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ABSTRACT
Aims Prolonged endurance exercise is associated with
elevated biomarkers associated with myocardial damage
and modest evidence of left ventricular (LV) dysfunction.
Recent studies have reported more profound effects on
right ventricular (RV) function following endurance
exercise. We performed a meta-analysis of studies
reporting RV function pre-endurance and postendurance
exercise.
Methods We performed a search of peer-reviewed
studies with the criteria for inclusion in the analysis
being (1) healthy adult participants; (2) studies
examining RV function following an event of at least
90 min duration; (3) studies reporting RV fractional area
change (RVFAC), RV strain (S), RV ejection fraction
(RVEF) or tricuspid annular plane systolic excursion
(TAPSE) and (4) studies evaluating RV function
immediately (<1 h) following exercise.
Results Fourteen studies were included with 329
participants. A random-effects meta-analysis revealed
significant impairments of RV function when assessed by
RVFAC (weighted mean difference (WMD) −5.78%,
95% CI −7.09% to −4.46%), S (WMD 3.71%, 95% CI
2.79% to 4.63%), RVEF (WMD −7.05%, 95% CI
−12.3% to −1.8%) and TAPSE (WMD −4.77 mm, 95%
CI −8.3 to −1.24 mm). Modest RV dilation was evident
in studies reporting RV systolic area postexercise (WMD
1.79 cm2, 95% CI 0.5 to 3.08 cm2). In contrast, no
postexercise changes in LV systolic function (expressed as
LVFAC or LVEF) were observed in the included studies
(standardised mean difference 0.03%, 95% CI −0.13%
to 0.18%).
Conclusions Intense prolonged exercise is associated
with a measurable reduction in RV function while LV
function is relatively unaffected. Future studies should
examine the potential clinical consequences of repeated
prolonged endurance exercise on the right ventricle.

INTRODUCTION
Prolonged endurance exercise is associated with
elevations in cardiac biomarkers,1 but only modest
transient depression in left ventricular (LV) func-
tion.2 These changes have been demonstrated fol-
lowing endurance events of varying distance and
duration. A majority of research has focused on the
left ventricle (LV) and common comorbidities such
as coronary vessel disease.2–4 The right ventricle
has been largely overlooked.
Early studies into the phenomenon of ‘cardiac

fatigue’ showed that LVejection fraction (LVEF) and
diastolic filling parameters were mildly impaired in
the immediate postexercise period following
long-distance triathlon5–8 and ultra-endurance

(>100 km) running.9 10 However, a number of
studies have failed to identify any change in LV mea-
sures11–13 and no study has demonstrated an associ-
ation between changes in LV function and other
markers of myocardial injury.
Changes in right ventricular (RV) function may

be significant clinically and may provide a better
insight into exercise-induced alterations to myocar-
dial function. However, the magnitude and consist-
ency of studies reporting postendurance exercise
changes in RV function have not previously been
interrogated. The clinical relevance of postexercise
changes in RV function is highlighted by a potential
link with chronic RV remodeling and a propensity
for ventricular arrhythmias.14 15

Assessing RV function is complex and lacks a
single, commonly accepted parameter.16 Evaluation
of the RV following endurance exercise typically
focused on observing RV fractional area change
(RVFAC) and tricuspid annular plane systolic excur-
sion (TAPSE),17 18 but recent means of assessing
systolic function have included strain and strain
rate.13 19 Cardiac MR (CMR) imaging has also
been recently employed and enables accurate quan-
tification of biventricular volumes.4 20 Despite
recent advances, variability in the measures used to
quantify RV function makes it challenging to draw
unifying conclusions as to the extent to which the
RV is affected by prolonged endurance exercise.
Owing to the logistical constraints of trying to

assess multiple athletes in the immediate postrace
window, previous studies have been limited to rela-
tively modest cohort sizes. We report a
meta-analysis of all existing studies examining RV
function both pre-endurance and postendurance
exercise. We hypothesised that an analysis of
studies that have assessed RV function in the
context of endurance exercise would provide con-
sistent evidence for exercise-induced myocardial
impairment that predominantly or exclusively
affects the RV.

METHODS
Search strategy and inclusion criteria
We performed a search of all peer-reviewed studies
published prior to February 2014 in the English
language. We searched PubMed and MEDLINE
databases using keywords from an initial limited
search of the literature. Keywords and phrases used
in the search included ‘right ventricular function’,
‘cardiac fatigue’, ‘ventricular dysfunction’, ‘ven-
tricular damage’ and ‘prolonged exercise’, ‘endur-
ance exercise’, ‘marathon’, or ‘triathlon’. Reference
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lists from published papers were searched for any additional
studies missed in the online search.

The inclusion criteria for the meta-analysis were (1) studies
recruiting healthy participants aged 18 years and over; (2)
studies examining RV function following an exercise event of at
least 90 min in duration; (3) studies assessing RV function using
two-dimensional (2D), 2D guided M-mode, or 3D echocardiog-
raphy, tissue Doppler or CMR; (4) studies reporting either
RVFAC, RV strain (S), RV ejection fraction (RVEF) or TAPSE;
and (5) studies recording RV function immediately (<1 h) fol-
lowing endurance exercise.

Study review and data extraction
The search strategy identified 96 articles, of which 31 were
retrieved in full-text. After further review, 15 studies were
deemed to meet the inclusion criteria (figure 1). From each
included study, the age and gender of participants, total exercise
time and the modality of exercise were recorded while measures
of RV function and chamber size were extracted where

reported. Where the data were reported as subgroups, the
average mean value across groups was calculated and a common
SD determined using pooled variances.

As indicators of RV systolic function, RVFACs, RVEF, global
RV strain (S) and/or TAPSE were included for the analysis of RV
function pre-exercise and postexercise. Global strain was deter-
mined by averaging segmental strain in studies reporting data
per segment. In addition, RV dilation was recorded using RV
area during systole and diastole, respectively.

Statistical analysis
A random-effects meta-analysis was used to determine the
weighted mean difference (WMD) and 95% CIs of RV measures
between pre-exercise and postexercise. All statistical analyses
were performed using Review Manager V.5.2 (Cochrane Centre,
Copenhagen, Denmark). A forest plot for each outcome was
used to portray the differences between pre-exercise and postex-
ercise. Statistical heterogeneity was assessed using the χ2 and I2

statistic. For all analyses where statistical heterogeneity was
observed and the number of included studies was greater than
10, we performed a subgroup analysis based on exercise dur-
ation for further investigation.

RESULTS
Eligible studies
All eligible studies for the meta-analysis are shown in table 1.
Fifteen studies, resulting in a total of 354 participants, were
included. The mean duration of exercise ranged from 130 to
1472 min. Eleven (73%) studies used running as the exclusive
mode of exercise. Two studies (13%) evaluated participants fol-
lowing an ironman triathlon and one study (7%) used a long-
distance cycling event. One study included four events ranging
from a marathon to ironman triathlon. The mean age of partici-
pants ranged from 28 to 55 years. To characterise baseline
cardiac structure and function, the pre-exercise end-diastolic
area and volume measurements are reported alongside pre-
exercise measures of ejection fraction in table 2. In all para-
meters assessed, mean values were below the upper limits of
normal reported for the athlete’s heart.21

Figure 1 Flow diagram depicting study search and exclusion process.

Table 1 Details of included studies

Study Event Sample size (M/F) Mean (SD) duration, min Mean (SD) age, years

Douglas et al17 IM triathlon 41 (22/19) Not reported 38 (10)
Dávila-Román et al22 161 km UM 14 (14/0) Not reported
Oxborough et al23 Marathon 35 (29/6) 230 (42) 30 (8)
Neilan et al13 Marathon 60 (41/19) 245 (range 175–355) 41 (11)
Neilan et al24 Marathon 20 (10/10) 243 (34) 34 (10)
La Gerche et al25 IM triathlon 27 (20/7) 650 (75) Median 32 (range 22–54)
Mousavi et al4 Marathon 14 (8/6) 245 (68) 33 (6)
Banks et al26 150 min running @ 80% VO2max 18 (12/6) 150 28 (4)
Oxborough et al18 Marathon 17 (17/0) 209 (19) 33 (6)
Trivax et al27 Marathon 12 (12/13) 256 (44) 39 (9)
Oxborough et al19 161 km UM 16 (12/4) 1472 (200) 42 (8)
Oomah et al28 Half-marathon 15 (7/8) 130 (24) 32 (6)
Karlstedt et al29 Marathon 25 (21/4) 252 (33) 55 (4)
La Gerche et al30 1. Marathon, n=7;

2. Half-IM triathlon, n=11;
3. Alpine cycling, n=9;
4. IM triathlon, n=13

40 (36/4) 1. 179 (30)
2. 324 (25)
3. 485 (43)
4. 652 (76)

37(8)

Claessen et al20 150 km cycling race 14 (14/0) Not reported 36 (6)

F, female; IM, ironman; M, male; UM, ultramarathon.
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RV systolic function
All included studies incorporated RVFAC, RVEF, global strain or
TAPSE as a measure of RV systolic function. RVFAC was the
most commonly reported parameter (12 studies, n=312). In five
studies, strain was reported (n=154); TAPSE was reported in six
studies (n=175), while four studies included RVEF (n=94).
Meta-analysis of RVFAC revealed WMD of −6.8% (95% CI
−8.95% to −4.66%) from pre-exercise to postexercise (figure 2).
Statistical heterogeneity was observed between studies
(χ2=144.76; I2=92%, p<0.001). The WMD of S from pre-
exercise to postexercise was 3.71% (95% CI 2.79% to 4.63%;
figure 3). A lack of statistical heterogeneity was observed between
studies reporting S following endurance exercise (χ2=7.26;
I2=45%; p=0.12). For TAPSE, the WMD was −5.52 mm (95%
CI−9.07 to −1.97 mm; figure 4), while for RVEF the WMD was
−7.05 (95% CI−12.3 to −1.8; figure 5). Statistical heterogeneity
was observed for both TASPSE and RVEF (I2=95, 90% for
TAPSE, RVEF, respectively; p<0.001). We did not observe any

evidence of publication bias on visual inspection of funnel plots
for any outcome (data not shown). Subgroup analysis of RVFAC
based on exercise duration revealed similar significant decreases
in RVFAC pre-exercise versus post-exercise in the <6 h exercise
group and the >6 h group (figure 6). Of all studies, only one
reported a postexercise depression in LV function.19 Meta-
analysis of LV systolic function, expressed as either LVEF or
LVFAC, revealed no significant difference between pre-exercise
and postexercise (standardised mean difference 0.01, 95% CI
−0.14 to 0.16).

RV dilation
Eight studies reported pre-exercise versus postexercise changes
in RV area. Meta-analysis of RV systolic area revealed a WMD
of 1.79 cm2 (95% CI 0.5 to 3.08). Analysis of RV area during
diastole revealed a WMD of 1.36 cm2 (95% CI −0.08 to 2.81).
Statistical heterogeneity was noted for both variables (I2>75%;
p<0.0001).

Table 2 Baseline cardiac structure and function reported from pre-exercise data in the included studies

Study

Structural Functional

RVEDA (cm2) LVEDA (cm2) LVEDV (mL) RVEDV (mL) RVEF (%) LVEF (%)

Douglas et al17 21.4 (5.3) 37.7 (6.9)
Dávila-Román et al22 18.5 (3.6) 28.7 (4) 89.9 (19.9) 56.6
Oxborough et al23 19.2 (2.2) 36.2 (4.5)
Neilan et al13 17 (4) 110 (20) 60 (6)
Neilan et al24 17 (3) 106 (20) 59 (6)

La Gerche et al25 28.9 (5.7) 60.4 (4.7)
Mousavi et al4 160.6 (19.7)
Banks et al26 110 (4.5) 56.4 (3.5)
Oxborough et al18 66 (5.1)
Trivax et al*27 185.1 (32.4) 144 (24.9) 53.6 (7.1) 57.7 (4.1)
Oxborough et al19 23 (4) 129 (19.2) 65 (4)
Oomah et al28 13 (4) 115 (17) 125 (26) 59 (4) 64 (3)
La Gerche et al30 150 (23) 170 (30) 51 (3.6) 56.4 (5.2)
Karlstedt et al29 114 (12) 63 (4)
Claessen et al*20 229 (20) 237 (26) 60.9 (4.4) 62.9 (2.8)
Normal athlete’s heart, male 180–340 200–390 40–58 41–77
Normal athlete’s heart, female 140–260 150–290 40–67 44–76

Normal data taken from Prior and La Gerche.21 Data are presented as mean (SD). Normal data are presented as a range. Data not reported indicate not available in the original
manuscript.
*Indicates studies where measurements were obtained by cardiac magnetic resonance rather than echocardiography. Italics are the summary rows.
LVEDA, left ventricular end-diastolic area; LVEDV, LVED volume; LVEF, left ventricular ejection fraction; RVEDA, right ventricular end-diastolic area; RVEDV, RVED volume; RVEF, right
ventricular ejection fraction.

Figure 2 Forest plot comparing right ventricular fractional area change (FAC) pre-endurance versus postendurance exercise. Mean differences are
calculated by random-effects meta-analysis and weighted by estimated precision of the effect.
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DISCUSSION
Our meta-analysis of all studies reporting RV function
pre-endurance and postendurance exercise indicates that RV
function is reduced following endurance exercise despite no
apparent alteration to LV function in the same studies. All
included measures of RV function showed evidence of a depres-
sion in RV systolic function on completion of exercise.

Biological rationale: underpinning mechanism
The cause of a decline in RV function following endurance
exercise is unclear; the most likely candidate is the relatively
greater increase in load placed on the RV during exercise,31

potentially making it more susceptible to exercise-induced
fatigue or injury. Exercise leads to significant increases in pul-
monary artery pressure thus increasing RV end-systolic wall
stress.32–34 The greater work required to sustain a high cardiac
output throughout exercise may lead to greater depression in
RV function, which persists into the postexercise recovery
period. This premise is supported by the methodology of
Claessen et al20 in which they studied RV function during exer-
cise. As compared with prerace measures, RV functional
reserve (the ability to increase RVEF during intense exercise)
was attenuated after 150 km of intense cycling. Thus, it may
be that the increased wall stress and work of exercise cause
relative RV dysfunction, which is most evident under the
haemodynamic stressors of exercise.

We observed a trend for increasing RV end-diastolic area
following prolonged exercise. This observation supports the
view that changes in RV function cannot be solely attributed
to postexercise alterations in volume status. Moreover, post-
exercise elevations in end-diastolic area should improve RV
function, according to the Frank-Starling mechanism, assum-
ing maintained RV contractility. Decreased RV strain in the
presence of increased end-diastolic areas reported in three
studies4 28 30 suggests a true functional impairment of
the RV.

Obtaining objective, quantitative measures of RV function is
particularly challenging. Difficulties in imaging the RV are
largely due to its geometry, location and trabeculation.
Determination of RVFAC is commonly considered to be cum-
bersome with high interobserver variability.31 In the studies ana-
lysed, RVFAC at baseline ranged from 25%17 to 51.9%,23 thus
supporting the view of RVFAC as a technique with considerable
variability. To further examine the possible causes of heterogen-
eity between studies for RVFAC, we grouped the studies accord-
ing to the duration of exercise employed. There were no
apparent differences between the decline in RVFAC in studies
using exercise of less than or greater than 6 h.

We also included studies where TAPSE, RV strain and/or
RVEF were used to represent RV function. In the six studies
reporting TAPSE following exercise, a significant reduction was
observed. RV strain may be a more representative parameter of
true contraction and relaxation. In our analysis, RV strain was
reported by five studies and showed evidence of statistical
homogeneity, which was absent in the other measures. RV strain
decreased significantly from pre-exercise to postexercise, in
agreement with other measures of RV function. While strain
remains a load-dependent measure,16 its measurement is rela-
tively independent of ventricular morphology and global cardiac
motion.33

In our analysis, we chose to include ‘global’ RV strain.
Longitudinal strain, obtained from tissue velocity measurements,
is commonly divided into basal, mid and apical segments with a
reverse basoapical gradient. While some studies included in this
analysis reported strain values per segment using this
approach,13 24 others reported only global longitudinal strain
determined by 2D echocardiography. This may be an important
consideration; Neilan et al13 24 noted greater decreases in strain
in the apical segments following marathon. It is, therefore, pos-
sible that studies reporting global longitudinal strain may under-
estimate the true impact of endurance exercise in the regional
segments of the RV.

Figure 3 Forest plot comparing right ventricular strain pre-endurance versus postendurance exercise. Mean differences are calculated by
random-effects meta-analysis and weighted by estimated precision of the effect.

Figure 4 Forest plot comparing tricuspid annular plane systolic excursion (TAPSE) pre-endurance versus postendurance exercise. Mean differences
are calculated by random-effects meta-analysis and weighted by estimated precision of the effect.
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The recent inclusion of CMR imaging for the determination
of RV volume and RVEF following exercise is a valuable add-
ition to the field. Two studies20 27 have incorporated
CMR-derived RVEF into their assessment of RV function. In
addition, Oomah et al28 and La Gerche et al30 determined
RVEF by 3D echocardiography. We observed a significant reduc-
tion in RVEF following exercise that showed statistical hetero-
geneity (figure 5). This observation may be due to the three
varying durations of exercise, which ranged from a half mara-
thon to an ironman triathlon. Moreover, the use of 3D echocar-
diography for determining RVEF is still an emerging field that
may be open to variation in repeated measurements.

Time course of depressed RV function
Despite the immediate postexercise depression of RV function,
there is strong evidence suggesting this to be a transient, fully
reversible phenomenon. Although some studies reported RV
function at a follow-up timepoint, we did not include these
measures in the current meta-analysis because the number of
studies was small, the measures inconsistent and the time period
to assessment was highly variable. However, it is notable that in
each of these studies most measures of RV function returned to
normal.18 24 28 30 The hypothesis that postexercise RV dysfunc-
tion, repeated over many years, may provide a proarrhythmo-
genic substrate is worthy of further investigation. Heidbüchel
et al14 identified RV arrhythmogenic involvement in almost
60% of high-level endurance athletes with ventricular arrhyth-
mias, thus indicating the possible clinical significance of
repeated endurance exercise.

Interestingly, Ector et al35 studied 22 athletes with ventricular
arrhythmias showing that these athletes had a significantly lower
RVEF than athletes without arrhythmias. These studies show
remarkable similarities with preclinical data. Benito et al36

exposed young rats to a strenuous 18-week treadmill-running
regime that, the authors argued, approximated 10 years of
endurance exercise training in humans. As compared with the
sedentary control rats, the ‘marathon rats’ demonstrated an
increase in atrial and RV inflammation/fibrosis, whereas the LV
was spared. Perhaps most importantly, this predominant RV
remodeling was associated with a greater potential for inducible
ventricular arrhythmias (42% versus 6%, p=0.05). Together,
these studies lend weight to the hypothesis that repeated endur-
ance exercise may provide a proarrhythmogenic substrate in ath-
letes and highlights the need for prospective studies assessing
long-term clinical outcomes.

Limitations
Although this study provides the first meta-analysis on the effect
of prolonged endurance exercise on RV function, there are
several limitations worth noting; first, the variability in the tech-
niques used to determine RV function may have influenced the
outcomes of this study. Second, many of the studies did not
blind assessors of RV function, thus potentially leading to obser-
ver bias. Third, this analysis included a total pool of 354 partici-
pants, which is still relatively limited for the assessment of small
postexercise changes. Furthermore, the number of participants
analysed for any given measure of RV function was even
smaller, thus further reducing statistical power. Additionally,
there is no standardised definition of what constitutes an athlete
and, similarly, there is inconsistency in the literature as to
whether it is the least or most trained particiants who incur the
most profound cardiac injury.37 Finally, although we reported
LV function, we included only studies that reported both LV and
RV function. This is not a thorough review of the LV literature;
we provide insight into concomitant changes in RV and LV func-
tion following endurance exercise.

Summary
In summary, despite heterogeneity in the measures employed,
the existing literature consistently reports that prolonged endur-
ance exercise depresses RV systolic function. Prolonged exercise
modestly increases the size of the RV and minimally impacts the
LV. These findings are in line with the observation of postexer-
cise increases in cardiac biomarkers and potentially indicate a
short-term, reversible phenomenon that is purely physiological.
Nonetheless, the long-term health consequences of prolonged,
strenuous exercise require further investigation. These findings
should also be discussed at the next meeting of the Seattle
Criteria group38 (Drezner 2013S) and included in future itera-
tions of that important consensus document.

Figure 5 Forest plot comparing right ventricular ejection fraction (RVEF) pre-endurance versus postendurance exercise. Mean differences are
calculated by random-effects meta-analysis and weighted by estimated precision of the effect.

Figure 6 Subgroup analysis showing WMD and 95% CI of the
difference in right ventricular fractional area change (RVFAC)
pre-exercise versus postexercise.
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What are the new findings?

▸ Multiple studies have consistently demonstrated relative
right ventricular (RV) dysfunction following prolonged
exercise of more than 90 min duration.

▸ This impairment is consistent regardless of the
parameter used to quantify RV systolic function and
occurs in the absence of significant left ventricular
dysfunction.

▸ There is a significant increase in postexercise RV area during
systole and a trend towards an increase in RV area during
diastole, indicating RV dilation.

How might it impact on clinical practice in the near future?

▸ A decrease in right ventricular (RV) function is observed
following prolonged endurance exercise, although there is
little evidence relating to the clinical consequences of this
change in cardiac function.

▸ The short-term consequences of transient relative RV
dysfunction require assessment. Potential issues include: the
time required for recovery, the completeness of recovery and
whether transient RV impairment impacts on cardiac
performance during repeated exercise bouts.

▸ Future human studies should investigate the long-term
clinical consequences of prolonged endurance exercise.
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