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Abstract: There is unequivocal evidence that exercise results in considerable health benefits. These are the
result of positive hormonal, metabolic, neuronal, and structural changes brought about by the intermittent
physiological challenge of exercise. However, there is evolving evidence that intense exercise may place dis-
proportionate physiological stress on the right ventricle (RV) and the pulmonary circulation. Both echocar-
diographic and invasive studies are consistent in demonstrating that pulmonary arterial pressures increase
progressively with exercise intensity, such that the harder one exercises, the greater the load on the RV.
This disproportionate load can result in fatigue or damage of the RV if the intensity and duration of ex-
ercise is sufficiently prolonged. This is distinctly different from the load imposed by exercise on the left
ventricle (LV), which is moderated by a greater capacity for reductions in systemic afterload. Finally, given
the increasing RV demand during exercise, it may be hypothesized that chronic exercise-induced cardiac
remodeling (the so-called athlete’s heart) may also disproportionately affect the RV. Indeed, there is evi-
dence, although somewhat inconsistent, that RV volume increases may be relatively greater than those for
the LV. Perhaps more importantly, there is a suggestion that chronic endurance exercise may cause elec-
trical remodeling, predisposing some athletes to serious arrhythmias originating from the RV. Thus, a rel-
atively consistent picture is emerging of acute stress, prolonged fatigue, and long-term remodeling, which
all disproportionately affect the RV. Thus, we contend that the RV should be considered a potential Achil-
les’ heel of the exercising heart.
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INTRODUCTION

The structural, functional, and electrical remodeling of
all four cardiac chambers that results from regular endur-
ance exercise practice comprises a syndrome often termed
the “athlete’s heart.”" This cardiac remodeling is believed
to represent an adaptive response, providing the means
for enhanced cardiovascular performance during exercise.
Changes in the left ventricle (LV) have been relatively well
characterized, but there is still much to be learned about
the right ventricle (RV) of athletes. Recent research has
suggested that structural and functional changes in the
RV of endurance athletes may be profound and may not

always mirror those seen in the LV. Moreover, a syndrome
has been reported whereby the RV in some endurance ath-
letes undergoes structural and electrical remodeling that
may create a substrate for life-threatening arrhythmias—
although it is extremely important to place this in the con-
text that sudden cardiac death remains a rare event in young
athletes (approximate incidence of 0.6-3.6 per 100,000 ath-
letes).> Thus, study of the RV in endurance athletes is jus-
tified both by the need for a more complete understanding
of athletic physiology and by the clinical need for better risk
stratification of athletes presenting with arrhythmias.
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Non-athlete

Athlete

Figure 1. Morphological changes in an athlete’s heart compared with a nonathlete’s heart. The normal heart of a 24-year-old librarian
(left) is compared with that of a 23-year-old professional cyclist (right). Note the difference in scale such that the nonathlete’s ventricle
is ~10 cm in length (circled), whereas the 10-cm mark reaches only halfway along the ventricle of the athlete. Note that all cardiac
chambers are enlarged and that increases in wall thickness are relative to dilation. A color version of this figure is available online.

Hundreds of studies performed over more than a cen-
tury have led to a relatively thorough description of what
constitutes the normal limits of cardiac structure and func-
tion in athletes.! The volume and pressure load imposed
by repeated bouts of exercise result in an increase in the
size and thickness of all four cardiac chambers, as illus-
trated in Figure 1. The cardiac remodeling reflects the in-
termittent increases in wall stress in each of the cardiac
chambers during exercise. The majority of research has
focused on the LV, and it has been well detailed that LV
mass increases with exercise and that the extent of LV
remodeling correlates reasonably well with the athlete’s
fitness.* The orthodox view on LV remodeling is summa-
rized by the Morganroth hypothesis, which states that en-
durance exercise results in an increase in LV cavity dimen-
sions (eccentric remodeling), whereas strength-based sports
promote an increase in wall thickness more than an in-
crease in cavity dimensions (concentric remodeling).®” This
has been challenged recently, with some prospective data
suggesting that aerobic exercise promotes functional and
structural changes in the LV, whereas strength training con-
tributes little.® However, there has also been an expanding
appreciation that the LV may not be the most important
chamber with respect to exercise-induced remodeling. Evolv-
ing evidence suggests that the load during short and pro-
longed bouts of exercise is disproportionately greater for the

RV and that this, in turn, causes specific structural, func-
tional, and electrical remodeling of the RV.

In this review, we will detail how intense exercise places
a disproportionate physiological stress on the RV. We will
discuss how pulmonary arterial pressures increase progres-
sively with exercise intensity in a near-linear manner, such
that the harder one exercises, the greater the load on the
RV. This disproportionate load can result in fatigue or
damage of the RV if the intensity and duration of exer-
cise is sufficiently prolonged. This is distinctly different
from the load imposed by exercise on the LV, which is mod-
erated by a greater capacity for reductions in systemic after-
load. Finally, we will discuss the nature and consequences
of specific RV remodeling in athletes. Thus, we will con-
tend that during short intense exercise, prolonged endur-
ance exercise, and chronic exercise-induced remodeling,
the RV represents the Achilles’ heel of the exercising heart.

NORMAL PULMONARY VASCULAR
PHYSIOLOGY

Although the pulmonary circulation shares much in com-
mon with the systemic circulation, there are also some im-
portant differences. The pulmonary circulation receives the
entire cardiac output but has a pressure approximately one-
fifth that of the systemic circulation, a figure that is remark-
ably consistent across mammalian species.” The relation-
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ship between pressure (P), flow (F), and resistance (R) can
be simplified as F oc P/R, which is a simile of Ohm’s law
for electric circuits and is often referred to as the simpli-
fied Poiseuille’s law in vascular circuits. Thus, the lower-
pressure pulmonary system equates to a lower-resistance
system. This lower resistance is a product of a number of
unique features: first, there is rapid and prolific branch-
ing of vessels in the pulmonary circulation. Total vascular
resistance may be quantified as the sum of the reciprocal
of the resistance of each branch (i.e., 1/Riota = 1/R; + 1/
R, + 1/R3 + . . .), such that the greater the number of
parallel branches, the lower the total resistance. In addi-
tion, the pulmonary arteries and arterioles are thinner
walled and have much lower basal tone than their sys-
temic counterparts. This has a very important implication
in that the thinner-walled vessels are more compliant and
this greater compliance causes a further reduction in resis-
tance and pressure. This concept is summarized in the Wind-
kessel model of vascular flow.’®!" This model predicts that
compliance is inversely proportional to resistance, and thus
the “stretching” of compliant vessels with pulsatile flow
serves to decrease the resistance and blunt pressure rises.
Finally, hypoxia-induced vasoconstriction may occur in the
pulmonary circulation during exercise but is not a feature
of the systemic circulation. Therefore, the differences be-
tween the pulmonary and the systemic circulation are that
the former forms a more extensive and earlier parallel cir-
cuit, is more compliant, and has lower basal tone, serving
to make it a lower-pressure and lower-resistance circuit.
Another potential difference is that there is relative inde-
pendence between the arteriole and the venule pressures
in the systemic system. The high systemic arteriolar pres-
sures mean that systemic venous pressures would need
to be very high to contribute significantly to afterload. In
contrast, the venous pressures in the pulmonary vascula-
ture are considerable relative to the lower arteriolar pres-
sures, thereby contributing far more significantly to total
afterload. It has been suggested that left atrial pressures
explain ~80% of the variance in pulmonary arterial pres-
sures in the absence of pulmonary vascular disease.'?

RV AND PULMONARY VASCULAR COUPLING

IN THE HEALTHY CIRCULATION

At rest, RV measures of mass and contractility are one-
third to one-fifth those of the LV, and this appropriately
matches the pressure requirements of each.’>'* This lesser
myocardial mass of the RV suggests that it may have a di-
minished contractile reserve and may be less able to ac-
commodate marked changes in loading. This is supported
by studies that demonstrate that afterload increases result
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in a marked reduction in RV stroke volume but only a
slight decrease in LV stroke volume.">'® MacNee'® quanti-
fied the relative reductions in stroke volume in both ven-
tricles at rest with increasing afterload. The ~30% reduc-
tion in RV stroke volume compared with the ~10% fall in
LV stroke volume should be viewed as a combination of
the effect of insufficient contractile reserve to overcome in-
creases in afterload. To our knowledge, there are no stud-
ies that compare the contractile response of each ventricle
during exercise in normal subjects. However, it may be
reasonable to assume that sensitivity to afterload excess
will be similar to those demonstrated at rest and that sig-
nificant exercise-induced increases in pulmonary pressures
may promote decreases in RV output, thereby limiting ex-
ercise cardiac capacity.

STRENUOUS EXERCISE IMPOSES A GREATER
HEMODYNAMIC LOAD ON THE RV
There are differences between the RV and the LV in the
arterial load imposed by exercise and in the ventricular ca-
pacity to counter that load (i.e., maintain ventricular arterial
coupling). As illustrated in Table 1, at rest the LV contracts
against a systemic circulation with moderate resistance and
compliance compared with the low-resistance and high-
compliance pulmonary circulation. As a result, the RV has
to perform little work in the healthy circulation at rest.
During exercise, CO increases many fold (outputs as high
as 35-40 L/min have been measured in well-trained ath-
letes'”'®), which would be expected to result in an increase
in vascular pressures unless sufficiently counterbalanced by
decreases in resistance and increases in compliance. How-
ever, the pulmonary vasculature has very low resistance at
rest, and it has somewhat limited capacity for further de-
creases.'® Recruitment of upper lobe vessels in combina-
tion with flow-mediated and neurohormonal vasodilation ef-
fect a reduction in pulmonary vascular resistance of ~20%—
50%.” Such changes are limited compared with the pro-
found reductions in systemic vascular resistance, which is
enabled by the greater capacity for redistribution to vascular
territories of low resistance. The moderating effect of vascu-
lar compliance is also less than may be anticipated. During
exercise, the vasculature is distended by the high flow rates,
meaning that compliance (the ability to further distend the
vessels with any given change in pressure) is reduced.?'*
Therefore, vascular pressures increase, and these increases
are greater for the pulmonary circulation than for the sys-
temic circulation.

A number of studies have reported substantial in-
creases in pulmonary arterial pressures during exercise
using echocardiographic estimates®**° and direct invasive
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Table 1. Left and right ventricular arterial load at rest and dur-
ing exercise

Left ventricle Right ventricle
and systemic and pulmonary
circulation circulation
At rest
Cardiac output, L/min 5 5
Vascular resistance,
dyn s cm® ~1,100 ~70
Vascular compliance ++ +++
Afterload pressure,
mmHg 130/75 (85) 25/9 (15)
During exercise
Cardiac output, L/min 25 25
Vascular resistance,
dyn s cm® H !
Vascular compliance + ++
Afterload pressure,
mmHg 1 Tt

measures.””*® Figure 2 summarizes data from three recent
studies that demonstrate remarkable consistency in the lin-
ear regression derived for the relationship between pul-
monary arterial pressures and CO. For example, Lewis
et al.”’ observed an increase of 1.5 mmHg in mean pulmo-
nary arterial pressure for each liter increase in CO. Thus,
an increase in CO of 30 L/min would equate to a mean pul-
monary arterial pressure exceeding 50 mmHg, represent-
ing an increase of threefold or more from rest. We sought

to assess this seemingly disproportionate load using a com-
bination of magnetic resonance and echocardiographic im-
aging at rest and during exercise to quantify RV systolic
wall stress compared with that of the LV.** Using the sim-
ple construct of the Laplace relationship, we found that
during exercise increases in both pressures and volumes
were greater for the RV, while increases in wall thickness
were relatively less than those for the LV. As a result, RV
wall stress estimates increased 125% during exercise, com-
pared with a modest 14% increase in LV wall stress.” Thus,
it may be contended that the stress, work, and metabolic
demands placed on the RV during exercise are relatively
far greater than those placed on the LV.

Such substantive afterload would seem a significant bur-
den for the contractile reserve of the RV and raises the pos-
sibility that in the extremes of exercise the RV/pulmonary
vascular unit may limit output, just as it does in some dis-
ease states. This hypothesis has been raised previously,?>!
but it has not been actively pursued over the last three
decades. This is in part because it is difficult to assess RV
function during exercise. We sought to assess the RV con-
tractile response during exercise by means of two echocar-
diographic measures—the RV pressure/area relationship
and the systolic strain rate. Both measures are relatively
less influenced by changes in load and therefore may rep-
resent a reasonable approximation of RV contractility. In
a cohort of athletes and healthy nonathletes, we demon-
strated a consistent increase in both measures during stren-
uous exercise, suggesting that the RV had sufficient reserve
to counter the considerable increases in afterload during
brief strenuous exercise.
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Figure 2. Agreement in multiple studies describing the near-linear relationship between increases in cardiac output and pulmonary

arterial pressures (PAPs). Data are from two echocardiographic studies

2426 and one invasive study”’ demonstrating a consistent re-

lationship between increases in PAPs and cardiac output. Although there were methodological differences between the studies, all
three converge on an approximately linear increase of 1.5 mmHg in mean PAP (mPAP) for every 1-L increase in cardiac output. As
demonstrated by La Gerche et al.,?® this relationship is similar in the healthy pulmonary circulation of nonathletes and athletes, such that

the greater increases in PAPs are determined solely by cardiac output. Lewis et a

127 observed a steeper relationship in heart failure pa-

tients than in healthy controls. Figures are reproduced with permission.
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Assessment of RV function during exercise is difficult.
The complex geometry, heterogeneous function, and sub-
sternal location of the RV make assessment by echocar-
diography challenging. With this challenge in mind, we
have invested considerable effort into developing an exer-
cise imaging modality capable of accurately defining RV
volumes and function during exercise. Cardiac magnetic
resonance (CMR) imaging represents a noninvasive gold
standard for RV assessment at rest, and we have extended
this technique to enable real-time images to be acquired
during strenuous exercise and free breathing (see Video 1,
available online). We have validated this technique against
gold standards and have demonstrated that both RV and
LV volumes can be accurately measured with exercise re-
quiring cardiac outputs in excess of 35 L/min."” This rep-
resents a promising methodology for the evaluation of pul-
monary vascular function, which has already provided some
important insights into pathophysiology.*?** Furthermore,
our current studies combine these gold standard volumet-
ric measures with invasive catheter measures of pulmonary
and systemic vascular pressures. This provides a compre-
hensive approach to understanding the role of the “forgot-
ten ventricle” in defining exercise capacity in health and
disease.
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INTENSE ENDURANCE EXERCISE

CAUSES RV FATIGUE

While the healthy RV seems capable of meeting the work
requirements of short bouts of intense exercise, the afore-
mentioned disparity in ventricular load would suggest that
if prolonged exercise can induce cardiac “fatigue,” then the
RV would be most susceptible. Numerous studies have
demonstrated evidence of cardiac fatigue or injury follow-
ing intense exercise sustained over many hours, such as
marathon running and ultraendurance triathlons. Biochem-
ical evidence of cardiac injury is common, usually minor,
and mostly associated with little if any LV dysfunction.**
In contrast, virtually all studies in which the RV has been
assessed following intense endurance exercise have re-
ported RV dysfunction.***?

We studied 40 highly trained athletes before and after
an endurance sporting event using the best available echo-
cardiographic measures of biventricular function and ob-
served three key findings.> First, every measure of RV
function was reduced in the postrace setting, while LV
function was unchanged. 3D echo was used to demonstrate
an increase in RV volumes with a corresponding reduction
in LV volumes. RV end-systolic volumes increased 16%,
reflecting a combination of ventricular dilation and re-
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Video 1. Exercise cardiac magnetic resonance methodology. This video (available online) demonstrates the ergometer and equip-
ment used to perform supine exercise within the magnetic resonance imaging bore, typical real-time image acquisitions, and an

example of volumetric quantification using customized software.
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Baseline

Post-race

Figure 3. Acute right ventricular dilation and dysfunction follow-
ing ultraendurance exercise causing early diastolic septal shift to-
ward the left ventricle. Compared with baseline, right ventricular
(RV) dimensions (blue line) are increased and left ventricular
(LV) dimensions (red line) reduced immediately following an
ultraendurance triathlon. The dilation and delayed contraction of
the RV results in septal shift toward the LV in early diastole (red
arrow) such that RV dysfunction impairs early LV filling. This
would suggest that overall cardiac output may be predominantly
limited by reduced RV function in the endurance exercise set-
ting.

duced systolic contraction, while LV end-systolic volumes
decreased 8%. As illustrated in Figure 3, this ventricular
interaction resulted in the interventricular septum push-
ing toward the LV in early diastole in a manner similar to
that described by Marcus et al.** in pulmonary hyperten-
sion and attributed to the delayed deformation of the dys-
functional RV. Second, we identified a dose-dependent ef-
fect on RV function, such that the duration of endurance
exercise was associated with greater postrace reductions in
RV ejection fraction. This supports the hypothesis that ex-
ercise exerts a disproportionate load on the RV that can be
accommodated by the RV in the short term but results in
progressive fatigue or injury as time progresses. Finally,
we noted a moderate correlation between the reduction in
RV ejection fraction and the increase in cardiac troponin
and B-type natriuretic peptide (Fig. 4). Consistent with pre-
vious studies, we found no relationship between the ex-
pression of these biomarkers and changes in LV function
but, rather, that these markers of myocardial injury and

strain were associated with the part of the myocardium
that is most greatly stressed during exercise—the RV.

CHRONIC RV REMODELING IN ATHLETES

Given the increasing RV demand during exercise, it could
be hypothesized that with increasing amounts of habitual
exercise the RV may remodel in an attempt to approximate
the morphology and function of the LV. However, evidence
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Figure 4. Moderate correlation between expression of cardiac bio-
markers and decreases in right ventricular (RV) ejection fraction
(RVEF). The release of cardiac troponin (cTnl) and B-type natri-
uretic peptide (BNP) has been repeatedly observed following
ultraendurance exercise but has not correlated with changes in
left ventricular function. We hypothesized that, given that the RV
was the predominant source of exercise injury, changes in RV
function might explain the increases in markers of myocardial
injury and strain. Indeed, we demonstrated a moderate correla-
tion between change in RVEF and increases in biomarkers taken
within 1 hour after the race. We also observed that this re-
lationship was strongest in those who performed exercise of great-
est duration.*® A color version of this figure is available online.
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of disproportionate RV remodeling in endurance athletes
is conflicting. Scharhag et al.** described symmetrical ven-
tricular enlargement in 21 young endurance athletes (aged
27 + 5 years), whereas in a slightly larger cohort we found
larger relative increases in the RV : LV ratio for end-systolic
volumes when comparing endurance athletes to healthy
controls.”” This could relate to the fact that our cohort
was older (aged 36 + 8 years) and had greater exposure to
exercise-induced load excess. However, it is difficult to draw
firm conclusions from these disparate results, especially
when one considers that the degree of ventricular asym-
metry resulting from exercise is likely to be slight. It could
be argued that all prior studies in athletic cohorts have been
underpowered to assess subtle ventricular differences. This
proposition is supported by the results of Aaron et al.,*
who recruited a large cohort of 1,867 nonathletes and dem-
onstrated that the amount of strenuous activity predicted
RV mass and volumes independent of LV size.

Some parallel insights may be gained from animal ex-
periments on the basis of an induced aortacaval fistula in
pigs.*® This intervention leads to a chronic high-output car-
diac state with an increase in volume and pressure load
somewhat akin to exercise. After 3 months, there was a
disproportionate increase in RV stroke work index relative
to that of the LV (+216% vs. +70%), RV fibrosis, and the
development of RV dysfunction. Compared with the more
“physiological” LV hypertrophy characterized by myocyte
length increase and increased local production of insulin-
like growth factor (IGF), the RV showed more pronounced
hypertrophy, an increase in both myocyte length and di-
ameter, and an associated increased collagen deposition.
Apart from IGF-1 increase, there also was an increase in
endothelin 1 and angiotensin 2 production. The authors
postulated that the differential loads led to different gene
expression and different structural changes.*® More recently,
Benito et al.*” established an animal model of endurance ac-
tivity in which rats exercised vigorously for 16 weeks (which
was estimated to be equivalent to 10 years of endurance ex-
ercise in humans). At the end of the intervention, the run-
ning rats showed increased interstitial fibrosis in both atria
and the RV but none in the LV. This was associated with
inducibility of ventricular arrhythmias in 42% of the exer-
cise rats compared with only 6% in controls (P = 0.05).
Importantly, cessation of exercise reversed the inflamma-
tory and fibrotic changes.

These animal studies share some striking resemblance
to findings in some endurance athletes in whom many
years of intense endurance training are associated with
exaggerated RV remodeling and a propensity to arrhyth-
mias. Heidbuchel et al.** coined the term “exercise-induced
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arrhythmogenic RV cardiomyopathy” after observing that
among endurance athletes, ventricular arrhythmias were
frequently associated with electrical, structural, and func-
tional changes of the RV but rarely of the LV. A compre-
hensive evaluation was undertaken in 46 high-level endur-
ance athletes (performing >3 x 2 hours of sports per week
for more than 5 years; 80% competitive; 80% cyclists) who
had been diagnosed with sustained or nonsustained ven-
tricular tachycardia or frequent ventricular ectopy (37%,
52%, and 11% of cases, respectively) in the context of non-
specific symptoms, such as palpitations and dizziness. The
great majority of ventricular arrhythmias were of RV origin
(86% of cases), which was surprising given that inherited
cardiomyopathies, ischemic heart disease (due to congeni-
tal coronary anomalies or atherosclerosis), and myocarditis
are most frequently associated with ventricular arrhythmias
and sudden cardiac death in young athletic cohorts.*!
Most of these pathologies would imply a LV or biventricu-
lar substrate contrasting with the high prevalence of RV
pathology, which could only be explained by a major se-
lection bias resulting in athletes with familial arrhythmo-
genic RV cardiomyopathy (ARVC) being disproportionately
represented. However, such a bias did not seem likely and
was not supported by the fact that only one athlete (2%)
had a family history suggestive of ARVC. Rather, Heidbu-
chel and colleagues proposed that the association between
RV abnormalities and endurance sport practice could be
better explained if it were endurance sport itself that was
contributing to the creation of an arrhythmic substrate in
the RV. In other words, the unifying feature of the cohort
(the very high volume of sport practice) was the likely ex-
planation for the unexpectedly high prevalence of RV ab-
normalities.

Two recent studies have reported small patches of
delayed gadolinium enhancement (DGE) on magnetic
resonance studies in 13% and 50% of athletes with a long-
standing history of endurance competition.’”** These find-
ings could be consistent with the hypothesis that sustained
exercise excess results in chronic fibrous remodeling and
arrhythmogenicity. However, it is important to note that a
number of studies have failed to identify DGE in endur-
ance athletes,>?” and there are no studies assessing the
relationship between DGE and clinical events (such as ar-
rhythmias) in athletes. Thus, it would be premature to sug-
gest that patches of DGE represent a substrate for arrhyth-
mias, although some investigators are drawing this link in
cases of unexplained cardiac arrest in highly trained ath-
letes.>*

The mechanism by which endurance exercise may pro-
mote myocardial fibrosis has not been established. As al-
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ready discussed in this review, our contention is that the
hemodynamic load of exercise plays an integral part in de-
fining the metabolic and mechanical stresses on the heart.
Of great interest, therefore, is the fact that the location of
the DGE in athletes is most commonly localized to the in-
terventricular septum in a pattern reminiscent of that as
sociated with pulmonary hypertension and other condi-
tions in which right heart strain is increased. Exercise
CMR provides an intriguing insight into this process.
Video 2 (available online) illustrates septal DGE in an en-
durance athlete and corresponding cine imaging through
the same short-axis slice during strenuous exercise. It is
notable that the DGE is at the very site where there is
rapid excursion of the septum toward the LV in early dias-
tole.

SUMMARY AND CLINICAL SIGNIFICANCE

There is evolving evidence that the pulmonary circulation
and RV play an important role in the augmentation of
blood flow during exercise. The extent to which cardiac
output and oxygen delivery to the working muscles is de-
termined by factors upstream of the LV has been some-
what overlooked. This is due in large part to the fact that

it is far more challenging to study pulmonary vascular
and RV function, particularly during exercise. However,
noninvasive imaging advances such as exercise CMR and
novel echocardiographic techniques are providing invalu-
able insights in combination with a number of recent stud-
ies reappraising RV physiology using direct invasive mea-
sures. These findings are starting to build a clear picture;
the pulmonary circulation and RV are placed under dispro-
portionate stress during intense exercise, and when that
exercise load is sustained the RV can suffer fatigue or in-
jury. In well-trained athletes, the complete picture can be
observed with increased acute hemodynamic stress caus-
ing transient RV dysfunction. According to normal physi-
ological principals of growth through damage and compen-
satory repair, the heart muscle would gradually increase
its size and strength to adapt to the intermittent exercise
load. However, as illustrated in Figure 5, we hypothesize
that if training is too intense or frequent to enable suffi-
cient compensation, then a maladaptive process may re-
sult in proarrhythmic RV remodeling termed “exercise-
induced RV cardiomyopathy.” The exact determinants and
individual predispositions (genetic or otherwise) are still
to be established.

Using exercise CMR to
investigate potential
mechanisms of exercise-

induced fibrosis

Video 2. Septal delayed gadolinium enhancement (DGE) in an endurance athlete—potential mechanism. In this ostensibly healthy en-
durance athlete, discreet patches of DGE are noted in the inferior and mid-interventricular septum in a pattern reminiscent of pathol-
ogies that result in increased right ventricle loading. This video (available online) demonstrates a short-axis real-time cine acquisition
of the same region during intense exercise. The video has been slowed to reveal considerable septal shift with the mechanical hinge
points seeming to approximate the regions of DGE. Thus, it may be hypothesized that focal fibrosis results from repeated mechanical
stress induced by strenuous exercise. CMR: cardiac magnetic resonance.
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Figure 5. Healthy training versus overtraining of the heart.
Healthy training with balanced exercise and recovery results in
physiological remodeling in which enhanced cardiac structure
and function enable greater cardiac performance during exer-
cise. On the other hand, we propose that excessive exercise (train-
ing that is too intense and/or recovery that is too short) may
cause cardiac injury and proarrhythmic remodeling, which pre-
dominantly affects the right ventricle (RV; adapted from the doc-
toral thesis of La Gerche®®). ARVC: arrhythmogenic RV cardio-
myopathy. A color version of this figure is available online.

In the normal healthy circulation, extreme exercise is re-
quired to place sufficient strain on the RV to result in func-
tional impairment. However, in patients with pulmonary
vascular or RV pathology, the normal exercise-induced aug-
mentation of cardiac output may be attenuated by these
presystemic factors. Thus, exercise measures of the RV
and pulmonary circulation may prove important in the
diagnosis of exertional intolerance, the guidance of physi-
ologically targeted therapies and prediction of patient out-
comes. As we progress from “one size fits all” for the man-
agement of heart failure to a more patient-specific approach,
assessment of the RV can no longer continue to be ignored.
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