 
et al. reported a moderate positive effect size [ 24 ]. 
For instructional self-talk such as “Follow 
through,” fi ne motor skills like golf putting benefi t 
more than gross motor skills like running. 
Motivational self-talk (“Just keep swimming”) 
may be more useful for gross motor skills used in 
endurance sports. Anticipation of positive conse-
quences like “I’ll feel wonderful crossing the fi n-
ish line!” is a type of motivational self-talk helpful 
in endurance events [ 25 ]. 

 Regarding endurance sports, studies fi nd that 
self-talk interventions have improved perfor-
mance in swimming [ 26 ] and marathon running 
[ 25 ]. Hamilton, Scott, and McDougall found that 
positive self-talk improved cycling performance, 
particularly when audio of positive messages 
reinforced the cyclists’ self-talk [ 27 ]. The authors 
also found that negative self-talk slightly 
improved performance and explained that some 
athletes perceive negative statements like “You 
can’t keep up this pace” as surprisingly motivat-
ing. This study highlights the unique responses of 
athletes to mental training interventions. 

 Self-talk interventions do not focus only on 
challenging negative self-talk but also on brief 
self-coaching instructions prior to performance. 
Intelligent athletes may tend to overthink, which 
can cause muscular tension, hesitation, poor 
focus, and mental fatigue. Decreased athletic per-
formance may result. Their internal dialogue may 
sound something like this:

  I really want to PR today. Why does  that  athlete 
have to be in this race? So annoying. Are my water 
bottles full? Coach told me to get after the third 
mile. Ooh, I like that guy’s bike. How does he 
afford that? I hope my quad doesn’t cramp up. 
Crap, that work deadline’s approaching. What if I 
don’t fi nish? That’d be awful. Is it going to rain? 
Remember to pick up milk on the way home. 
C’mon, focus. PR, baby. 

   Such rambling self-talk impairs concentra-
tion. For increased focus, sport psychologists 
often teach “trigger words”: words or phrases 
under the athlete’s control, about the task at hand, 
that focus on one thing at a time [ 28 ]. Behind the 
blocks, swimmers might use trigger words like 
“Fast and loose,” “Hop on the third one hundred,” 
or “Do my best.” In the above example, Sienna 
uses trigger words like “Breathe” and “One 
stroke at a time” to refocus after swallowing 
water during a swim.    

     Concentration   

  Concentration is the ability to focus attention on 
the task at hand without distraction from irrele-
vant external or internal stimuli. It is a learned 
skill of limiting reactions and distractions to 
unimportant information, which has a profound 
effect on athletic performance [ 1 ,  2 ]. When ath-
letes concentrate well, they respond to changing 
performance demands, control emotion and per-
formance state, and release muscular tension 
[ 29 ]. Attentional focus has been theorized to 
reside on two dimensions: width (broad or 
narrow) and direction (external or internal) [ 30 ]. 
A broad attentional focus allows a person to per-
ceive several stimuli simultaneously, such as 
scanning the entire lake prior to the swim. Narrow 
attentional focus occurs when an athlete only 
focuses on one or two cues, like a competitor’s 
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tire when making a pass on the bike. An external 
attentional focus directs attention outward to an 
object, such as biking toward your specifi c transi-
tion spot. Finally, an internal attentional focus is 
directed inward to thoughts and feelings, like 
working through the heavy legs after a bike. 

 Another important quality of focus is whether 
athletes associate, i.e., focus on bodily sensations 
or performance-specifi c cues, or dissociate, i.e., 
focus on external stimuli as a means of distract-
ing themselves. Early studies suggested that elite 
athletes gravitate toward associative strategies, 
and nonelite athletes favor dissociative strategies, 
but 35 years of subsequent research has resulted 
in equivocal fi ndings regarding the best atten-
tional focus for peak performance [ 31 ]. Brick 
et al. recommended future research breakdown 
associative strategies into active self-regulation 
and internal sensory monitoring and dissociative 
strategies into active distraction and involuntary 
distraction [ 31 ]. 

 Additional support for the value of concentra-
tion comes from Moran [ 32 ]. He contends that a 
focused state of mind requires deliberate mental 
effort and intentionality. Although skilled ath-
letes can divide their attention between two or 
more concurrent actions, they can focus con-
sciously on only thought at a time. (Focusing on 
only one thing is also known as the  one-mindful  
mindfulness skill.) During peak performance 
states, athletes’ minds are so focused that there is 
no difference between what they are thinking and 
what they are doing. Athletes tend to lose their 
concentration when they pay attention to events 
and experiences that are in the future, in the past, 
out of their control, or otherwise irrelevant to the 
task. Excessive anxiety can also undermine opti-
mal performance by leading performer’s focus on 
inappropriate cues as well as focus too much on 
conscious, instead of automatic, control of move-
ment. Considered collectively, concentration is a 
worthwhile mental skill that needs to be deliber-
ately trained and sharpened. 

 Fortunately there are many supported strate-
gies for improving concentration. Simulating 
competitive demands in practice can aid with 
concentration on event day [ 33 ]. Simulation 
offers the opportunity to learn how to cope effec-

tively with distractions and practice strategies for 
refocusing the mind. Self-talk, especially trigger 
words, can be used to trigger an identifi ed 
response. Using nonjudgmental thinking about 
performance also helps athletes stay in the pres-
ent moment and not be distracted by past or 
future performances. (See the section 
“Mindfulness” for more details.) Performance 
 routines   allow athletes to focus on what is under 
their control and reduce distractions that may 
come up on race day as well as ready the mind for 
reaching the zone. Plans for competitions also 
offer athletes a way to remain focused during the 
event by reminding themselves of strategies, 
goals, and techniques. Finally, another strategy to 
enhance concentration is to overlearn the skills 
required to perform. Cyclists focus better on race 
strategy if they aren’t overly concerned about 
how to effectively engage the pedal stroke. A 
well-learned stroke will be automatic, thus allow-
ing cyclists to focus on other elements necessary 
for great performance.   

     Imagery   

    Imagery is using all of the senses to create an 
experience in the mind [ 33 ]. Imagery, visualiza-
tion, mental rehearsal, mental blueprint, and 
mental practice all refer to the process of recall-
ing from memory pieces of information stored 
from experience and shaping these pieces into 
meaningful images [ 34 ]. It is an act of simulation 
that occurs internally within the mind. Anyone 
can use imagery, in any setting, to learn and prac-
tice skills and performance strategies, correct 
mistakes, prepare a mental focus for competition, 
automate preperformance routines, build and 
enhance mental skills, and aid in the recovery 
from injuries [ 33 ]. 

 How does imagery work? When engaging in 
visualization, similar neural impulses occur in 
the brain and muscles, mimicking those actually 
fi red when physically performing the action [ 34 ]. 
For example, picturing yourself biking up a tough 
hill will actually fi re neurons in your brain and 
body that are responsible for making your quads 
and hamstrings move. Imagery also facilitates 
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performance by helping athletes blueprint the 
movements or strategies necessary for success, 
so they become more automatic [ 34 ]. For 
instance, picturing a technically sound swim-
ming stroke increases the likelihood of perform-
ing a perfect stroke. Athletes are also able to 
develop coping responses to potential stressful 
situations [ 34 ]. As such, a cyclist can image rac-
ing confi dently on a rainy course. Finally, imag-
ery allows athletes to create the optimal levels of 
energy and concentration required for their per-
formance endeavor [ 34 ]. A marathoner who is 
nervous before a race might picture a beach scene 
to relax her mind and body. 

 Evidence supporting the use of imagery in 
endurance performance has been well- 
documented. For example, nonathletes using pre-
performance imagery of skill execution and 
successful performance outcomes showed 
improvement in a 1.5-mile run [ 2 ]. In a small 
group of competitive youth swimmers, imagery 
training and listening to an imagery script 
improved performance in a 1000-yard practice set 
[ 2 ]. Another study of a small group of indoor gym-
nasium triathlon participants showed that imagery 
helped in the tolerance of pain, increased motiva-
tion and confi dence, and improved race strategy 
[ 3 ]. These examples, as well as supplemental 
research involving participants in varying levels 
of ability and sport type, offer support for the use 
of mental imagery in enhancing performance. 

 To set up an effective imagery training pro-
gram and maximize the potential overlap in neu-
ral activation between real and imaged behaviors, 
it has been suggested to use the  PETTLEP model   
[ 35 ]. The  PETTLEP model   outlines seven ele-
ments (Physical, Environment, Task, Timing, 
Learning, Emotion, and Perspective) that amplify 
the relatedness between the imaged and actual 
performance [ 36 ]. For instance, the physical ele-
ment suggests imaging in a similar physical envi-
ronment (i.e., imaging the swim while standing 
in the pool or fl oating in the water). The timing 
element suggests imaging the performance in 
real time (note: obviously this may be diffi cult 
when imaging endurance sport, though picturing 
a swimming stroke or run cadence in real time 
would be ideal). Hence, deliberately engaging in 

imagery in ways that best utilize and approximate 
the elements of the  PETTLEP model   would offer 
the greatest benefi t [ 35 ]. Further, it is essential to 
assess which aspect of performance that will be 
imaged [ 33 ]. For instance, does the athlete need 
to focus on technique, dealing with a fl at tire, or 
picturing strength while running up a hill? All 
require a different type of imagery. Another obvi-
ous key to imagery includes being able to control 
the image [ 33 ]. If athletes have diffi culty creating 
the image they want, backtracking to individual 
behaviors and building off of what they can con-
trollably image are appropriate.     

    Performance  Routines      

 Throughout this chapter we have introduced men-
tal skills to enhance athletic endurance perfor-
mance. Though helpful in isolation, these mental 
skills can serve additional purpose when com-
bined in unison before, during, and after competi-
tion. Such deliberate packaging of mental skills to 
ready the mind and body for a successful perfor-
mance is known as performance routines. 
Performance routines are a sequence of task-rele-
vant thoughts and actions systematically engaged 
in prior to performing a specifi c sport skill [ 37 ]. 
Though most commonly used in closed-sport sit-
uations such as golf putting or free throw shoot-
ing, routines also have a place in longer repetitive 
activities such as endurance sport. In this case, 
routines would be utilized the night before, the 
day of, or immediately before competition to 
prime the athlete for a ready state to perform. 
In addition, athletes may employ routines  after  
performance to aid in their mental and physical 
recovery. 

 Performance routines can aid in building con-
fi dence, composure, and concentration. For 
instance, with confi dence, every night before a 
race, a triathlete might eat the same dinner, take 
time visualizing herself feeling strong the entire 
race, double check her gear bag, and write posi-
tive self-talk statements in her journal. Doing this 
the night before each race builds confi dence for a 
successful race. An athlete who is prone to per-
formance anxiety or is participating in high-stake 
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races might use performance routines to calm his 
nerves. He may begin race day with a deep 
breathing exercise prior to leaving for the race 
venue. He may sit quietly after his swim gear is 
on and his transition corral is organized. Picturing 
a calm mind and body throughout the race allows 
him to maintain composure up until the race 
begins. Finally, preperformance routines allow 
athletes to automate their behaviors leading up to 
race day and start. As such, they are able to focus 
solely on the race, rather than irrelevant informa-
tion such as gear, navigating the venue, etc. All 
the potential stress and mental chatter has been 
silenced by developing a routine that effectively 
addresses these areas in an automated manner. 

 Routines have received substantial support in 
the empirical literature in a variety of sporting 
domains [ 29 ]. Although routines often occur 
before or between competitive performances, it is 
optimal to use them systematically during train-
ing so they are learned and easily transferable to 
competition. Developing appropriate and effec-
tive prerace routines may take some time. It is 
important to use mental skills and routine strate-
gies in a way that fi ts with the individual. This is 
not a one size fi ts all approach. It is necessary to 
assess what athletes need on race day. What 
would they like from the routine—confi dence, 
composure, concentration, or all three? What 
mental skills do the athletes tend to use the most 
and with the greatest amount of success? Include 
these skills in the routine. Developing a routine 
takes time and may require some trial and error. 
Stay patient and be fl exible. Make sure that the 
components of the routine help enhance perfor-
mance and not distract from it.  

    Mindfulness 

    Mindfulness      is experiencing the moment without 
reacting to the moment [ 38 ]. Jon Kabat-Zinn 
described mindfulness as “the awareness that 
emerges through paying attention on purpose and 
nonjudgmentally to the unfolding of experience 
moment by moment” [ 39 ]. It is “affective, 
compassionate, and nonreactive.” Mindfulness is 
at the heart of Buddha’s teachings and has been 

incorporated in clinical treatments like dialectical 
behavior therapy [ 38 ]. 

 Mindfulness develops an accepting relation-
ship with one’s inner experience, instead of 
trying to control thoughts and feelings like in 
traditional cognitive-behavioral approaches [ 40 ]. 
Cognitive models attempt to replace negative 
thoughts with evidence-based thoughts. In con-
trast, mindful approaches notice the thoughts 
without reacting to them. For example, athletes 
might think, “I’m a failure.” Cognitive interven-
tions encourage the athlete to challenge that 
belief with evidence like “I didn’t pace the race 
well but that doesn’t mean I’m a failure in all 
things—I did succeed by managing my nutrition 
effectively.” Mindfulness training encourages 
responses like “I notice the thought ‘I’m a failure’. 
I’m aware of a tightness in my chest; a feeling of 
insecurity.” 

 Interest in mindfulness interventions in sport 
has increased recently [ 1 ]. Control isn’t all it’s 
cracked up to be, especially when attempts to 
control backfi re. Strategies designed to suppress 
or replace negative thoughts may paradoxically 
increase those thoughts [ 41 ]. Gardner and Moore 
argue that traditional mental skills training has 
reduced negative mental states in some studies 
but has not translated into consistent improve-
ment in sport performance [ 40 ]. Because some 
athletes struggle to achieve control over their 
cognitive processes via traditional skills training, 
acceptance approaches like mindfulness offer 
promise for the future. 

 Kabat-Zinn fi rst applied mindfulness to endur-
ance sport performance by studying mindfulness 
meditation and rowers [ 42 ]. More recently, soc-
cer players who trained in mindfulness reported 
feeling calmer and less reactive to negative emo-
tional states [ 43 ]. Thompson et al. found that 
mindfulness training improved runners’ mile 
times and feelings of relaxation [ 44 ]. The mind-
fulness training was also associated with 
decreased anxiety and irrelevant thoughts. One 
unique study explored the usefulness of mindful-
ness for recovering from burnout in sport [ 45 ]. 

 Mindfulness increases awareness of all things, 
including experiences of confi dence and mastery, 
which may enhance feelings of fl ow. Peak athletic 
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performance is known as being in the zone or in 
a state of “fl ow”: the optimal zone where skill 
meets challenge [ 46 ]. Pineau et al. studied mind-
fulness in rowers and found an association 
between mindfulness, effi cacy, and fl ow [ 47 ]. 
The authors theorized that mindfulness increased 
awareness of mastery experiences, thereby 
increasing feelings of effi cacy and fl ow. 

 To practice mindfulness skills, endurance ath-
letes might start with observing nonjudgmentally 
[ 38 ]. The  observe  skill involves noticing the pres-
ent moment without reacting. Athletes may feel 
stuck in the past when they berate themselves for 
mistakes or stuck in the future when they worry 
about the outcome of a race. They can become 
more anchored in the present by observing with 
their fi ve senses: “I see the red buoy. I hear the 
splash of water. I feel coolness on my skin. I 
notice my breathing is shallow.” The  nonjudg-
mental  skill is noticing facts without evaluating 
them as good or bad. Athletes who judge them-
selves with thoughts like “I shouldn’t get angry” 
can practice the nonjudgmental skill by listing 
fi ve facts about the situation (“I  am  angry,” 
“Everyone feels anger,” “Anger is different from 
aggression,” etc.) and/or asking what a support-
ive person in their life would say (e.g., “It’s okay 
to be angry”).    

    Balanced  Exercise         

    Exercise has countless physical, mental, and 
emotional benefi ts, and endurance athletes know 
these benefi ts well. But many people do not exer-
cise at all, and most don’t get enough exercise 
[ 48 ]. There are fewer who get too  much  exercise 
[ 49 ]. Endurance athletes are more at risk for 
excessive exercise [ 50 ], thereby increasing their 
risk for developing eating disorders and physical 
injuries [ 51 ]. Finding the balance between too 
little and too much exercise is important for 
health [ 48 ]. 

 Various terms for excessive exercise include 
compulsive exercise, obligatory exercise, exer-
cise addiction, exercise dependence, and exer-
cise abuse. To manage psychological distress, 

exercise joins food restriction, binge eating, sub-
stance use, gambling, and other addictive behav-
iors as a potential means to escape or numb 
painful emotion. Similar to other compulsive 
behaviors, excessive exercise provides short-
term relief of negative emotional states but often 
adds to distress in the long run. It can be diffi cult 
to detect excessive exercise, particularly in com-
petitive athletes. Think about athletes who run 
the extra mile or train multiple times a day—oth-
ers often applaud their unparalleled discipline. 
For this reason, it may be a challenge to recog-
nize exercise as an addictive, potentially harmful 
behavior. 

 How do athletes know if they are overexercis-
ing? Powers and Thompson recommend deter-
mining if exercise has a negative impact on 
physical, emotional, or psychological health as 
well as interfere with daily activities like school, 
work, or relationships [ 48 ]. Exercise is also prob-
lematic if it occurs at inappropriate times or set-
tings or continues despite injury. Examples 
include the compulsion to take a long bike ride in 
lieu of attending to family needs. The American 
College of Sports Medicine recommends taking 
at least one day off exercise per week [ 52 ,  53 ]. 

 The quality of exercise may be more impor-
tant than the quantity [ 48 ]. Qualities to consider 
include motivation for exercise and level of con-
trol over exercise. What motivates athletes to 
exercise? If the motivation is solely to burn calo-
ries, punish themselves, give permission to eat, or 
compensate for calories eaten, exercise may rep-
resent an eating disorder symptom. More bal-
anced motivations include health, training for a 
sport, stress reduction, fun, and mind-body con-
nection. It’s also helpful to gauge the level of 
control individuals feel over exercise. If exercise 
feels compulsive or obligatory, the athlete’s 
health may be compromised. For instance, 
cyclists with uncontrollable urges to go on long 
bike rides experienced more internal confl ict [ 54 ] 
(Table  18.2 ).

   Individuals who are concerned about inade-
quate or excessive exercise will fi nd  The Exercise 
Balance  by Pauline Powers and Ron Thompson 
to be a helpful resource.     
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    Conclusion 

 The mind of an endurance athlete is a terrible 
thing to waste. Hopefully this chapter provides 
an informative introduction into the mental world 
of sport and how to make the most of what is 
between the ears to achieve greater performance. 
Much like the physical and technical training 
necessary to for endurance sport success, system-
atic training of mental skills can be diffi cult and 
requires tremendous self-discipline. We encour-
age you to identify the mental skills that interest 
you most (perhaps imagery, energy management, 
goal setting, and/or mindfulness) and practice 
these skills until they become part of you. Start 
small and have fun along the way!     
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      Optimizing Nutrition 
for Endurance Training                     

     Jackie     Buell    

       Endurance athletes should know that nutrition 
affects performance-specifi c characteristics like 
fatigue levels [ 1 – 4 ], the immune system [ 5 ], mus-
cle breakdown versus maintenance or growth [ 6 –
 8 ], and even coordination [ 9 – 11 ]. As endurance 
athletes become more serious about their desired 
body changes and performance goals, they often 
become more intentional about their training diet 
and seek advice related to their goals. 

 The fuel for aerobic metabolism (assuming a 
mixed diet that includes carbohydrate, protein, 
and fat) depends on the intensity and duration of 
exercise [ 12 ,  13 ]. Higher-intensity work uses 
higher carbohydrate (less fat), while lower inten-
sities can rely more heavily on fat as the primary 
fuel. The longer an endurance event lasts, the less 
stored carbohydrate (glycogen) in the muscle and 
the higher the reliance on fat for energy. 
Environmental factors like extreme heat or stress 
will also increase the muscle’s reliance on carbo-
hydrate as fuel [ 4 ,  14 ,  15 ]. Reliance on  carbohy-
drate   uses the glycolytic pathways, while the 
utilization of fat trains the lipolytic or ketogenic 
pathways. In general, there is always some mix-
ture of fat and carbohydrate oxidation occurring 
simultaneously. “Optimization” for the endur-
ance athlete is fi nding the mixture of these fuels 

that allows for best performance while maintaining 
gastrointestinal comfort and muscle fueling [ 16 ]. 
It is important for endurance athletes to consider 
how to best train these two metabolic pathways 
and to use intentional nutrition to achieve desired 
results. 

    Important Nutrition  Components 
and Current Recommendations   

  Approximate   energy balance    is a primary nutri-
tional consideration for endurance athletes. It is 
diffi cult to improve performance when there is not 
enough energy in the diet, or at least the energy 
needs to be adequate to promote optimal changes 
desired from the training program. Athletes desir-
ing to lose body fat likely need to adopt a slight 
energy defi cit to achieve the goal, but not such a 
large defi cit to induce metabolic consequences 
[ 17 – 19 ]. The other common goal of gaining lean 
mass or strength must be accompanied by a train-
ing diet high enough in calories and protein to pro-
mote muscle protein synthesis.  Calorie balance   is 
important to achieving the desired goals and 
should be intentional in endurance athletes. 

  Calorie balance   can also be considered from 
an energy availability perspective [ 18 ]. From 
work relative to the female athlete triad para-
digm, we understand that low energy availability 
contributes to decreased reproductive hormone 
status (and amenorrhea) as well as potential 
decreases in bone mass [ 20 ]. The triad has 
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recently been expanded to include (damage to) 
many other metabolic characteristics including 
immunological, gastrointestinal, cardiovascular, 
psychological, developmental, hematological, 
endocrine, and metabolic changes [ 19 ]. While 
this under-fueling and its ramifi cations have long 
been largely considered female issues, current 
literature is beginning to recognize the same 
poor fueling sequelae in male endurance athletes 
[ 21 – 24 ]. Eating enough to support training as 
well as the underlying basal metabolism is impor-
tant to long-term health as well as short-term per-
formance benefi ts. 

 Energy availability is a specifi c calculation to 
ensure fueling is adequate to support the underly-
ing metabolism in addition to exercise [ 25 ].

  
EA

calorie in calories spent in exercise

kg fat free mass
=

-( )
   

Optimal energy availability is considered to be an 
energy intake greater than 45 kcals/kg fat-free 
mass to allow for normal menstrual function [ 25 ], 
growth or gain of body mass, and normal body 
and brain function. Alternatively, intakes below 
30 kcals/kg fat-free mass have been demonstrated 
to change menstrual function or have health 
implications, and this should be seen as an inade-
quate fueling plan for endurance athletes [ 26 ]. 
Training diets with 30–45 kcals/kg fat-free mass 
are minimal, but should allow for healthy weight 
loss or changes in body composition. It should be 
noted that the individual athlete’s response to 
restriction level must be considered, as the thresh-
old values are the result of research where group 
data were considered and may not be accurate for 
poor training responses for individuals. The bot-
tom line for  energy balance   for the endurance ath-
lete is that training volume must be included in 
decisions about how much energy to consume in 
the intentional training diet.   

    The Macro  Mixture            

     Once the calorie level of a training diet is deter-
mined to help fuel the athlete, consideration is 
given to the macronutrient profi le of the diet: 

 How much carbohydrate, fat, and protein does 
the endurance athlete need?  Carbohydrates and 
fats are considered the primary fuels for endur-
ance exercise [ 27 ]. There is some evidence that 
endurance athletes can use slightly more protein 
as an energy source compared with other athletes 
[ 28 ], but the protein recommendations are not 
typically considered from a fueling perspective. 
The current evidence-based guidelines for fuel-
ing an endurance athlete include a diet high in 
carbohydrate and moderate in fat and protein 
[ 29 ,  30 ]. There are two current position statements 
for athlete nutrition summarized in Table  19.1 .

   The traditional training diet follows these pro-
fessional recommendations and focuses on car-
bohydrate as the primary fuel, which results in a 
well-trained glycolytic system that allows the 
athlete to teach the muscle to store muscle glyco-
gen for use during endurance events [ 31 ,  32 ]. As 
muscle glycogen decreases with high intensity 
and/or longer duration, the muscle becomes more 
dependent on lipid oxidation and can presumably 
continue exercise at a lower intensity [ 33 ]. 
Consideration should be given to training both 
systems adequately within the periodization of an 
endurance program. In general, this is a personal-
ized program and is not likely easy to determine 
from any cookie cutter recommendation. 

 Working with the spectrum of endurance ath-
letes from the elite Olympic hopeful to the week-
end marathon warrior requires consideration of 
the athlete’s physique and performance goals and 
then personalization of the eating plan. The 
body’s use of the energy systems to fuel exercise 
is the direct result of the energy sources 
 (carbohydrate or fat) provided to the system [ 33 ]. 
If you want to train your system to be the highest 
in intensity, it must rely on carbohydrate thus 
provided with carbohydrate for fuel. If you do 

   Table 19.1    Current position statement macronutrient 
recommendations   

 Macronutrient 
 ACSM/AND [ 29 ] 
statement 

 IOC statement 
[ 30 ] 

 Carbohydrate  6–10 g/kg/day  6–10 g/kg/day 

 Fat  20–35 % intake 

 Protein  1.2–1.7 g/kg/
day 

 1.2–1.6 g/kg/
day 
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not care about intensity of exercise and wish to 
maximize your use of fat as fuel, it may require a 
distinctly different diet. 

 An evolving paradigm in endurance nutrition 
is the  keto-adapting   diet   where the athlete forces 
the body to rely on fat for fuel by depriving the 
muscle of carbohydrate. Intuitively, this means 
undertraining the glycolytic pathways therefore a 
loss of “high gear” [ 34 ]. But if the athlete is not 
concerned about high gear or high intensity, this 
“keto” method of fueling likely taps into the body 
fat stores much more than the mixed or high- 
carbohydrate diet. Some athletes will want to try 
periods of keto- adapting   to see if specifi c training 
of the fat-burning pathways improves how long 
they can run. Many carb-trained athletes rely on a 
high-carbohydrate intake during exercise, which 
causes a fair amount of gastrointestinal distress. 
Thus, the keto-fueling plan can also improve gas-
trointestinal comfort during running. Some ultra- 
endurance athletes are well-known “keto”    
athletes [ 35 ,  36 ] and maintain various (carbohy-
drate) habits around their training and race days. 
This method of fueling is largely understudied in 
athletes, and a few well-respected laboratories 
for elite athletes denigrate the method due to the 
loss of high gear [ 34 ,  37 ]. When working with 
adult endurance athletes who are as concerned 
about losing body fat as they are performing, this 
style of fueling may be able to help reach the 
desired outcomes. Unfortunately, most of the 
“evidence” is anecdotal at this point and does not 
seem well accepted in the dietetics community. 
This is an area where additional funding and 
research activities are needed. It is possible that 
the current sports nutrition literature is biased 
toward a carbohydrate-trained muscle, and more 
studies on true keto- adapting   will help practitio-
ners and athletes understand the potential differ-
ences in the fueling styles. 

 In addition to the overall strategy for macro-
nutrient composition of the diet, there are fueling 
strategies to understand about each macronutri-
ent. It might be best to categorize the carbohy-
drate as the jet fuel in the muscle, the protein as 
the building blocks for repair and growth, and the 
fat as the long-distance fuel that is needed for 
good hormonal health. 

 Since  carbohydrates  are utilized for the 
higher-intensity exercises, it is the focus of most 
training diets [ 30 ,  38 ,  39 ]. For health implica-
tions, complex carbohydrates are preferred over 
simple carbohydrates for the advantages of 
higher fi ber and more nutrients (less processed, 
more nutrient dense). However, fueling around 
exercise might benefi t from some of the meta-
bolic handling characteristics of simple carbo-
hydrates [ 40 ,  41 ]. Simple carbohydrates (when 
taken alone) will empty from the stomach more 
quickly, be absorbed by the intestine and into 
the blood system more quickly (higher glycemic 
index), will stimulate a higher insulin response 
(anabolic to muscle), and can support blood 
 glucose more quickly than complex carbohy-
drates. Therefore the use of simple carbohy-
drates around exercise may help some endurance 
athletes. It has also been shown that using a 
 mixture of simple carbohydrates can enhance 
absorption thus provide more rapid support to 
the working muscle [ 4 ,  40 ]. However, high sim-
ple carbohydrate loads cause gastric distress 
(bloating, gas, diarrhea) for some athletes [ 42 ]. 
These athletes might experiment with more 
complex carbohydrates to see if they tolerate the 
higher molecular weight. 

 The timing of carbohydrate intake around 
exercise is pretty standardized [ 30 ,  38 ,  39 ]. 
Carbohydrate or glycogen loading (consuming 
high-carbohydrate diet) for a few days prior to a 
big event is a popular fueling strategy for many 
athletes. In addition, if the athlete wishes to top 
off the glycogen stores in the muscle prior to 
exercise, a small carbohydrate-rich snack or 
drink may help accomplish the extra muscle 
fuel. It is important to remember that fl uids or 
foods high in calories in the stomach will slow 
gastric emptying [ 43 ], so the preperformance 
snack should be intentional and commensurate 
with the athlete goals and timing before the 
event. If the athlete wishes the pre-event snack to 
enter the system more slowly, consuming a small 
amount of fat or more complex carbohydrates 
may help achieve this goal. An athlete who has 
fueled poorly over the course of the day who just 
wants to get some additional fuel to the muscle 
would be smart to rely solely on carbohydrate 
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prior to exercise as it should reach the muscle 
sooner. Some athletes fear that consuming high 
carbohydrate just prior to endurance exercise 
will make them bonk (become hypoglycemic). 
There are athletes who would rebound to hypo-
glycemia, but insulin and epinephrine are part of 
a redundant hormonal system, and epinephrine 
should override the infl uence of insulin. Of 
course, if an athlete knows simple carbohydrate 
prior to exercise causes them as an individual to 
become hypoglycemic, they should certainly 
adopt another strategy. In general, 30–60 g of 
carbohydrate within the hour of endurance exer-
cise is promoted to top off the glycogen stores 
[ 30 ,  38 ]. 

 Carbohydrate consumption during exercise 
depends on numerous factors: overall fueling 
prior to exercise, duration and intensity of exer-
cise, and individual tolerance and level of train-
ing. In general, the current recommendation is 
for athletes exercising longer than 60–90 min to 
consume small quantities of carbohydrate during 
endurance exercise to facilitate maintaining a 
high intensity. While most novice and average 
competitors can use 30–60 g of exogenous carbo-
hydrate per hour, elite athletes may be able to 
assimilate as much as 90 g of carbohydrate per 
hour [ 44 ]. 

 After exercise, there is a window of recovery 
where the muscle will replace glycogen at a faster 
pace [ 45 ]. There is also evidence that immediate 
protein consumption can promote muscle repair 
and synthesis [ 6 ,  8 ]. Given these two pieces of 
information, it is no surprise that current recov-
ery snack practices ask the athlete to consume 
good carbohydrate with a small amount of good 
quality protein to promote muscle recovery [ 30 , 
 38 ]. Additionally, carbohydrate intake is shown 
to help immune function and potentially avoid 
overtraining [ 5 ,  46 ]. Current generic guidelines 
would have an endurance athlete consume 
40–60 g of carbohydrate along with ~20 g of 
good quality protein immediately after exercise 
to promote muscle recovery [ 38 ]. Athletes might 
consider that they exercise to get desired changes 
in the muscle, and the recovery snack is a priority 
to facilitate those changes. 

 Fat is important to the overall training diet as 
well as good health. Low-fat diets do not help 
fuel the muscle or endurance exercise. The  intra-
muscular triglyceride (IMTG)   stores are an 
important source of fueling for endurance exer-
cise [ 33 ], so the endurance athlete needs to ensure 
a variety of fats within  energy balance   for the 
training diet. Of course, a keto-adapting athlete 
would rely on fats as the primary fuel within a 
carb-restricted diet. 

 A commonly asked dietary fat question is the 
consumption of  omega-3 fatty acids   to help con-
trol infl ammation and promote cardiovascular or 
brain health [ 47 – 50 ].  Omega-3 fatty acids   are 
found naturally in foods like fatty fi sh (salmon, 
mackerel), walnuts, fl ax, and chia seeds or their 
oils. The current dietary recommendation for all 
of us is to eat fatty fi sh such as salmon two times 
per week. Instead, many Americans choose to 
take fi sh oil capsules as a dietary supplement. 
Like all dietary supplements, the consumer 
should look for a brand that is third party verifi ed, 
but the evidence to fully support this supplement 
for athletes is still equivocal. 

 Protein is not typically considered fuel for 
exercise, but nitrogen excretion studies on male 
runners demonstrate a small amount of protein 
can be used for fuel. The current trend in sports 
nutrition is to move the paradigm for protein 
intake from adequate to optimal. Therefore, 
endurance athletes are recommended to consume 
higher protein than nonathletic counterparts. The 
essential amino acids [ 8 ,  51 ], and leucine in par-
ticular [ 52 ], have been shown to stimulate muscle 
protein synthesis after exercise, so the use of 
good quality proteins in the recovery snack has 
become standard advice. Additionally, some 
counselors like their athletes to have a little leu-
cine late in the evening to support the muscle in 
the overnight repair process. 

 The macronutrient comparison of a traditional 
endurance athlete diet with a keto-adapted athlete 
diet is provided for an example day in Table  19.2 . 
The arbitrary choice to demonstrate this with 
about 2400 kcals would make this a reasonable 
example for a female endurance athlete running 
about 5–8 miles per day.       
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     Hydration         

    Hydration is often considered during and after 
exercise, but many athletes fail to think about 
hydrating throughout the day. Of course fl uids are 
important to hydration, but so are the electrolyte 
nutrients like sodium, potassium, and chloride. 
While there are position statements favoring a 
scheduled drinking plan prior to, during, and after 
exercise [ 53 ], there is also a current push to simply 
drink when thirsty [ 54 ]. This is a catch 22 because 
the thirst mechanism lags behind the physiology: 
the feedback loop to the thirst center depends on 
dehydration to stimulate thirst. The “drink as 
thirsty” advocates are responding to case studies 
and prevention of hyponatremia. When endurance 
athletes lose a lot of sweat, they are losing water 
and salt. When they are replacing sweat with plain 
water (low in sodium), they are actually further 
diluting the serum sodium concentrations and this 
can cause symptoms of hyponatremia. It stands to 
reason that a good hydration plan should address 
the replacement of electrolytes along with enough 
fl uids to stay hydrated. 

 It is best for endurance athletes to have a plan 
for fl uids that includes electrolytes and carbohy-
drates during endurance competitions [ 30 ,  38 , 
 55 ]. Of course, they should practice the race rou-
tine a number of times in long runs to be sure it 
will help, not hinder, the race. For heavy-salt-loss 
athletes, this includes an adequate amount of salt. 
Many endurance athletes use very high-sodium 
commercial products to this end. Overhydration 
or hyponatremia can result in the same race 
failure as dehydration.     

    Common  Micronutrient Issues   

  The vitamins and minerals make up the micronu-
trients athletes need for good health and perfor-
mance. Endurance athletes sometimes 
supplement blindly with the belief that extra 
nutrients can magically improve performance. 
The habitual diet is an important consideration 
when athletes are choosing dietary supplements. 

   Iron -defi ciency anemia      can be limiting to the 
endurance athlete’s performance [ 56 ]. Once an 
athlete becomes anemic, it is hard to correct the 

   Table 19.2    Traditional and keto- adapted   nutritional plans for endurance training   

 ~2400 kcals each  Traditional  Keto-adapted 

 Pre-run  ½ banana, one slice toast with jelly, and 
water 

 Water 

 Breakfast  One cup oatmeal with two TBSP raisins 
and one cup skim milk, one egg 
scrambled with 1 oz cheese 

 Two eggs scrambled with 1 oz cheese and 2 oz 
ham, with spinach, onions, mushrooms, olives 
sautéed in three tsp olive oil, water 

 Snack  One mozzarella cheese stick and small 
apple, with 1 oz pretzels 

 Celery with two TBSP peanut butter 

 Lunch  Turkey sandwich with three ounces meat 
on two slices whole grain bread with 
lettuce, tomato, and ¼ medium avocado 
with 8 oz skim milk to drink 

 One cup lettuce and greens with 4 oz grilled 
chicken, 1 oz feta cheese, half medium avocado 
with two TBSP regular salad dressing, and water to 
drink 

 Snack  ¼ cup cottage cheese with ½ cup peaches, 
½ cup carrots with one TBSP ranch dip, 
and water 

 Two Colby-Jack cheese sticks with ½ cup cut up 
caulifl ower with two TBSP dip 

 Dinner  1.5 cup pasta with ½ cup tomato-based 
sauce with 3 oz meatballs, one cup dinner 
salad with one TBSP dressing, water 

 5 oz salmon steamed in one TBSP oil with garlic 
salt, 1.5 cups stir-fried vegetables with two TBSP 
almond slivers, water 

 Snack  One Greek yogurt with ½ cup granola  One cup almond milk as base for smoothie with 
15–20 g protein, spinach greens, and two TBSP fl ax 

 Approximate 
nutrition 

 285 g carb, 130 g pro, 80 g fat  50 g carb, 150 g pro, 175 g fat 

  Both plans are high in protein. On the traditional plan, athletes may decrease some protein intake in exchange for more 
carbohydrate  

19 Optimizing Nutrition for Endurance Training



300

anemia in a short period of time [ 57 ,  58 ]. It is best 
to avoid the anemia by having the ferritin, iron- 
binding capacity, and hemoglobin values in blood 
checked periodically. The detrimental effect of 
low hemoglobin is self-explanatory as it carries 
oxygen to the tissues. Ferritin has become the pre-
anemia or iron-insuffi ciency marker of interest as 
some research has demonstrated that correcting a 
low ferritin can also improve performance [ 59 ]. 
The advances in the science behind athlete’s iron 
status propose low-iron intake and absorption to 
infl uence muscle structure, function, and repair in 
ways that are likely to increase regular testing as 
practitioners catch up with the science [ 60 ]. 

 Females are more susceptible than males to 
iron insuffi ciency due to heavy menstrual cycles, 
poor diet quality, and/or caloric restriction [ 61 ]. 
Meats are the best (most absorbable) dietary iron 
sources due to the heme iron. We can get iron 
from beans and green leafy vegetables, but it is 
best to educate the athlete that we absorb a 
smaller fraction of the iron from plant foods 
(nonheme iron). While the practice of blindly 
supplementing iron can be dangerous to athletes 
with a predisposition to hemochromatosis, it may 
be necessary to supplement athletes with low fer-
ritin values. Iron supplements are notorious for 
causing GI issues like constipation or upset stom-
ach, so low-level supplementation may be more 
comfortable than high-dose therapies. Athletes 
with absorptive issues such as  Crohn’s disease   
may benefi t from intravenous infusions for better 
health as this is typically more than a perfor-
mance issue for those athletes. 

   Calcium       is another nutrient of concern, espe-
cially for female athletes with a low body mass 
[ 58 ]. Body mass is strongly tied to bone mass in 
endurance athletes, so consuming enough cal-
cium to permit good bone health deserves atten-
tion. Athletes with multiple stress fractures, high 
mileage, and amenorrhea may benefi t from know-
ing their bone mass to encourage better overall 
diet consumption and potentially different exer-
cise habits. Other nutrients known to affect bone 
mass include vitamins A, D, and K, magnesium, 
and phosphorus. Balancing a varied diet with 
exercise volume is important to skeletal health. 

  Many athletes have adopted the practice of 
having serum   vitamin D    measured periodically. 

 Vitamin D   receptors are found in many tissues 
throughout the body including muscle and bone 
[ 62 ]. While it is common knowledge that vitamin 
D infl uences bone health, it is less known that 
vitamin D has important roles in muscle function 
and a plethora of other systems [ 63 ]. Another 
research suggests the immune system may also 
benefi t from optimal vitamin D status [ 64 ]; thus 
blind supplementation of this nutrient is also 
common. Caution is warranted for high doses of 
vitamin D as it can be toxic if too high. The occa-
sional checkup for serum vitamin D status may 
be important for performance for endurance 
athletes.  

 Most athletes understand that excessive oxida-
tion or free radicals are not good and are a source 
of infl ammation and cellular and DNA damage. 
Endurance athletes may realize they are promoting 
more oxidative damage and desire to counter it 
with   antioxidant nutrients    such as vitamins C 
and E, beta-carotene, lutein, or coenzyme Q. 
Interestingly, two studies of endurance athletes 
have suggested that athletes who consume antioxi-
dants in dietary supplements actually have higher 
markers of oxidative damage after long- endurance 
feats than competitors who do not use the antioxi-
dant supplements [ 65 ,  66 ]. This supports the theory 
that our body responds to reactive oxygen species 
with native antioxidant systems and that taking 
antioxidant supplements may dampen the native 
response [ 67 ]. There is great nutritional value to 
consuming a wide variety of vegetables and fruits 
instead of trying to consume them in pills. 

 There are a number of  ergogenic substances  
that  may  improve endurance performance. 
Caffeine, nitrates, and beta alanine are examples 
of commonly used supplements in the current 
endurance culture. Some athletes would choose 
to consume foods containing these supplements, 
while others would choose to use an intentional 
dietary supplement. The quality of dietary sup-
plements is poorly regulated, and it is wise for 
athletes to choose third-party verifi ed products to 
ensure purity and potency [ 68 ]. 

  Caffeine      has been proven ergogenic in both 
cycling and running [ 69 ]. The  American College 
of Sports Medicine (ACSM)   provides a 
consumer- friendly “Current Comment” which 
addresses the dose of caffeine that is considered 
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safe, legal, and effi cacious for endurance exercise 
at 3–9 mg/kg [ 70 ]. While it is suggested that caf-
feine spares glycogen early in exercise, the exact 
mechanism is still under debate. Most athletes will 
choose to consume 5–6 mg/kg one hour before the 
performance activity to avoid gastrointestinal side 
effects yet target improved performance. 

  Nitrates      have become a popular supplement 
for endurance athletes and are often consumed as 
beetroot juice. Current studies support an increase 
in skeletal muscle effi ciency by decreasing the 
oxygen need at a given submaximal intensity for 
some athletes [ 71 ]. An interesting step in metab-
olism for this supplement is that it relies on the 
nitrate cycling through the system to the mouth 
where bacteria in the oral cavity will reduce the 
nitrate (NO 3  − ) to nitrite (NO 2  − ) as a mandatory 
conversion step; thus chewing gum and antibac-
terial mouthwashes are avoided for maximal con-
version. Most reviews agree that more research is 
needed to identify the exercise intensity, dura-
tion, mode, and environments where nitrates are 
most ergogenic. There are still many research 
questions to be answered around this ergogenic, 
but high-level sport organizations are embracing 
the research [ 30 ]. 

  Beta alanine      is a precursor to muscle carno-
sine and may help buffer the acidity associated 
with high-intensity intervals or sprint perfor-
mance in some endurance athletes [ 72 ]. The 
 International Society for Sports Nutrition (ISSN)   
has published a position statement to outline the 
current dosing guidelines and applications [ 73 ]. 
This particular supplement appears to be safe, but 
does include an unusual side effect of paresthe-
sias or tingling in the extremities for some 
 individuals. The use of this supplement in combi-
nation with others (such as caffeine and/or cre-
atine) appears to be the current trend [ 74 – 76 ].   

    Summary 

 There are numerous acceptable training diets to 
help endurance athletes achieve their desired per-
formance and physique goals. The traditional 
training diet includes a high-carbohydrate routine 
to fuel the muscle with plenty of glycogen. The 

keto-adapted diet is not commonplace, but does 
seem to offer a reasonable fueling alternative for 
some endurance athletes. Some athletes choose 
to rely on dietary supplements for at-risk nutri-
ents as well as a few ergogenic supplements. The 
bottom line is that endurance athletes need to 
approach the training diet with their personal 
needs and goals in mind.     
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           Overview   

  Individual participation in mass sporting events, 
including full and half marathons, cycling races, 
and triathlons, is steadily gaining popularity in 
the United States. According to Running USA’s 
annual Marathon Report, there were a record 
number of 541,000 fi nishers and more than 1100 
marathon races across the country in 2013 [ 1 ]. 
The USA Triathlon set a record for annual mem-
bership in 2013 with an increase of 5.5 % from 
2012 in both youth and adult categories [ 2 ]. 
Likewise, the USA Cycling has seen an increase 
in membership and license holder numbers over 
the past several years according to a membership 
analysis done in 2013 [ 3 ]. 

 With the growth in size and number of compe-
titions, well-organized medical coverage is 
essential. The major aspects of endurance medi-
cine include professional medical staff, appropri-
ate equipment and supplies, precise weather 
evaluation, effective communication systems, 
and a comprehensive security plan to ensure the 

health and safety of the participants, volunteers, 
and spectators. Each of these components can be 
organized by progressive phases: data collection 
and planning, event-day implementation, and 
follow-up and evaluation [ 4 ].   

     Anticipated Encounters   

  During the planning phase of a mass- participation 
event, gathering demographic data on all partici-
pants is imperative. Athletes should provide 
information regarding their medical history, as 
well as emergency contacts. This data can be 
obtained through a questionnaire on the back of 
participants’ bibs or electronically prior to the 
event. The advantages and disadvantages to both 
formats must be assessed to determine the best 
method for a particular event. Some event plan-
ners may fi nd it necessary for athletes to com-
plete a  Physical Activity Readiness Questionnaire 
(PAR-Q)   to identify potential health risks that 
need to be evaluated by a physician prior to par-
ticipation [ 5 ]. Knowledge of preexisting medical 
conditions of all participants can help prevent or 
treat an illness or injury as well as improve effi -
ciency of care in medical tents. All patient’s 
health information and medical encounters 
should be protected in compliance with  HIPPA  . 

 The medical staff should be prepared for a 
variety of medical issues at any mass- participation 
athletic event, including but not limited to 
exercise- associated collapse, musculoskeletal 
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injuries, cardiac conditions, electrolyte abnormal-
ities, dehydration, gastrointestinal complaints, dermal 
injuries, pulmonary conditions, and medication 
requests. All encounters should be promptly doc-
umented on a medical progress note that includes 
the vital signs (when appropriate), patient infor-
mation, specifi c details about each injury, clinical 
evaluation, treatment, and fi nal disposition. 
Medical progress notes serve as primary docu-
mentation to collect important data that can be 
used to identify common injuries and illnesses 
and time spent in the medical area. This informa-
tion can improve effi ciency of treatment at future 
races. The following image is an example of a 
medical encounter form (Fig.  20.1 ).

   The  Capital City Half Marathon   is an annual 
race held in Columbus, Ohio, that includes a half 
marathon, quarter marathon, and 5-km run. A total 
of 68,038 runners participated over 11 years, and 
the  medical   usage rate at the Capital City Half 
Marathon was 97 encounters per 10,000 partici-
pants. The average number of participants per 
event over the past 3 years in the  Capital City Half 
Marathon   was about 10,500 runners, which sup-
ports the increasing popularity of mass endurance 
events. The most common injuries from the race 
were musculoskeletal injuries at 35.8 %, exertional 
collapse at 17.4 %, and skin and soft- tissue injuries 
at 11.5 %. The fi gure below demonstrates the most 
common medical tent encounters at the Capital 
City Half Marathon events from 2005 to 2015 
(Fig.  20.2 ).

   In contrast to a similar mass event, a study 
done by Tan et al. reviewed injury data from the 
half marathon in Singapore. The data indicate a 
medical  usage   rate between 16.9 and 26.0 
encounters per 10,000 participants over 3 years 
and include a total of 84,644 runners. 
Musculoskeletal and soft-tissue injuries were the 
most common injuries at 37.9 %, followed by 
skin and soft-tissue injuries at 29.2 %, physical 
exhaustion at 15.7 %, and heat injury at 6.4 %. 
Most of the musculoskeletal and soft-tissue inju-
ries were evaluated at the race’s end point. 
Runners were also most likely to become a medi-
cal encounter with longer event distances (21 km 
vs. 10 km) [ 5 ]. Other studies indicate a medical 
encounter rate between 2 and 10 % depending on 

number of participants, weather conditions, and 
length of the race [ 4 ]. Fortunately, the incidence 
of  sudden cardiac death   is rare at about 1:100,000 
entrants, and the rate of sudden cardiac death was 
found to be signifi cantly higher in full marathons 
compared to half marathons [ 6 ]. 

 Triathlon events present a different set of con-
ditions at  medical   tents. In contrast to marathons 
that involve running only, triathlons combine 
swimming, cycling, and running into one event. 
In addition to risk of injury in each phase of the 
competition, there are also risks during the two 
transition phases of the race. A study done by 
Gosling et al. evaluated 10,197 triathletes com-
peting over a total of six races (combined group 
of sprint and Olympic distances) and found that 
23 % of all athletes were evaluated for medical 
assistance. The most common time of injury was 
during the run at 38.4 % and cycling at 14.3 %. 
This cohort had similar injury reporting in com-
parison to the marathon injuries referenced 
above. The most common  injuries in   triathletes 
were musculoskeletal, specifi cally lower limb 
injuries at 59.5 %, and skin abrasions at 28.6 %. 
The study also found that elite and Olympic- 
distance athletes ages 12–19 were at higher risk 
of injury during the running and cycling compo-
nents of the race [ 7 ].   

     Medical Staff and Volunteer 
Management   

   Preparing and providing a well-organized medi-
cal staff is an essential component of any mass 
event to ensure the safety of all athletes. This is 
an important aspect of both the planning and 
implementation phases [ 4 ]. The medical team 
will be expected to collaborate with race organiz-
ers, city/state/federal government agencies, hos-
pitals, and other medical personnel before, 
during, and after the event. 

 The most essential member of the medical 
team is the medical director, who coordinates 
care for injured athletes and provides direct com-
munication with law enforcement and race offi -
cials. The  responsibilities   of the medical director 
include but are not limited to coordination with 
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event organizers, recruitment and leadership of 
the medical team, evaluation of weather 
 conditions, and helping to ensure the safety of 
participants, volunteers, and spectators. 

 In addition to the medical director, it is crucial 
to have experienced professionals in sports 
 medicine and/or emergency medicine for effective 
coverage. The core medical team consists of 

  Fig. 20.1    Medical progress note       
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physicians, acute care nurses, certifi ed athletic 
trainers,  emergency medical technicians (EMT)  , 
and persons trained in fi rst aid [ 8 ]. Other members 
of the medical team can include podiatrists, 
physical therapists, massage therapists, and chi-
ropractors. Medical staff at mass-participation 
 events   should follow predetermined protocols in 
all medical evaluations and effectively triage all 
athletes [ 9 ]. Members of the medical team should 
meet in advance of the race as part of the preplan-
ning phase to review standard protocols for com-
mon injuries and conditions expected to be seen 
on race day [ 4 ]. Expectations and responsibilities 
for medical team members should be clearly 
communicated prior to the event. Medical team 
members are responsible for checking and doc-
umenting vital signs, recording all medical 
encounters including injuries and illnesses, and 
mobilizing athletes from the racecourse to the 
main medical tent or to local hospitals as 
needed. Documentation of all triaged athletes 
will aid in the post-race phase to determine 
quantity of supplies used, number and types of 
injuries/illnesses, as well as other pertinent 
demographic information. 

 Basic infrastructure of the  medical team   con-
sists of course medical tents (located throughout 
the course), fi nish line medical tents (usually 
located near the fi nish line), an emergency com-
munication/command center (arranged with 

the race director), ambulance services, general 
transportation vehicles, and sag vehicles. 
Coordination with local police and fi re depart-
ments prior to the event can also make operations 
more effi cient; especially with vehicle transpor-
tation throughout the course [ 4 ]. A thorough 
knowledge of the event course as well as strategic 
planning to access all areas of the course will be 
helpful in transporting injured or ill participants 
during the race. 

 Designation and placement of both medical 
and nonmedical volunteers should be at the discre-
tion of the medical director and other leadership. 
Ideally, at least one physician should be stationed 
at each of the medical tents throughout the course 
in addition to athletic trainers, nurses, or other 
medical professionals. Most events will require a 
large presence of medical volunteers at and around 
the fi nish line.  Exercise associated collapse (EAC)   
is very common at the fi nish line of endurance 
events. The unexpected collapse of an exhausted 
participant at the fi nish line can lead to serious 
medical complications. Having a portion of the 
medical volunteers serving as “catchers” can mini-
mize this risk. Frequently  EAC   can be prevented 
by supporting the athlete and encouraging them to 
continue moving through the fi nish chute. If they 
remain unstable or  collapse having wheelchairs 
nearby will assist with transport to the fi nish line 
medical area. 

Musculoskeletal Injuries

Capital City Half Marathon Medical Encounters 2005-2015

Exertional Collapse (at finish)

Medication - Tylenol

Skin/Soft Tissue Injuries

Hypothermia

Exertional Collapse (on course)

Symptoms (fatigue, headache, nausea)

Dyspnea/Asthma

Hyperthermia

Cardiac Arrest
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  Fig. 20.2     Capital City Half Marathon   medical encounters       
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 Follow-up and evaluation meetings should be 
held between the medical director, medical staff, 
emergency medical services, police, command 
team, and event organizers to evaluate areas of 
weakness and identify opportunities to improve 
upon operational issues. These meetings should 
be conducted shortly after the conclusion of the 
race and are part of the post-race phase [ 4 ].    

    Equipment, Supplies, and  Logistics      

   Medical tents should be strategically positioned 
throughout the course to provide medical atten-
tion during the event [ 5 ]. The number and loca-
tion of these tents will be determined by the type 
of event, distance, individual course characteris-
tics, anticipated needs, historical encounters, and 
available resources. The “main” medical tent 
should be in close proximity to the fi nish line and 
can be used to triage major injuries or illnesses 
as well as evaluate athletes that had been trans-
ported from the course. For larger venues, an 
additional tent is recommended in the athlete 
recovery area to provide basic fi rst aid and serve 
as an extra location to provide medical care fol-
lowing the race. 

 Evaluation and distribution of medical sup-
plies are an important component of the planning 
phase. Medical supplies can be distributed in pre-
made “medical kits” and should be distributed to 
the medical tents along the course and at the main 
medical tent in the fi nish area. If multiple medi-
cal tents are stationed throughout the course, por-
table medical kits should be provided. Medical 
kits should include an AED, stethoscope, blood 
pressure cuff, and general wound care items such 
as Vaseline, Band-Aids, gauze, and Kerlix wrap. 
Large plastic containers or bins are ideal for 
packing portable medical kits for transportation. 
For cost purposes and to improve effi ciency of 
treatment, items such as IV fl uids, ACLS medica-
tions, and oxygen should be located only at the 
main medical tent. If athletes require invasive 
treatment measures, it is likely they will need 
more intensive monitoring and should be trans-
ported to the main medical tent or local hospital. 

 In cases where the course covers a smaller 
geographic footprint, it is possible to have one 

large medical tent at the fi nish area to triage ill-
nesses and injuries. For larger events, the main 
medical tent should include an adequate number 
of cots to provide an appropriate area for the 
evaluation and recovery of athletes requiring 
medical care. The  American College of Sports 
Medicine (ACSM)   has developed a supply list in 
the team physician consensus statement [ 9 ]. 
The  Columbus Marathon   is an annual event with 
19,000 registered participants (12,000 half and 
7000 full). The following is a list of supplies uti-
lized at the  Columbus Marathon   fi nish line med-
ical  tent  :

    1.    Sterile gauze 2 × 2 in. pads   
   2.    Sterile gauze 4 × 4 in. pads   
   3.    Telfa pads   
   4.    Flexible fabric bandages (variety)   
   5.    Steri-Strips (1/4 in.)   
   6.    Steri-Strips (1/2 in.)   
   7.    Benzoin of tincture swabs   
   8.    Elastic bandage (ace)   
   9.    Paper, cloth, and clear tape   
   10.    Alcohol prep swab pads   
   11.    Antibiotic ointment   
   12.    Betadine   
   13.    Hydrogen peroxide   
   14.    Sterile saline   
   15.    Albuterol inhaler   
   16.    Diphenhydramine   
   17.    Dextrose 50 %   
   18.    EpiPen   
   19.    Lidocaine 1 %   
   20.    Acetaminophen   
   21.    Aspirin   
   22.    Petroleum jelly   
   23.    Tongue blades   
   24.    Disinfectant spray   
   25.    Antiseptic hand gel   
   26.    Latex gloves (small, medium, and large)   
   27.    Chucks   
   28.    Ice coolers   
   29.    Ice scoops   
   30.    Ice bags   
   31.    Pallet wrap   
   32.    Trauma scissors   
   33.    Blood pressure meter   
   34.    Stethoscope   
   35.    Pen lights   
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   36.    Rectal thermometer   
   37.    Thermometer probe covers   
   38.    Glucometer   
   39.    Sterile lancets   
   40.    Test strips   
   41.    AED   
   42.    Oxygen masks   
   43.    Oxygen   
   44.    Airway devices   
   45.    Pulse oximeter   
   46.    i-STAT   
   47.    i-STAT cartridges   
   48.    IV fl uids   
   49.    IV poles   
   50.    IV syringes and catheters   
   51.    IV starter kits   
   52.    Scalpels   
   53.    Syringes (5 and 10 cc)   
   54.    Laceration kits   
   55.    Suture material   
   56.    Paper towels   
   57.    Tissues   
   58.    Tampons   
   59.    Garbage container   
   60.    Biohazard container and bag   
   61.    Blankets   
   62.    Folding chairs   
   63.    Tables   
   64.    Cots (50)   
   65.    Wheelchairs (30)   
   66.    Ice bath/immersion tubs (2)   
   67.    Progress notes   
   68.    Encounter logs   
   69.    Clipboards   
   70.    Pens   
   71.    Name tags   
   72.    Phone tree   
   73.    Course map   
   74.    Local map    

  Many of the supplies listed above can be very 
expensive and have a limited shelf life once they 
are opened. It is important to inspect all medical 
supplies and equipment prior to the event to 
ensure proper function and valid expiration dates. 
Positioning one or more  EMS   units at the fi nish 
line medical tent may reduce the need for some 
of the supplies listed above as they will have their 

own emergency medical equipment and supplies. 
Quantifying the total amount of supplies can be 
diffi cult and depends mostly on the number of 
athletes participating, the course distance, and 
weather conditions. Previous studies have eval-
uated average injury incidence for mass- 
participation events [ 5 ] and can be used to 
calculate needed supplies for a specifi c popula-
tion or race. Estimating the number of medical 
encounters can be calculated by multiplying the 
number of participants by the average casualty 
incidence. This estimate can be used to calculate 
the appropriate number of medical volunteers, 
supplies, and equipment [ 8 ]. In order to calculate 
an accurate injury incidence, it is essential for the 
medical staff to document all medical encounters 
throughout the duration of the event. Data analy-
sis of these encounters can assist in planning for 
future events. Mass events should also provide 
hydration stations that are easily accessible 
throughout the course for all participants. About 
6–12 oz of fl uid is recommended for every 
15–20 min of continuous activity, and foods high 
in carbohydrates should be available to athletes at 
the fi nish of the event [ 9 ].    

    Weather Monitoring and  Alerts      

   Monitoring extreme temperatures or severe 
weather conditions before and during the event is 
essential for the safety of all participants. The Wet-
Bulb Globe Temperature (WBGT) is a measure of 
heat stress and should be used at mass-participation 
events. WBGT is more accurate than ambient tem-
perature alone in predicting the effect that heat will 
have on a participant. The WBGT evaluates several 
variables, including temperature, humidity, wind 
speed, sun angle, and cloud cover (solar radiation) 
[ 10 ]. A digital or sling psychrometer can be pur-
chased for a few hundred dollars and can aid in the 
decision- making process of weather safety prior to 
and during the event. The digital handheld devices 
can effectively and rapidly determine the WBGT. In 
2007,  American College of Sports Medicine 
(ACSM)   issued a position statement on exertional 
heat illness during training and competition using 
WBGT to predict safe participation in practice and 
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competition [ 11 ]. Individuals can be classifi ed into 
non-acclimatized (“high risk”) or acclimatized 
(“low risk”) depending on baseline fi tness level. 
WBGT levels can be used to modify or cancel 
competitions depending on WBGT measurements 
and level or duration of competition [ 11 ]. 

 Predicting anticipated weather conditions pro-
vides important information when scheduling 
mass events. The use of a color-coded fl ag sys-
tem is an effective means of communicating risks 
of participation to athletes and is based on the 
WBGT. The color-coded Event Alert System 
(EAS) developed by Chicago Event Management, 
Inc, producers of the Bank of America Chicago 
Marathon, allows the race organizer to effectively 
communicate to runners, spectators and volun-
teers prior to the race so they can prepare for 
varying weather conditions and on race day in the 
event that conditions changed for anything from 
weather, to a course reroute or cancellation. The 
EAS model is currently in place at all major 
American road races and is employed at many 
Chicago area events [ 4 ].  EAS   uses the series of 
color-coded fl ags to indicate an “alert level” of 
low (green), moderate (yellow), high (red), or 
extreme (black) depending on event conditions. 

With each alert level, there is a “recommended 
action,” as noted in Fig.  20.3 .

   It is recommended that event organizers dis-
tribute alert level information via email, website 
communications, text messages, or with fl yers/
signs prior to the start of the event, so that ath-
letes and volunteers are familiar with  EAS  . 
Color-coded fl ags should be placed throughout 
the course and at the fi nish line to keep the com-
munity and participants updated on current alert 
levels [ 12 ]. 

 Figure  20.4  includes  ACSM   recommenda-
tions and guidelines on how a mass event should 
react to various weather conditions through the 
use of the Event Alert System. The Wet-Bulb 
Globe Temperature is used to determine the alert 
level [ 13 ].

   A study conducted by Roberts calculated a 
“do not start” temperature of 20.5 °C for the Twin 
Cities Marathon in Minnesota. This statistic was 
calculated by plotting the number of unsuccess-
ful starters per 1000 fi nishers against start 
WBGT. The article recommends calculating a 
“do not start” WBGT temperature for every race 
[ 14 ]. This calculation can be used in conjunction 
with the  ACSM   guidelines as noted above. 

  Fig. 20.3    Event Alert  System         
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Historical weather conditions should be reviewed 
and are helpful in establishing the event date and 
start time. Earlier start times have been proven to 
have a decreased number of casualties due to 
lower temperatures at the beginning of the race 
[ 14 ]. Races held in fall months in the Northern 
Hemisphere (October/November) are ideal 
because runners can train in warmer weather dur-
ing the summer and then run the event on a day 
with likely cooler temperatures [ 15 ]. Avoiding 
extremes in warm temperatures will provide a 
lower risk of heat-related illness and allows for 
large groups of athletes to participate safely.    

     Event-Day Communication   

  The largest marathons and mass events in the 
United States host up to 50,000 athletes. With 
this number of participants, communication 
among event personnel is essential for rapid 
response to incidents during the race [ 16 ]. 
Communication begins with dissemination of 
information to a large number of participants 
before, during, and after the race. 

 It is important to have direct communication 
between medical staff members throughout the 
event. All event course volunteers, including 
course marshals, medical tent personnel, and fl uid 
station volunteers, should be informed on proto-
cols for identifying injured athletes, so that the 
appropriate medical personnel can be notifi ed 
when a participant needs medical attention [ 15 ]. 

Course spectators can also be urged to notify 
emergency personnel of athletes that are injured 
along the course. Emergency contact information 
can be distributed and posted to inform spectators 
how to report an incident. Additionally, many 
large events have partnered with the American 
Red Cross to provide demonstrations on bystander 
CPR during the event expo. 

 It is essential for the medical director to com-
municate with emergency services about the 
exact start time so that 911 calls related to the 
mass event can be triaged appropriately. 
Emergency operators should ask for the partici-
pant’s name, location, and bib number in order to 
assist emergency medical personnel in identify-
ing and responding to the appropriate athlete 
requiring aid. Communication methods should 
not rely on any single technology and should 
incorporate voice, data, video, PA systems, and 
digital message boards in case any system fails 
during an emergency situation. Any and all com-
munication methods should be tested to ensure 
that the selected method is fully functional prior 
to the start of the event. Megaphones can also be 
used to give instructions to athletes or for crowd 
control [ 17 ]. 

 The use of two-way radios is a simple and 
cost-effective way of direct communication 
between the medical director and other medical 
staff members. It is helpful to have these radios 
placed with the medical team captains stationed 
throughout the course and fi nish area. Medical 
team captains are designated prior to the start of 

  Fig. 20.4    Wet-Bulb Globe  Temperature   risk chart       
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the race and serve to communicate directly with 
the medical director about injuries at various 
points along the course. 

 Two-way radios are an important alternative 
to cell phones due to decreased cellular coverage 
and increased demand with a large number of 
individuals on a network. Two-way radios also 
allow for an individual to communicate simulta-
neously to everyone on a particular channel 
allowing for more rapid dissemination of infor-
mation in an emergency situation. Cell phones 
should be used in addition to two-way radios, and 
all pertinent phone numbers should be collected, 
printed on small cards, and distributed to all med-
ical staff prior to the start of the race. For patient 
privacy, medical personnel should be advised to 
refer to athletes requiring medical attention by 
bib number as opposed to their name. 

 An  Emergency Command Center (ECC)   can 
serve as the central hub for all emergency com-
munications relative to an event. It is advised to 
have the  ECC   in close proximity to the fi nish line 
to allow for direct access to this area by the medi-
cal director, race director, and other important 
race personnel. Depending on the distance, size, 
and geographic footprint of the course, it may be 
necessary to have representatives from the EMS, 
fi re and police departments, American Red Cross, 
and race operations. Having all emergency ser-
vices around the same table ensures a more effec-
tive and collaborative response to participants 
requiring medical attention. 

 Larger events should utilize police offi cers 
and other law enforcement personnel positioned 
throughout the course to provide additional mon-
itoring and direct communication with the police 
dispatcher and command center [ 15 ]. Social 
media such as Twitter or Facebook can provide 
fast communication to emergency services or 
hospitals in a disaster scenario. The use of social 
media can also serve as an effective means of 
communicating updates and status reports to ath-
letes and spectators. If desired, the race director 
or medical director can create a social media 
account specifi c to the mass-participation event. 
Information about how to use social media to 
report events should be distributed prior to the 
start of the race.   

    Event  Security      

   Mass events including marathons, triathlons, or 
cycling events often host up to tens of thousands 
of participants and should be designated as a 
potential “mass casualty event.” In case of 
extreme weather, natural disasters, terrorist 
attack, or other mass casualty situation, emer-
gency services and hospitals may be over-
whelmed by a high volume of patients in a 
catastrophe situation. In order to minimize risk of 
a mass casualty event, race directors, law enforce-
ment, and other essential personnel should work 
together during the planning process. 

 Implementation of organized security mea-
sures at mass events is of utmost importance 
because of the high volume of potential casual-
ties. Recent mass event tragedies, such as the 
2013 Boston Marathon bombing, highlight the 
importance of well-organized security measures 
when planning a large race. The use of a unifi ed 
command approach has proven to be an effective 
means of organizing a mass-participation event 
with assistance from both local police and fi re 
departments [ 4 ]. Event organizers are encour-
aged to be familiar with and receive training in 
emergency operations management developed by 
the  Federal Emergency Management Agency 
(FEMA)   including but not limited to National 
Incident Management System (NIMS), Incident 
Command Systems (ICS), and Unifi ed Command 
(UC). In the event of a disaster scenario, it is 
imperative that the medical director has experi-
ence with ICS to ensure effi cient operations and 
avoid duplication of tasks and misinformation. 
The unifi ed command approach allows all of the 
various agencies (police, fi re department, Red 
Cross) to work together to direct an  emergency 
action plan (EAP)   [ 4 ]. Every mass event should 
have a prepared  EAP   with designated incident 
commander in case of an emergency or mass 
casualty incident [ 17 ]. The medical director 
should have close communication with the race 
director and the central command center in order 
to disseminate information to medical volunteers 
as needed in the event of an emergency. 

 In order to mitigate potential disaster risks, the 
University of Southern Mississippi created the 
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“National Marathon Safety and Security Best 
Practices Guide” (NMSSBP)    in July 2015. The 
guide was developed with representatives from 
the public safety agencies, USA Track and Field, 
Running USA, Ironman World Championships, 
and individuals with experience in marathon and 
endurance event planning. Race directors and 
medical directors can use this document as a 
standardized approach for best practices in safety 
and security for any mass event. One of the chal-
lenges of providing security for running and 
cycling events in urban environments is that race-
courses may involve many miles of roadway and 
streets through densely populated areas that can 
be diffi cult to secure. Creating a culture of hyper-
vigilance and increased awareness among race 
spectators, participating athletes, and EMS/law 
enforcement/fi re departments is a key component 
of implementing a secure course [ 17 ]. Topics 
addressed in the  NMSSBP   guide include event 
and race-day planning, crowd management, 
emergency action planning, risk and threat 
assessment, staff development and training, cre-
ating a culture of safety and awareness, and the 
use of technology. 

 Security planning should occur throughout the 
entire year to consistently improve existing proto-
cols and evaluate new security risks. A “risk 
assessment team” including local/state/federal 
law enforcement, fi re departments,  EMS  , and 
medical staff is essential for any mass event. The 
medical director should have direct communica-
tion with the risk assessment team prior to the 
race. Roles and responsibilities of all above par-
ties should be defi ned prior to the event in order to 
avoid confusion and wasted time during a disaster 
scenario. Meetings to outline the roles and respon-
sibilities of each team member should occur well 
in advance to the race and follow existing proto-
cols for emergency response. Medical staff should 
be briefed prior to the start of the event to review 
protocols for evacuation during a potential disas-
ter event. All staff and volunteers should be 
trained to be observant and report suspicious 
activity to law enforcement and be organized in a 
“command matrix” system. The command matrix 
provides a tiered system that organizes personnel 
so that each member knows which management 

system to report to in the event of an emergency 
[ 17 ]. All medical staff should report directly to 
the medical director who can then report to the 
other management systems as needed. 

 In addition to the organization of personnel as 
outlined above, there are several other recommen-
dations to mitigate security risks for mass events. 
The  NMSSBP   recommends that law enforcement 
should conduct a full crime analysis prior to the 
race to evaluate the types of crime that occur in 
the event area independent of race- day activities. 
This may require coordination and cooperation 
among different jurisdictions and is important to 
anticipate potential events before they may happen. 
Mobile barriers should be placed along the race-
course and around the start and fi nish line areas 
to create a “buffer zone” between the racecourse 
and the general public [ 17 ]. Barricades should be 
utilized around areas that may be vulnerable to 
forced vehicle entry and includes large trucks or 
buses, concrete walls, or anti-ram fences. 
Uniformed law enforcement and race security 
staff should be present, when feasible, at the 
starting line, fi nish area, and perimeter entry/con-
trol points. Areas of the course can be divided 
into the inner, middle, and outer areas as described 
by the  NMSSBP  . 

 All volunteers should be provided with appro-
priate credentialing to avoid confusion in areas 
where workers are allowed to be present during a 
race. Credentials and race assignments can be 
provided at a single “check in” location prior to 
the start of the race and should be displayed at all 
times for identifi cation purposes. It is helpful to 
designate specifi c areas of the course with a num-
ber so that assigned credentials can identify 
where volunteers are able to access the course. 

 In addition to personnel credentials, all vehicles 
requiring access into the inner area of the race 
should be designated prior to race day and should 
be provided with a separate set of credentials. 
A “no reentry policy” should be established at 
the end of the race in order to maintain control of 
the inner access areas, as well as a designated 
“secure exit” point that prevents spectators from 
entering the secured course. Once athletes go 
past this exit point, they should not be allowed 
to return to the race area. The  NMSSBP   best 
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practices document contains additional informa-
tion regarding security measures. The medical 
director should discuss all security measures with 
law enforcement and the race director depending 
on the location of the race and should follow pro-
tocols related to specifi c city jurisdictions.    

    Conclusion 

 As participation in mass endurance events 
continues to grow, it is essential to develop a 
well- organized medical plan. An appropriate 
medical plan should include professional medi-
cal staff, appropriate equipment and supplies, 
precise weather evaluation, proper placement 
of equipment and personnel, an effective com-
munication system, and a comprehensive secu-
rity plan to ensure the health and safety of the 
participants, volunteers, and spectators. An 
effective medical plan can mean the difference 
between life and death.     
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          Identifi cation and Correction 
of Predisposing Factors 

 Although an athlete can recover from an isolated 
injury without understanding the exact cause, the 
athlete’s ability to return to competition quickly 
and avoid recurrent injury is dependent on identi-
fying the cause. In the case of an acute injury, the 
culprit is often apparent [ 1 ]. However, a chronic 
 overuse injury   may have a more subtle cause that 
is amplifi ed through hours of training. A thor-
ough history and examination can often reveal 

the most likely cause of an injury and involves 
evaluation of biomechanics, equipment, training 
pattern, and nutrition. In all athletes and espe-
cially in multisport endurance athletes, there may 
be more than one contributing factor so care must 
be taken to identify and address each one. 

    Biomechanics and Equipment 

     Running   
  Poor and ineffi cient running mechanics are often 
associated with—if not the direct cause of—lower 
extremity injuries in athletes. Runners with ante-
rior knee pain attributed to  patellofemoral syn-
drome   should be observed running to look for 
excessive hip adduction and hip internal rotation, 
which result in greater stress on the patellofemo-
ral joint [ 2 – 4 ]. A runners’ ability to control hip 
adduction may appear suffi cient in the biome-
chanics lab. However, with prolonged running 
and fatiguing of the hip abductors, a runner can 
develop increased hip adduction and internal rota-
tion, resulting in patellofemoral pain [ 4 ,  5 ]. Stride 
length and cadence has also been shown to 
directly affect ground reaction forces with a 
shorter stride and higher cadence being associated 
with a decrease in ground reaction force, peak hip 
adduction, hip fl exion, and knee fl exion angles at 
impact [ 6 ]. 

 Lower extremity injuries in runners should 
prompt not only a reevaluation of running biome-
chanics but also shoe selection. While often 
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considered when addressing a foot or ankle com-
plaint, a shoe that does not fi t the runner’s natural 
stride can contribute to injuries in the knee, hip, 
and lumbar spine. Running shoes can be classi-
fi ed as cushioning, stability, motion control, and 
minimalist. Cushioned shoes are best suited for 
runners with pes cavus alignment and those who 
are observed to have excessive supination. Stability 
shoes, which balance cushioning and pronation 
control, can be used by runners who have a neutral 
foot and normal running mechanics. Motion con-
trol shoes are designed for runners with fl at feet 
and who need to accommodate for both rear and 
mid-foot pronation. Minimalist shoes are meant to 
simulate barefoot conditions while running, allow-
ing a runner to land with a fl atter foot. This fl atter 
foot, which creates more of a forefoot strike pat-
tern, decreased stride length and the vertical force 
at initial contact [ 7 – 9 ]. Additionally, orthotics are 
commonly used to further alter lower extremity 
mechanics in runners, particularly in those with 
abnormal foot types and dysfunction. The poten-
tial benefi t of orthotics has been shown in studies 
of lower extremity stress injuries among military 
recruits [ 10 ].   

     Biking   
  A proper bike fi t has the ability to prevent injury as 
well as improve performance, increase comfort, 
and maximize aerobic effi ciency [ 11 ]. However, 
some adjustments that can increase effi ciency and 
aerodynamics come at the cost of comfort and risk 
of injury [ 12 ]. Although the typical cyclist will deal 
with major injuries such as fractures, dislocations, 
ligament ruptures, as well as concussions, the most 
common types are overuse injuries, especially 
involving the knee. If a cyclist presents with ante-
rior knee pain, consider that the saddle may be too 
low or too far forward, causing excessive patello-
femoral loading throughout the pedal cycle. 
Iliotibial band friction syndrome can also be seen 
with improper cleat position, which can lead to 
excessive internal tibial rotation [ 13 ].   

     Swimming   
  In swimming, athletes strive to achieve ideal 
stroke mechanics and technique to maximize per-
formance and effi ciency [ 14 ]. If an athlete has a 

limitation in strength, coordination, or range of 
motion anywhere along the kinetic chain, perfor-
mance is affected [ 15 ]. Among endurance ath-
letes, the freestyle stroke is one of the most 
commonly performed. The continuous repetition 
of this stroke puts strain on the shoulder and can 
lead to problems, particularly shoulder impinge-
ment. A common error is dropping the elbow 
during the pull through and recovery phase of 
swimming, which externally rotates and horizon-
tally adducts the shoulder. Additionally, an elbow 
that enters the water before the hand can lead to 
superior translation of the humeral head. These 
alterations in normal stroke mechanics can result 
in shoulder impingement [ 16 – 20 ].   

     Rowing   
  The repetitive motion of the rowing stroke can 
result in overuse injuries of the spine and extremi-
ties [ 21 – 23 ]. Compared to open water training or 
competition, injuries and specifi cally back pain 
occur at a higher frequency when training on an 
ergometer [ 24 ,  25 ]. This should be considered 
when caring for athletes who primarily train 
indoors during the winter months. Knee pain can 
be the result of improper position of the foot 
stretcher, causing an increased knee fl exion angle 
at the catch. By elevating the foot stretcher, this 
angle can be decreased, which in turn decreases 
stress on the patellofemoral joint. Other adjust-
ments that can alleviate undue stress on the knee 
include altering the toe-in versus toe-out position 
in the setting of functional knee varus or valgus 
alignment and the use of stops on the front or back 
to limit the arc of knee fl exion or extension [ 23 ].    

     Training   

  The most critical factor in the success of an 
endurance athlete, both in improving perfor-
mance and voiding, is the training program. 
 Overuse injuries   are by defi nition an error of 
training—too much, too hard, too often. Studies 
of risk factors for injuries in endurance athletes 
have identifi ed correlations between injury and 
training volume, training frequency, and training 
intensity [ 7 ,  26 – 30 ]. When evaluating an athlete’s 
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training program, consider whether it follows 
basic principles of any effective training pro-
gram: progressive overload, specifi city, peri-
odization, and individualization [ 31 – 33 ]. 

 The principle of progressive overload states 
that a system must be exposed to a stress greater 
than that to which it is accustomed in order for 
positive adaptations to occur. Training load is 
progressively increased so that after the adapta-
tions gained in the recovery periods, fi tness has 
improved and a proportionately greater training 
stimulus must be applied. Specifi city in the con-
text of training refers to the concept that in order 
for a system to adapt to a specifi c requirement, it 
must be stressed in a manner similar to that 
requirement. Training adaptations are specifi c to 
the type, volume, and intensity of the training. 
Periodization is a system of progressively 
cycling various aspects of a training program to 
achieve peak fi tness for competition while avoid-
ing injury and overtraining. Finally, individual-
ization is the concept that individuals respond 
differently to identical training regimens. 
Genetic characteristics play a major role in the 
response to a training stimulus. Training pro-
grams should take into account the individual 
athlete’s current level of fi tness, training history 
in the sport, competitive level in the sport, injury 
history, medical history, and other life stresses 
(work and travel demands, family obligations, 
etc). Training is a form of stress, and the cumula-
tive effect of training load in addition to major 
life stress should be considered. 

 When evaluating the injured athletes, consider 
training errors that could have contributed to the 
occurrence of the injury. Many common training 
mistakes listed below can be identifi ed without 
examining every detail of an athlete’s training log.

•    Is the athlete following a training plan? If so, 
how was the training plan created and 
individualized?  

•   Is the athlete working with a coach?  
•   Is the training plan periodized?  
•   Do they follow their training plan even if they 

feel fatigued from the previous workout?  
•   How many hours per week are spent training?  
•   Do the workouts vary from day to day?  

•   Does the athlete have any rest days during the 
week?  

•   Does the athlete limit sleep hours to fi t in 
training?  

•   How many hours per night is the athlete 
sleeping?  

•   Does the training plan include cross-training?  
•   How frequently does the athlete compete and 

are there varying levels of competition among 
the events?    

 A qualifi ed exercise physiologist is a valuable 
resource when evaluating the contribution of an 
athlete’s training plan to the development of an 
injury and how to minimize risk of recurrence. The 
same focused determination to achieve a goal that 
often leads to success in endurance sports can have 
a downside when an athlete inappropriately adheres 
to a poorly suited training program. Failure to iden-
tify and correct training errors risks recurrent injury 
and further time lost from competition.   

     Nutrition   

  While endurance athletes tend to have lower 
body mass indexes (BMI) and body fat percent-
ages to maximize competitiveness at their sport, 
clinicians must understand the nutritional tight-
rope that these athletes walk [ 34 ,  35 ]. The signs 
of compromised nutritional state must be recog-
nized, including chronic fatigue, immune system 
suppression, anemia, electrolyte abnormalities, 
and recurrent overuse injuries [ 36 – 39 ]. 

 Most athletes require an energy availability 
(EA = energy intake − energy expenditure) of 
greater than 30–45 kcal/kg fat to maintain normal 
physiological function [ 40 ]. Fueling based on 
hunger and satiety alone may still result in an EA 
defi cit, especially when performing rigorous 
training over weeks to months [ 41 ]. Moreover, 
athletes with disordered eating—most notably as 
part of the female athlete triad—represent some 
of the most challenging cases of under-fueling, as 
the psychological component may be the primary 
driver of eating behavior [ 42 ]. 

 Alternatively, an athlete may have suffi cient 
caloric intake, but a nutrient poor diet. Particular 
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nutrients of interest for endurance athletes 
include those related to bone health (calcium, 
vitamin D), recovery/immune system (vitamin C, 
vitamin E, beta-carotene, zinc, and selenium), 
muscular function (magnesium), metabolism (B 
vitamins, particularly B6 and folate), and oxygen 
transport (iron). While adequate intake of a range 
of vegetables, fruits, lean proteins, healthy fats, 
and whole grains to meet daily energy require-
ments should provide enough of these nutrients, 
restricted intakes or nutrient poor diets may 
require a multivitamin with mineral until eating 
habits are improved [ 43 ]. Identifi cation of any 
clinical nutrient defi ciencies may require specifi c 
supplementation as well. 

 Additional factors that can add further stress 
to an athlete’s nutritional demands that could 
exacerbate illness or injury include travel, 
changes in training environment (e.g., altitude, 
heat), increased training volume, and medical 
conditions leading to GI distress and/or malab-
sorption of nutrients [ 43 ,  44 ].    

     Restoration of Function   

  Following the appropriate diagnostic workup to 
determine the etiology and pathophysiology an 
athlete’s injury, the rehabilitation process can 
begin. Initial treatments are focused on reducing 
pain and infl ammation using a combination of 
rest, ice, anti-infl ammatory medication, compres-
sion, bracing, gentle stretching, and electrothera-
peutic modalities. Depending on the injury, 
concurrent cross-training can be done to maintain 
aerobic fi tness, such as with a stationary bike for 
a swimmer or rower with a shoulder injury. Once 
the pain has subsided, the rehabilitation process 
can proceed, fi rst with a focus on regaining range 
of motion, followed by strength, neuromuscular 
training, and sport-specifi c training until fi nally 
returning to competition. As an athlete progresses 
through the  rehabilitation process  , any recur-
rence of symptoms should prompt the athlete to 
step back until the symptoms subside before con-
tinuing on. Frequent communication between the 
medical team and the coaching staff helps assure 
a smooth transition back to competition.  

     Range of Motion      

   If limitations in range of motion were identifi ed 
in the initial post-injury evaluation, this should 
be addressed in the initial phase of rehabilita-
tion as optimal muscle and joint function 
require satisfactory fl exibility. Frequency and 
intensity of stretching is dependent on the ath-
lete’s pain, and care should be given to not 
exacerbate the symptoms by overstretching. 
Additionally, the fl exibility of the muscle ten-
don unit and adjacent tissue should be addressed 
and optimized. Restoration of appropriate mus-
cle fl exibility is an important part of the overall 
rehabilitation program.    

     Strength      

   As pain subsides and fl exibility is addressed, the 
focus can begin to transition to strengthening. 
The clinician needs to assess baseline strength 
and symmetry of all muscle groups relevant for 
the specifi c activity. For example, swimmers 
need adequate strength of the rotator cuff and 
scapular-stabilizing muscles, while runners will 
need to focus more on the lower extremity. Core 
strengthening can be easily overlooked but is 
critical for any of these athletes and should be 
evaluated as well. In addition to measuring 
strength of isolated muscle groups, another 
important consideration is the balance between 
different major muscle groups. Various agonist 
and antagonist groups need to work in concert. In 
swimmers, there is often an imbalance at the 
shoulder with internal rotators being relatively 
stronger than the external rotators, due to the 
activity of internal rotators during the swimming 
stroke [ 45 ]. 

  Muscle endurance   is especially important for 
the endurance athlete. Assessment of endurance 
and muscle fatigability by testing with lower 
resistance and higher repetitions is often neces-
sary, especially when an endurance athlete has 
normal biomechanics when observed outside of 
competition but has symptoms with extended 
training sessions or competition. Generally, ath-
letes are recommended to regain at least 90 % of 
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strength in the affected muscle group compared 
to the contralateral side prior to proceeding 
through the rehabilitation program.    

     Neuromuscular Training      

   Compared to the relatively straightforward areas 
of fl exibility, strength, and endurance, the assess-
ment of neuromuscular function, coordination, 
and proprioception are often more diffi cult to 
quantify objectively. Various functional tests can 
be used to provide information about muscle 
coordination and proprioception. Examples 
include jump landing, triple hop tests, and more 
challenging tasks. An athlete must fi rst be evalu-
ated to ensure readiness for completing these 
more challenging functional tasks. As neuromus-
cular defi cits that affect coordination and pro-
prioception are starting to be recognized more 
frequently as the underlying primary factors that 
led to injury, an experienced physical therapist is 
a valuable member of the treatment team. The 
physical therapist can both perform an advanced 
neuromuscular assessment and create a compre-
hensive rehabilitation program to address the 
defi cits identifi ed.    

     Sport-Specifi c Training      

   After determining that the athlete has developed 
an adequate baseline level of muscle strength, 
endurance, fl exibility, and neuromuscular func-
tion, more sport-specifi c activities can be intro-
duced into the rehabilitation and training regimen. 
Training activities that mimic and simulate the 
specifi c movements of the sport are well- 
established as being the optimal way to prepare 
an athlete for  return to sport  . These activities 
should be introduced gradually, taking care to 
monitor the athlete’s symptoms as they increase 
their training. At this stage of the rehabilitation 
program, the physician and physical therapist 
should also coordinate with other members of the 
athlete’s support team, which may include a 
coach athletic trainer, and strength and condition-
ing specialist. This will help the medical team to 

better understand the specifi c requirements of the 
sport and allow a rehabilitation plan that accounts 
for the specifi c physical demands of the sport.    

     Returning to Competition   

  A careful and detailed plan for return to competi-
tion should be devised in conjunction with the 
medical team and the other members of the ath-
lete’s support team. When an athlete is cleared to 
begin competing again, this does not necessarily 
mean the athlete can compete without limita-
tions. The frequency, intensity, and volume of 
competition activities should be carefully planned 
so as to avoid competing too much too soon and 
risking reinjury. All of these factors may be grad-
ually increased over time to ensure a safe and 
effective return to competition. 

 A number of variables need to be considered 
in planning the return to competition schedule. 
Such factors include consideration of the compe-
tition schedule, what phase of the season the ath-
lete or team is currently in, where the athlete is in 
their career, and the athlete’s goals. There is no 
“one-size-fi ts-all” approach to returning an ath-
lete to competition. A highly individualized plan 
needs to be devised for that athlete based on a 
number of these considerations. For example, the 
plan may be different for a young scholastic ath-
lete versus a mature collegiate athlete who is 
entering their fi nal year of competition. Upcoming 
major events on the competitive calendar, such as 
Olympic trials, will affect the decision to have 
the athlete compete in earlier events.    

    Managing Challenges 
During  Rehabilitation   

  Given the inevitability of injury in endurance 
sports, great athletes are often those who are able 
to quickly and fully recover from injury. A com-
prehensive approach to injury management pro-
vides the best opportunity to ensure an optimal 
return to competition. Without consideration for 
all aspects of the athlete’s rehabilitation, an injury 
may be fully healed, but the athlete may be far 
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from being ready for competition because of the 
fi tness, nutritional, or psychological effects of the 
injury. The rehabilitation from an injury affects 
each athlete differently, so there is not a one-size- 
fi ts-all treatment. The medical team must fre-
quently monitor the various aspects of the 
athlete’s health and well-being and intervene 
accordingly.  

     Maintaining Fitness Level   

  An endurance athlete who sustains an injury is 
faced not only with the challenge of rehabilita-
tion but also with the loss of hard-earned fi tness 
as a result of cessation or signifi cant interruption 
of training. Signifi cant changes can occur fairly 
rapidly in cardiorespiratory, metabolic, and mus-
cular fi tness when training is interrupted [ 1 ,  31 , 
 46 – 48 ]. The magnitude of loss of fi tness is 
dependent on the initial fi tness level and the 
amount of time without a suffi cient training 
stimulus. Even short-term (<4 weeks) cessation 
of training can result in a wide range of physio-
logical changes that negatively impact endur-
ance performance (Table  21.1 ).

   The loss of fi tness in the context of injury can 
often be attenuated. Training volume can be 
reduced by as much as 70 % from previous weekly 
volume and training frequency by up to 30 % as 
long as training intensity is maintained [ 1 ,  47 ,  49 , 
 50 ]. Exercise intensity seems to be the critical 
component needed to maintain training- induced 
adaptations. The optimal intensity needed to main-
tain fi tness is unknown. Continuous work per-
formed at an intensity of 70–85 % of VO2max and 
intervals performed at 90–100 % of VO2max have 
been shown to maintain training adaptations dur-
ing short periods of reduced training volume and 
frequency [ 31 ,  48 ,  50 – 53 ]. 

 If the injury precludes training in the primary 
sport, then the athlete should train in as similar of 
a mode as possible [ 54 ]. For example, a runner 
with a stress fracture could perform deep-water 
running as an alternative during rehabilitation. 
Using a dissimilar training mode may sometimes 
be necessary; for example, swimming with a pull-
buoy may be possible when use of the lower 

extremities is contraindicated in a cyclist or 
runner. Although not ideal, training in dissimilar 
modes may help delay the loss of training 
 adaptations [ 54 ]. Given the extensive literature 
documenting the negative effects of detraining 
that occur with complete cessation of training, 
the medicine team should make every attempt to 
provide an alternative training plan to support the 
athlete’s fi tness during rehabilitation. 
Collaboration between the physical therapist, 
exercise physiologist, and coach can provide an 
individualized plan for maintaining training adap-
tations during recovery from injury.   

     Dietary Changes   

  In the initial phase of rehabilitation, nutritional 
guidance should promote weight maintenance 
since signifi cant weight loss or weight gain can 
impair healing [ 55 ,  56 ]. Although total calorie 
requirements will decrease in relation to training 
volume, a very low-calorie diet is not recommended. 

   Table 21.1    Physiologic changes that occur in context of 
short-term cessation of training   

  Cardiorespiratory parameter  

 ↓ Maximal oxygen uptake 

 ↓ Blood volume 

 ↑ Maximal and submaximal heart rate 

 ↓ Cardiac output 

 ↓ Exercise stroke volume 

 ↓ Ventricular mass 

 ↓ Maximum ventilatory volume 

  Metabolic parameters  

 ↑ Maximal and submaximal respiratory exchange ratio 

 ↓ Muscle GLUT-4 protein content 

 ↓ Muscle lipoprotein lipase activity 

 ↓ Insulin-mediated glucose activity 

 ↑ Submaximal blood lactate 

 ↓ Lactate threshold 

 ↓ Muscle glycogen 

  Muscular parameters  

 ↓ Capillary density 

 ↓ Oxidative enzyme activities 

 ↓ Glycogen synthase activity 

 ↓ Mitochondrial ATP production 

  Adapted from Mujika and Padilla [ 46 ,  47 ,  72 ]  

B. Toresdahl et al.



323

Signifi cant injury, e.g., fracture or surgery, may 
increase basal metabolic rate by 20 %, and crutch-
ing can burn 2–3 times more calories than walk-
ing [ 57 ,  58 ]. Lean mass can be maintained 
through adequate intake of lean protein spaced 
even throughout the day, but higher amounts of 
protein may be warranted for bone healing or 
promoting satiety in athletes who are susceptible 
to weight gain during inactivity [ 55 ]. Other nutri-
ents involved in wound healing and anti-infl am-
matory processes, such as omega 3 fatty acids, 
vitamin A (beta-carotene), vitamin C, vitamin E, 
zinc, and selenium, may be worth extra attention 
[ 59 ]. Increased amounts of calcium and vitamin 
D may be needed in the presence of fractures or 
bone-related surgeries [ 60 ]. While adequate 
intake would ideally be achieved through food-
based sources, a comprehensive multivitamin 
with minerals may be useful. Large doses of any 
single nutrient are not recommended unless indi-
cated for the treatment of a clinical defi ciency. 
Adequate fl uids should be consumed, and exces-
sive alcohol should be avoided as it is a low nutri-
ent source of calories and has been shown to 
impair muscle protein synthesis, which likely 
affects recovery [ 61 ]. Supplement recommenda-
tions to preserve muscle mass (leucine, beta-
hydroxy-beta-methylbutyrate, creatine, etc.) or 
decrease infl ammation (fi sh oil, curcumin, gin-
ger, etc.) should be individualized, and their 
effectiveness is still equivocal in many cases [ 55 , 
 62 – 65 ]. Limited mobility can make food prepara-
tion or consumption diffi cult, and accommoda-
tions should be made when possible. 

 To avoid setbacks or delayed healing, the ath-
lete must continue to consume enough food and 
nutrients to absorb the increased demands of 
increasing training. Protein requirements will 
likely stay constant in the presence of adequate 
calories. Fluid needs will increase with return to 
activities that signifi cantly increase sweat rate. 
Changes in body composition, strength, and 
desired athletic adaptations should be tracked 
throughout this period to guide nutrition recom-
mendations. An athlete should develop a fueling 
plan before returning to full training and compe-
tition to ensure they are able to adapt their eating 
habits to the season-specifi c demands of their 

sport. The requirements of daily physiological 
function, training, and recovery need to be con-
sidered. Greater detail can be found in Chap.   18    , 
Optimizing Nutrition for Endurance Sports 
Training. The athlete is ideally returning to com-
petition with well-established proper eating hab-
its, a fueling plan for in-season and off-season, 
any nutrition-related symptoms controlled, nutri-
tional defi ciencies corrected, a healthy body 
composition, and a positive outlook on returning 
to their sport.   

     Psychological Challenges   

  Endurance athletes are self-motivated and have 
the persistence to endure physical and mental 
obstacles. The mental strength required to suc-
ceed can also be an obstacle when mental enthu-
siasm does not match an athlete’s physical 
capabilities due to injury. A successful return to 
competition requires mental, emotional, and 
physical readiness to be in-line. An injury can 
cause an athlete to lose a sense of identity and 
community, daily structure, self-esteem due to 
lack of consistent positive reinforcement from 
training and competition, confi dence in the 
strength and resilience of their body, and a 
 constructive form of stress release [ 66 ]. Athletes 
can experience stages of emotion following an 
injury that are similar to the Kubler-Ross’ stages 
of coping with loss: denial, anger, bargaining, 
depression, and acceptance [ 67 ]. How one 
approaches these losses can infl uence one’s 
expectations, goals, and therefore readiness to 
 return to sport  . 

 The biggest challenge an endurance athlete 
has is to temporarily change expectations in order 
to safely  return to sport  . The key is to view the 
injury as another challenge to overcome and 
apply the same mental and physical resilience in 
recovery as in training and competition. Adjusting 
and maintaining a strong mind helps an athlete 
take control of the situation and maintain self- 
esteem (Table  21.2 ). 

   Psychological skills that have been shown to 
improve performance for endurance athletes 
include goal-setting, self-talk, and imagery [ 68 ]. 
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When injured, these skills must be reapplied to 
the new challenges and goals of rehabilitation.

•    Goal setting: In order to achieve the long-term 
goal of returning to sport, the long-term goal 
will need to be broken down into short-term 
goals, whether on a daily or weekly basis. 
Short-term and achievable goals allow an ath-
lete to monitor and to experience success dur-
ing recovery.  

•   Positive self-talk: An injured athlete often 
engages in negative and self-defeating talk, 
particularly when the injury has not been fully 
processed and accepted. Positive self-talk can 

help athletes focus on healthy goals and stay 
motivated during a diffi cult recovery period. 
It allows athletes to control aspects of reha-
bilitation, particularly when so many factors 
seem out of their control.  

•   Imagery: During rehabilitation imagery can 
help mentally practice process goals, such as 
activities used for pain management, motor 
coordination, and timing. Additionally, 
research has shown that mental imagery can 
evoke physiological responses (i.e., increased 
heart rate, respiratory rate, and oxygen con-
sumption) as if the movement or exercise was 
being performed [ 69 ,  70 ].  

•   Relaxation: Various relaxation techniques can 
help an athlete cope with the stressors associ-
ated with injury aiding in the acceptance of 
injury and rehabilitation. Systematic relaxation 
techniques can help with pain perception, 
breathing patterns, and muscle tension. This 
provides the athlete with greater  awareness of 
his or her body and the ability to adapt to phys-
ical needs [ 71 ].      

    Integrating the Treatment Team 

 Each athlete and each injury is unique in what is 
needed to achieve an optimal rehabilitation and 
return to racing. Minor injuries may not require 
more than a brief adjustment in training coordi-
nated by the athlete or in conjunction with a 
coach. Conversely, signifi cant injuries that result 
in prolonged time away from training and com-
petition are best managed by a team of experts in 
rehabilitation, exercise physiology, coaching, 
nutrition, psychology, and medicine related to 
endurance sports. Assembling the appropriate 
team to support an injured athlete requires expe-
rience to know when and who to involve. Local 
knowledge of the experts and services available 
in the athlete’s area is invaluable. Detailed 
descriptions of the most common members of an 
endurance athlete’s care team are listed below. 
Additional providers not listed but who are also 
often included in the care team include certifi ed 
athletic trainers, massage therapists, acupuncturists, 
podiatrists, orthotists, and chiropractors. 

   Table 21.2    Managing psychological challenges follow-
ing injury   

 Grief  Feeling sad and disappointed allows 
an athlete to mourn the loss and 
express feelings in a healthy manner. 
This prevents internalized anger from 
turning into more debilitating 
depression and externalized anger 
from detracting from responsibility 

 Acceptance  Allowing one to mourn loss can help 
one come to terms with the situation 
and not stay stuck in the past. By 
accepting the situation, an athlete can 
set realistic goals to prepare for 
recovery and successful return to 
sport 

 Commitment  Committing to rehabilitation can help 
an athlete to use existing strengths, 
such as drive, dedication, and 
perseverance, to adhere to a 
rehabilitation plan 

 Responsibility  Athletes must take an active role in 
their recovery and identify what areas 
of their recovery are within their 
control 

 Listen to body 
with patience 

 Endurance athletes are trained to push 
through the pain of extreme exertion. 
When injured, training in a similar 
way by ignoring pain will lead to 
delay in recovery and potentially 
further injury. Athletes need to listen 
to their bodies and adjust accordingly 

 Support and 
guidance 

 Support from family, friends, and 
coaches can help boost morale and 
alleviate depression and isolation. 
Support from coaches, medical team, 
and psychologists can help guide 
recovery for a successful return to 
sport 
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    Physical Therapy 

 Finding the right physical therapist for the right 
athlete can be a challenging. Not all physical 
therapists have the same training and experience, 
and many have specialties within specialties. 
Within large sports medicine centers and physi-
cal therapy clinics, there are often physical ther-
apists that specialize in each of the major 
endurance sports. Given the frequency of physi-
cal therapy visits required for an injured athlete, 
often the location of the physical therapy prac-
tice infl uences the selection of the right physical 
therapist. Knowledge of the various physical 
therapist specialists and services within a com-
munity is necessary for being able to make an 
appropriate referral for an injured athlete. One 
indication that a physical therapist is specialized 
in an endurance sport is by having become a cer-
tifi ed coach through various organizations, such 
as United States Track and Field Association, 
Road Runners Clubs of America, United States 
Triathlon Association, USA Cycling, Iron Man 
Coaching, United States Swimming, or US 
Rowing.  

    Exercise  Physiology   

  Referral to a clinical exercise physiologist can 
facilitate a safe return to endurance training. 
Time lost from training as a result of the injury 
may have resulted in signifi cant detraining lead-
ing to changes in maximal and submaximal heart 
rate, lactate threshold, and metabolic effi ciency 
[ 46 – 48 ,  72 ]. If the athlete had been using indi-
vidualized training zones, these zones will no 
longer be valid after an injury and detraining. An 
exercise physiologist can also review the athlete’s 
goals and training plan to ensure that it is appro-
priate considering the time lost to injury and the 
athlete’s abilities. The periodization of the train-
ing schedule will need to be adjusted as well as 
the intensity of training and the schedule of races 
will be affected. Alternative approaches for 
future training can be discussed when athletes 
have been injured potentially due in part to a 
faulty training program. A resource for fi nding a 

local clinical exercise physiologist is American 
College of Sports Medicine (ACSM) Certifi ed 
Pro Finder website.   

     Coaching Staff   

  Communication with the athlete’s coaching staff 
can help guide the training adjustments during 
rehabilitation and ensure a safe return to training 
once rehabilitation has been completed. Specifi c 
recommendations regarding mode, frequency, 
and duration of exercise that are appropriate dur-
ing the athlete’s rehabilitation can provide the 
coach with guidelines for developing a program 
aimed at maintaining, or minimizing the loss of, 
fi tness without exacerbating the injury. Similarly, 
specifi c recommendations regarding a timeline to 
return to a full training load after discharge from 
physical therapy can be extremely valuable in 
assisting the coach in developing the initial phase 
of training after injury. In addition, if the sports 
medicine team has concerns that the training pro-
gram was inappropriate to the athlete’s abilities 
and led to the injury, then these concerns should 
be shared with the coaching staff to ensure that 
adjustments are made going forward. The physi-
cian, physical therapist, and the exercise physiol-
ogist are all appropriate members of the healthcare 
team to create open lines of communication with 
the coaching staff. 

 The hand off from the sports medicine team 
back to a qualifi ed coach or coaching staff is a 
critical step in ensuring the athlete’s success in 
returning to their sport. In some cases, goals may 
need to be adjusted. If the physician feels that the 
athlete’s immediate goal is too aggressive and 
will likely lead to reinjury, a discussion with the 
coach may be helpful. Having all members of the 
athlete’s team on the same page will lead to a uni-
fi ed, cohesive plan consistent with the athlete’s 
strengths and limitations. 

 In some cases, endurance athletes may not 
have a coach at all. Post collegiate endurance ath-
letes may be self-coached, using a generic train-
ing plan, or part of a local club without organized 
coaching. In these cases, referral to a qualifi ed 
coach is warranted particularly in the case when 
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a poorly designed training plan has contributed to 
an overuse injury. The governing agencies of the 
sports have lists of local certifi ed coaches.    

     Nutrition   

  Injury can provide an opportunity for the dietitian 
to work with an athlete to educate them on how to 
properly fuel in order to recover better, train 
harder, and ultimately reach higher levels of per-
formance. Nutrition professionals can work with 
the athlete to identify areas for improvement, 
determine readiness to change, and create action-
able plans that the athlete is ready and willing to 
work on. Regular follow-up with the athlete for at 
least a few months is ideal to track progress, 
problem solve challenges, and modify the nutri-
tion action plan based on the athlete’s feedback 
and experiences. Having an expert available for 
motivation, guidance, and accountability will 
ideally maximize the athlete’s chances of achieving 
sustainable results. 

 Coaches and athletic training staff can further 
support an athlete in complying with a fueling 
plan due to their frequent contact and high level 
of infl uence on the athletes. In ideal circum-
stances, the treating dietitian can provide the 
coach with a copy of the athlete’s nutrition plan 
and relay pertinent details through a brief con-
versation. The coach can help keep the athlete 
motivated and accountable. Unfortunately, the 
pursuit of performance can sometimes lead 
coaches or training staff to recommend nutri-
tional changes that may lead to inadequate intake 
or nutrient defi ciencies, and the coach’s high 
level of infl uence can prevail over evidence-
based advice. 

 Communication with the athlete’s healthcare 
team is essential for providing the best care pos-
sible. Reasons for communication with other 
healthcare practitioners include obtaining addi-
tional information that may impact the dietitian’s 
recommendations or providing nutrition, eating 
habit, or body composition feedback that can 
impact the athlete’s course of care.   

     Sport Psychology   

  Sports psychologists have unique training in the 
developmental and social issues related to sports 
participation, organizational and systemic aspects 
of sports consulting, biobehavioral basis of sport 
and exercise, and have specifi c knowledge of 
training science and technical requirements of 
sport and competition. They have an understand-
ing of issues related to specifi c sports and utilize 
sport-specifi c psychological assessment and 
mental skills training to enhance performance 
and an athlete’s satisfaction. The inclusion of a 
sports psychologist to the treatment team can 
help an athlete understand the mental and emo-
tional barriers to adjusting to a modifi ed training 
protocol, which includes processing and accept-
ing the injury itself. How an individual responds 
to an injury is unique and is based on preexisting 
coping and personality styles. A psychologist can 
help an athlete understand his/her personal reac-
tion to injury and develop a personalized plan to 
successfully  return to sport  . As part of an inte-
grated treatment team, communication is essen-
tial. A sports psychologist who is aware of the 
recommendations of other team members can 
help facilitate communication, education, and 
adherence to a rehabilitation program by person-
alizing information in ways best processed by the 
athlete.   

    Sports Medicine Physicians 
and  Surgeons   

  An athlete often seeks the guidance of a sports 
medicine physician or surgeon at the onset of the 
injury or after having persistent symptoms after a 
period of conservative care. Diagnostic evalua-
tion and initial treatment recommendations are 
provided, which involves determining which 
additional team members are needed to ideally 
support the athlete during the rehabilitation pro-
cess. As previously discussed, communication 
with the other members of the treatment team is 
crucial for providing the best opportunity for the 
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athlete to quickly and safely return to competi-
tion. Since the athlete has less contact with the 
physician or surgeon compared to a physical 
therapist or coach, communicating the care plan 
in detail to the other individuals involved in the 
athlete’s recovery can improve compliance and 
as a result improve outcome. If the treating pro-
vider is a non-surgeon, involving an orthopedic 
surgeon is valuable not only when consideration 
of surgical intervention is indicated but also when 
a subspecialist evaluation is required for deter-
mining the etiology of the injury. Collaboration 
among sports medicine specialists of various dis-
ciplines and areas of expertise can produce a 
more accurate diagnostic evaluation and more 
effective treatment plan.       
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