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Sex Differences in Cardiac Function After Prolonged
Strenuous Exercise
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and Darren E.R. Warburton, PhD*†

Objective: To evaluate sex differences in left ventricular (LV)
function after an ultramarathon, and the association of vascular and
training indices with the magnitude of exercise-induced cardiac
fatigue.

Design: Descriptive field study.

Setting: Fat Dog 100 Ultramarathon Trail Race, Canada.

Participants: Thirty-four (13 women) recreational runners (aged
28-56 years).

Interventions: A 100-km or 160-km mountain marathon.

Main Outcome Measures: Baseline baroreceptor sensitivity,
heart rate variability, and arterial compliance; Pre-exercise and
postexercise echocardiographic evaluations of LV dimensions,
volumes, Doppler flow velocities, tissue velocities, strain, and
strain rate.

Results: Finishers represented 17 men (44.8 6 6.6 years) and 8
women (45.96 10.2 years; P = 0.758). After ultraendurance exercise,
significant reductions (P, 0.05) in fractional shortening (men: 40.96
6.9 to 34.1 6 7.6%; women: 42.5 6 6.5 to 34.6 6 7.9%) diastolic
filling (E/A, men: 1.286 0.68 to 1.266 0.33; women: 1.556 0.51 to
1.30 6 0.27), septal and lateral tissue velocities (E0), and longitudinal
strain (men: 221.02 6 1.98 to 218.44 6 0.34; women: 220.28 6
1.90 to218.446 2.34) were observed. Sex differences were found for
baseline cardiac structure and global function, peak late transmitral
flow velocity, and estimates of LV filling pressures (P , 0.05).

Regression analysis found that higher baseline arterial compliance
was associated with lower reductions in cardiac function postexercise,
to which sex was a significant factor for E0 of the lateral wall. Faster
race pace and greater lifetime ultramarathons were associated with
lower reductions in LV longitudinal strain (P , 0.05).

Conclusions: Cardiac responses after an ultramarathon were
similar between men and women. Greater evidence of exercise-
induced cardiac fatigue was found to be associated with lower
baseline arterial compliance and training status/experience.

Clinical Relevance: These findings suggest that vascular health is
an important contributor to the degree of cardiovascular strain
incurred as the result of an acute bout of prolonged strenuous
exercise.

Key Words: cardiac fatigue, ultraendurance exercise, echocardiog-
raphy
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INTRODUCTION
Exercise-induced cardiac fatigue is characterized by

a reduction in left ventricular (LV) systolic and diastolic
function subsequent to exercise in healthy humans,1 particu-
larly prolonged strenuous exercise (PSE).2 These reductions
in LV performance have been found to occur despite the
absence of underlying cardiovascular pathologies3–6 and seem
to be transient in nature with normal function restored typi-
cally within 48 hours7 However, the clinical relevance of
exercise-induced cardiac fatigue warrants further study,8–10

particularly considering the appreciable increase in ultraen-
durance participation over recent years.11 The average age of
winning ultramarathoners is older than the typical age of
winning marathoners.12 This may be interpreted that to perform
well in ultraendurance events, accumulating greater years of
training may be beneficial, although the cumulative effects of
chronic PSE on the cardiovascular system is unclear.13 The
juxtaposition of low mortality rates and excellent functional
capacity in lifelong exercisers, alongside reports of adverse
structural and electrical cardiac remodeling,14,15 brings into
question the risks involved with lifelong, high-volume endur-
ance training.

Another emerging trend is the increase in female
participants in ultraendurance events where female finishers
increased 20% in a 4-year span.16 Despite this increase in
female competitors, the literature to date has yielded limited
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information regarding the cardiovascular consequences of
PSE in women. Previous work from our research group found
males experienced greater reductions in LV systolic function
as a consequence of a half-ironman triathlon compared with
female competitors,17 the mechanisms of which are not
known. Prolonged strenuous exercise has been shown to sig-
nificantly increase plasma catecholamines,18 a marker of sym-
pathetic activity. Phenotypical evidence of sex differences in
cardiac norepinephrine transporter function19 suggests that
males exhibit differences in cardiac-specific sympathetic
activity. Although, women typically display greater parasym-
pathetic control of heart rate (HR) than men at rest, consid-
ered to be a reflection of the enhanced cardioprotection
characteristic of healthy pre-menopausal females,20 sympa-
thovagal balance of women may be more vulnerable to the
effects of strenuous exercise than men.21,22 Thus, how sex
may influence the cardiac responses to significant physiolog-
ical stress, such as PSE, is not clear.

As a means to address this question, assessment of
regional myocardial function, such as strain and strain rate
(SR) imaging, will provide a thorough analysis of LV
function.23 In addition, spontaneous measures of cardiovagal
baroreflex sensitivity (BRS) can provide a noninvasive indi-
cation of autonomic modulation with exercise.24 Accordingly,
the purpose of this investigation was to evaluate sex differ-
ences in cardiac function after an ultraendurance running race.
A secondary purpose was to evaluate the relationship between
training experience and acute cardiac responses to PSE.
Based on the observations of our previous work, we hypoth-
esized that men would display greater evidence of exercise-
induced cardiac fatigue compared with women. Despite the
uncertainty of myocardial fibrosis in previous reports of
veteran endurance athletes, global cardiac function remains
intact or enhanced compared with age-matched controls,15

thus, we further hypothesized that training experience would
not differentiate the magnitude of cardiac fatigue.

METHODS

Participants and Ethical Approval
Thirty-four competitors (43.4 6 8.2 years; 13 female)

participating in a mountain trail running ultramarathon (Fat
Dog 100) volunteered to participate in this research. This field
study occurred mid-summer in British Columbia, Canada.
Runners were exposed to temperature fluctuations ranging
from 6 to 308C between day and night-time hours. The terrain
was very mountainous with ascents of 600-2300 m over 2
race distances (100 km and 160 km). Before testing, all par-
ticipants provided written informed consent in exact accor-
dance with guidelines of the Clinical Research Ethics Review
Board at the University of British Columbia.

Protocol
Baseline testing occurred at least 1 day before the start of

the race in dedicated research space on site (temperature and
humidity controlled). Participants completed a training history
questionnaire for the determination of training volume and race
experience. Assessments included basic anthropometrics,

arterial compliance, BRS, and echocardiography. Immediately
after race cessation, runners were met at the finish line. After
5 minutes of seated rest, seated blood pressure (BP) and
postrace body mass were measured. Participants were then
shuttled in a research vehicle to the testing facility approxi-
mately 800 m away, approximately a 2-minute to 3-minute
drive, for the vascular assessment. The initiation of postrace
assessments typically occurred 20 to 30 minutes from crossing
the finish line, beginning with vascular assessments. Echocar-
diography commenced typically 30 to 40 minutes postexercise.
Racers were required to complete a minimum distance of
50 km to be eligible for postrace testing.

Anthropometrics, Autonomic, and Arterial
Compliance Assessments

Participants were assessed for body height, mass, seated
BP, and HR. Postrace body mass, BP, and HR were collected
at the finish line. At the research facility, assessments
commenced after 5 minutes of supine rest. Five minutes of
continuous BP data was collected using finger photoplethys-
mography (Finapres; Ohmeda, Inc, Englewood, Colorado),
calibrated using an automated BP device (Bp-TRU 100;
Coquitlam, British Columbia, Canada) along with an electro-
cardiogram (ECG), synchronized with Powerlab (ADIntru-
ments, Colorado Springs, Colorado) and Chart software
(Version 5.5.6). Participants remained supine while wearing
industrial strength ear protectors to eliminate any noise-induced
oscillations in BRS for 5 minutes of collection. Off-line power
spectral evaluations of BRS were conducted by the same
investigator using Nevrokard BRS software (Version 6.1.0,
Nevrokard, Slovenia) as described previously.25

Arterial compliance was measured noninvasively
through applanation tonometry with the HDI CR-2000
(Hypertension Diagnostics, Eagan, Minnesota) for diastolic
pulse contour analysis. The calculations of small and large
arterial compliance are derived through a paradigm that
divides total systemic resistance into individual components
using mathematical modeling and has been validated with
invasive and noninvasive testing.26,27 After stabilizing the
wrist and maximizing signal strength, radial artery tonometry
measurements were collected using the right wrist with the
automated sphygmomanometer affixed to the upper left arm.
Measurements were taken in duplicate with the average used
for analysis.

Echocardiographic Assessments
Two-dimensional transthoracic and pulse-Doppler

imaging was used to assess LV function using a portable
ultrasound system (Vivid i; GE Healthcare) with simulta-
neous ECG and a 2.5-MHz transducer. Participants were
positioned in the left lateral decubitus position for imaging.
Cardiac images were acquired by a clinically certified sonog-
rapher. Parasternal long axis views were obtained for
the assessment of LV dimensions and mass and apical
2-chamber and 4-chamber views were acquired for the assess-
ment of volumes, velocities, and strain. Transmitral Doppler
peak flow velocities were measured for early (E) and late (A)
diastolic filling, in addition to pulmonary venous flow
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velocities and durations. Myocardial tissue velocities were
assessed at the mitral annulus at the LV septal (E0septal),
LV lateral (E0 lateral), and right ventricular lateral (E0RV)
walls. Parasternal short axis views, obtained mid-ventricle,
were obtained to derive circumferential and radial strain and
SR data as described in detail elsewhere.28 Briefly, mid-
ventricle was defined as the level of the first appearance of
the superior surface of the papillary muscle when imaged
down from the mitral valve and imaged at high-frame rates
(70-90 frames per second). All measures were obtained over 3
cardiac cycles and averaged in the analysis.

Ventricular volumes and diameters were analyzed off-
line (EchoPAC; GE Healthcare, v. 110.1.1) in accordance with
the recommendations of the American Society of Echocardi-
ography29 by a single trained observer. End-diastolic volume
(EDV) and end-systolic volume were assessed through
Simpson bi-plane method and used to calculate stroke volume,
cardiac output (CO), and ejection fraction (EF). Fractional
shortening (FS) was calculated from ventricular diameters
and expressed as a percent. Wall stress (WS) was determined
noninvasively as WS (g/cm2) = 0.334(SBP)(LVESD)/PW(1 +
PW)/LVESD, where SBP is systolic blood pressure, LVESD is
left ventricular end-systolic diameter, and PW is left ventricular
systolic posterior wall thickness.30 Evaluation of E/E0 for both
the septal and lateral walls provided an estimate of LV filling
pressures.

Statistical Analysis
A between-group analysis of variance with repeated

measures was used to assess the effect of sex on changes in
cardiac function (pre-exercise and postexercise). Linear
regression was used to assess the effect of vascular and
performance variables on the change in major LV functional
measures, adjusted for age and sex. To assess the influence of
change in loading conditions with exercise, changes in body
mass, HR, race distance completed, SBP, ESP/EDV, and E/A
were correlated with delta measures of cardiac function using
Pearson correlation. All analyses were performed using SPSS
software (version 20.0; SPSS IBM, Chicago, Illinois).
Significance for all tests was set a priori at P , 0.05. Results
are reported as mean 6 SD.

RESULTS

Participant Characteristics
Thirty-four participants completed baseline assess-

ments, whereas 25 individuals (8 female) completed the
study (n = 21 of European ethnicity). Participants trained on
average 5 6 1 d/wk, running 86 6 35 km/wk. The group
averaged 5 6 3.4 years of competing in ultramarathons
(range, 1-15 years). Total number of lifetime ultramarathons
averaged 14.2 6 12.6 (range, 1-53), with the last reported
event occurring 51.5 6 51.9 days before this event. Runners
reported an average taper of 146 11 days and 9.76 9.5 days
since their last training session. Eighty-four percent of the
participants reported ingesting sodium supplements during
the race and regularly in training. Participant characteristics
and baseline cardiovascular measures are found in Table 1.

Participant Performance
All 25 individuals met the minimum distance criteria,

with an average race distance of 134.9 6 49.7 km, over 28 6
8.9 hours. There were no significant differences between sex
for race completion time (29.0 6 8.6 vs 25.9 6 9.7 hours),
race pace (4.7 6 1.1 vs 4.8 6 0.7 km/h), or race distance
completed (141.8 6 50.4 vs 121.1 6 48.4 km) for men and
women, respectively. Our participants who crossed the finish
line placed first to 16th for the men (n = 14) and third to 15th
for the women (n = 5).

Physiological and Cardiovascular Outcomes
From prerace testing, body weight decreased an average

of 1.5 6 3.1 kg (P = 0.02). At the finish line, BP and HR
responses did not differ by sex. Seated BP was not signifi-
cantly reduced after race: SBP, 116.2 6 12.9 to 114.2 6 14.2
mm Hg and diastolic blood pressure, 76.5 6 7.2 to 76.1 6
11.0 mm Hg, prerace to postrace, respectively. Heart rate at
the finish line was significantly higher than observed prerace
(postrace, 89.6 6 13.7 vs prerace, 62.3 6 8.2 bpm; P ,
0.001).

Assessed at the research station, cardiac dimensions and
volumes were altered postexercise, whereas EF and CO were
not significantly different (Table 2). Reductions in BRS after
exercise did not differ between men and women (Figure 1).
Ultraendurance exercise resulted in significant reductions in
FS (P = 0.001; Table 2), E/A (P = 0.006), isovolumetric
relaxation time (P = 0.045), and peak atrial reverse pulmonary
artery flow velocity duration (P = 0.030; Table 3). Septal and
lateral tissue velocities and longitudinal strain were also sig-
nificantly reduced postexercise (P , 0.05; Table 4). Sex dif-
ferences were found for baseline cardiac structure and global
function where men displayed larger LV diameters and vol-
umes, CO, and lower total peripheral resistance (P , 0.05;
Table 2). Peak late transmitral flow velocity (Table 3) and
estimates of LV filling pressures (E/E0) were significantly
greater in women compared with men (P , 0.05; Table 4).

TABLE 1. Participant Characteristics and Baseline
Cardiovascular Measures

Variable Men (n = 17) Women (n = 8) P

Age, y 44.8 6 6.6 45.9 6 10.2 0.758

Height, cm 177.8 6 6.3 162.7 6 5.1 0.001*

Body mass, kg 77.6 6 9.3 58.9 6 3.6 0.001*

LVM, g 214.7 6 47.11 160.83 6 30.71 0.007*

LVM/BSA, g/m2 109.6 6 22.47 98.47 6 18.04 0.235

SBP, mm Hg 128.4 6 7.9 120.8 6 12.5 0.073

DBP, mm Hg 73.0 6 7.0 69.3 6 7.1 0.230

HR, bpm 63.5 6 7.1 59.6 6 5.2 0.221

CO, L.min21 5.14 6 1.21 4.00 6 0.80 0.026*

LAC, mL/mm Hg10 18.3 6 6.0 14.0 6 3.2 0.074

SAC, mL/mm Hg100 9.7 6 3.1 6.0 6 2.1 0.006*

BRS, ms/mm Hg 18.5 6 11.6 25.0 6 17.6 0.310

*P , 0.05 between men and women.
LVM, left ventricular mass; BSA, body surface area; DBP, diastolic blood pressure;

LAC, large artery compliance; SAC, small artery compliance.
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Pearson correlation analysis revealed that changes in body
mass, HR, race distance completed, SBP, ESP/EDV, and
E/A were not associated with the reductions in tissue velocities
or longitudinal strain. Linear regression analysis adjusted for
age and sex for all models determined that baseline large artery
compliance was significantly associated with the change in E
septal (Std b = 0.507; r2 = 0.237; P = 0.04) and E lateral (Std
b = 0.571; r2 = 0.326; P = 0.017) tissue velocities, and change
in longitudinal strain (Std b = 0.623; r2 = 0.458; P = 0.003).
Thus, participants with higher baseline arterial compliance
experienced lower reductions in cardiac function postexercise
(Figure 2). Greater lifetime ultramarathons and faster race pace
were associated with lower reductions longitudinal strain (Std

b = 0.445; r2 = 0.365; P = 0.019 and Std b = 0.448; r2 = 0.362;
P = 0.020, respectively).

DISCUSSION
We aimed to compare the cardiovascular response

following PSE between men and women. The major findings
of this investigation are that (1) men and women displayed
similar indications of exercise-induced cardiac fatigue after an
ultramarathon, (2) a reduced magnitude of cardiac fatigue as
evidenced by LV tissue velocities and strain was associated
with higher baseline arterial compliance, and (3) indications
of ultraendurance training status and performance suggest less
experienced runners are more susceptible to exercise-induced
cardiac fatigue than experienced participants.

Contrary to our hypothesis, we did not find sex to
influence the cardiac response to an ultramarathon. To the
best of our knowledge, only an earlier investigation from our
laboratory had the objective of comparing sex differences in
the acute response to ultraendurance exercise and found sex
differences in contractility in triathletes.17 Other laboratory-
based investigations of PSE31,32 involved similar samples of
men and women to this and our previous work, however, they
did not report any sex differentiation other than prerace char-
acteristics. The lack of agreement between the present find-
ings and our previous investigation may potentially be
explained by differences in exercise intensity (estimated from
running pace to be 80% vs 50% of maximum capacity) and
duration (6 vs 29 hours) for the half-ironman triathlon and
ultramarathon, respectively. The varied intensities and com-
petitive situations within the literature make isolating any
dose–response difficult,1 however, we suspect intensity may

TABLE 2. Cardiac Dimensions and Global Systolic Function After PSE

Variable

Pre-exercise Postexercise

Men Women Men Women

LVPWd, cm 0.98 6 0.18 0.89 6 0.25 1.1 6 0.27 0.95 6 0.18

LVIVSd, cm 1.3 6 0.20 1.2 6 0.16 1.4 6 0.30 1.2 6 0.13

LVEDD, cm 4.81 6 0.35 4.41 6 0.43 4.44 6 0.52 4.21 6 0.33

LVPWs, cm* 1.74 6 0.18 1.53 6 0.26 1.74 6 0.28 1.39 6 0.25

LVIVSs, cm* 1.88 6 0.16 1.61 6 0.23 1.84 6 0.24 1.50 6 0.22

LVESD, cm 2.86 6 0.41 2.54 6 0.39 2.91 6 0.33 2.75 6 0.32

LVEDV, mL* 138.4 6 25.1 100.9 6 7.1 111.5 6 16.0† 87.8 6 11.1†

LVESV, mL* 46.7 6 13.0 34.0 6 8.9 40.1 6 10.2† 30.4 6 11.2†

SV, mL* 91.7 6 16.0 66.9 6 8.4 71.4 6 14.7† 57.4 6 12.0†

SVI, mL/m2 46.9 6 7.8 41.2 6 6.3 36.9 6 8.9† 35.2 6 7.1†

EF, % 66.4 6 5.2 66.4 6 8.3 63.8 6 7.8 65.5 6 11.6

CO, L.min21* 5.19 6 1.19 4.01 6 0.80 5.16 6 1.31 4.24 6 1.09

CI, L.min21/m2 2.65 6 0.55 2.47 6 0.55 2.65 6 0.68 2.60 6 0.66

FS, % 40.9 6 6.4 42.5 6 6.5 34.1 6 7.6† 34.6 6 7.9†

SBP/ESV* 2.91 6 0.69 3.89 6 1.60 3.17 6 0.72 4.40 6 2.09

TPR, mm Hg/L$min21* 18.6 6 5.0 22.6 6 6.3 17.7 6 5.2 20.2 6 4.7

WS, ·103 dyn/cm2* 67.7 6 4.0 67.3 6 7.0 64.0 6 5.9 67.0 6 4.8

*P , 0.05 between men and women.
†P , 0.05 from pre-exercise.
PWd, posterior wall in diastole; IVSd, intraventricular septum in diastole; EDD, end-diastolic diameter; PWs, posterior wall in systole; IVSs, intraventricular septum in systole;

ESD, end-systolic diameter; ESV, end-systolic volume; SV, stroke volume; SVI, stroke volume index; CI, cardiac index; TPR, total peripheral resistance.

FIGURE 1. No sex differences for the change in baroreceptor
sensitivity with prolonged exercise. *P , 0.001 from pre-
exercise.

Clin J Sport Med � Volume 25, Number 3, May 2015 Cardiac Sex Differences and PSE

Copyright © 2014 Wolters Kluwer Health, Inc. All rights reserved. www.cjsportmed.com | 279

Copyright © 201 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.5



be a key factor as we have found sex differences after a 44-
minute high-intensity interval cycle exercise.33

Despite the lack of interactions between exercise-
induced cardiac fatigue and sex, we showed evidence of
systolic and diastolic impairment, in agreement with previous
findings in ultramarathons28,34,35 and other forms of prolonged
exercise.32,36,37 Decrements in systolic function as indicated
by postexercise reductions of longitudinal strain, myocardial
wall velocities, and FS were unrelated to a change in loading
conditions (HR, and indirect measures of preload and post-
load) providing evidence of intrinsic decrements in myocar-
dial performance. As such, the reductions in peak early

transmitral flow velocity and pulmonary vein atrial reverse
flow duration are evidence of impaired LV relaxation.37

A novel finding in our work is the strong association of
large artery compliance to altered ventricular function when
adjusting for age and sex. It is well established that the
interaction of the LV with the arterial system is a central
determinant of cardiovascular performance and cardiac
energetics.38 Furthermore, age-related decreases in LV sys-
tolic performance during exercise are associated with subop-
timal ventricular–vascular coupling, the extent of which may
differ between men and women.39 Thus, enhanced resting
arterial compliance would support LV function during

TABLE 3. Doppler Flow Velocities After PSE

Variable

Pre-exercise Postexercise

Men Women Men Women

E, m/s 0.81 6 0.20 0.84 6 0.18 0.68 6 0.13 0.84 6 0.08

A, m/s* 0.53 6 0.10 0.57 6 0.13 0.55 6 0.11 0.67 6 0.12

E/A 1.28 6 0.68 1.55 6 0.51 1.26 6 0.33† 1.30 6 0.27†

DecT, ms 216.9 6 40.4 206.0 6 35.7 206.4 6 38.7 189.9 6 22.2

IVRT, ms 84.4 6 14.9 89.8 6 11.7 83.1 6 10.4† 73.5 6 19.4†

S, m/s 0.56 6 0.12 0.52 6 0.08 0.51 6 0.17 0.50 6 0.15

D, m/s 0.50 6 0.13 0.47 6 0.11 0.43 6 0.07 0.47 6 0.08

S/D 1.02 6 0.46 1.13 6 0.13 1.17 6 0.28 1.05 6 0.21

Ar, m/s 0.24 6 0.03 0.25 6 0.04 0.24 6 0.05 0.26 6 0.04

Ar duration, ms 142.8 6 34.5 133.4 6 25.9 123.5 6 29.3† 119.6 6 12.0†

*P , 0.05 between men and women.
†From pre-exercise.
E, peak early transmitral flow velocity; A, peak late transmitral flow velocity; DecT, E wave deceleration time; IVRT, isovolumetric relaxation time; S, peak systolic pulmonary

venous flow velocity; D, peak diastolic pulmonary venous flow velocity; Ar, peak atrial reverse pulmonary artery flow velocity.

TABLE 4. Tissue Velocities and LV Strain After PSE

Variable

Pre-exercise Postexercise

Men Women Men Women

Tissue velocities

E0 septal, m/s 0.13 6 0.03 0.12 6 0.03 0.11 6 0.02* 0.11 6 0.02*

E/E0 septal† 5.10 6 3.25 7.24 6 1.81 5.96 6 1.03 8.24 6 2.02

E0 lateral, m/s 0.17 6 0.03 0.16 6 0.04 0.15 6 0.04* 0.15 6 0.04*

E/E0 lateral† 3.91 6 2.10 5.63 6 1.98 4.64 6 0.89 5.67 6 1.27

E0 RV, m/s 0.15 6 0.03 0.15 6 0.03 0.15 6 0.03 0.14 6 0.03

Strain/strain rate

Longitudinal S, % 221.02 6 1.98 220.28 6 1.90 218.44 6 0.34* 218.44 6 2.34*

Longitudinal SRsys, s21 21.05 6 0.13 21.00 6 0.11 21.08 6 0.18 21.02 6 0.22

Longitudinal SRdia, s21 1.37 6 0.24 1.47 6 0.24 1.29 6 0.30 1.52 6 0.31

Circumferential S, % 217.64 6 5.02 218.39 6 5.24 217.69 6 4.95 218.49 6 4.59

Circumferential SRsys, s21 21.06 6 0.31 21.04 6 0.32 21.25 6 0.33 21.10 6 0.25

Circumferential SRdia, s21 1.16 6 0.49 1.32 6 0.58 1.15 6 0.43 1.44 6 0.56

Radial S, % 21.87 6 1.15 24.06 6 4.02 24.57 6 4.95 22.10 6 1.52

Radial SRsys, s21 1.77 6 0.44 1.61 6 0.46 1.94 6 0.46 1.84 6 0.51

Radial SRdia, s21 22.04 6 0.50 21.88 6 0.72 22.06 6 0.67 22.38 6 0.50

*From pre-exercise.
†P , 0.05 between men and women.
E0, myocardial tissue velocity; E, peak early transmitral flow velocity; RV, right ventricle; S, strain; sys, systolic; dia, diastolic.
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strenuous exercise, as is indicated by lower relative decre-
ments in LV strain and tissue velocities postexercise.

Improved arterial compliance and subsequent LV per-
formance may be linked to training status. Endurance training
increases arterial compliance and has also been shown to
attenuate age-related declines in large artery compliance.40 Fur-
ther evidence of training status in our cohort may be inferred
from measures of race pace and lifetime ultramarathons to
represent aspects of aerobic capacity and chronic training,
respectively. Cardiac output and perfusion pressure are com-
promised in untrained individuals when both the metabolic and
thermoregulatory demands are high.41 In a meta-analysis
reviewing LV function with ultraendurance exercise, one of
the factors influencing a decline in systolic function was poor
training status.7 Thus, our findings suggest that greater training
experience, and subsequent improvements in fitness, may

reduce the cardiovascular strain that may accompany ultraen-
durance exercise. However, recent reports of myocardial fibro-
sis in veteran endurance athletes,15,42,43 linked to years of
training competing,15 do not support our speculation. The effi-
cacy and potential risks of long-term endurance training remain
in question.10

Interestingly, although not all investigations have found
evidence of exercise-induced cardiac fatigue after PSE, there
have been reports of reduced radial, circumferential and
longitudinal strain, and SRs in ultra-events.28,36 In the present
investigation, reductions in LV tissue velocities and longitu-
dinal strain did not extend to the radial and circumferential
planes. Ventricular dysfunction has been suggested to begin
in the longitudinal plane while circumferential and radial
compensations remain to preserve EF under stress.44 Thus,
in the present investigation, cardiac fatigue may be described
as moderate in comparison with events of similar magni-
tude.28,36 Because exercise duration may be associated with
exercise-induced cardiac fatigue,5,6,45 it was expected that this
ultramarathon occurring in an extreme mountain terrain envi-
ronment would have induced greater impairments in ventric-
ular function. Temperature and intensity may be contributing
factors. In the Western States Endurance Race,28 racers pre-
sumably had much higher thermal strain to contend with than
our temperate mountain race. Heat stress translocates blood
volume from the centre to the periphery, for which the
demand for skin blood flow is met in part by an increase in
CO.46 However, over the course of the ultramarathon, com-
peting demands for blood flow between working musculature
and skin perfusion and may alter the myocardial perfusion-to-
work relationship, leading to impaired myocardial function.41

Alternatively, the extreme mountainous terrain of the Fat Dog
100 may have induced considerable neuromuscular fatigue47

and as a result lowered exercise intensity enough to spare
cardiovascular fatigue. Mattsson et al48 recently showed that
when exercise duration exceeds 24 hours, cardiac work
(stroke work · HR) and myocardial oxygen consumption
decrease, likely as a physiological adaptation to maintain
CO when total energy expenditure demands are high. The
relative contribution of these factors on LV function with
PSE requires further research.

A limitation of this investigation is the small sample of
female subjects relative to the males. Recruitment of partic-
ipants in field studies is limited to those runners who wish to
participate. Because ultraendurance competitors are typically
only 20% female,16 it becomes increasingly difficult to study
females in numbers relative to males. After attrition, females
represented 32% of our cohort, which is in proportion to the
female racers participating in the event. Posteriori calculations
revealed a moderate effect size consistent across most variables
(h = 0.28-0.67). Interestingly, we have previously reported sex
differences following laboratory-based investigations of stren-
uous exercise using similar sample sizes,17,33 thus, we do not
believe this factor impacted our results, although we cannot
exclude the possibility of a type II error. In concert with the
same recruitment issues, it is also not possible to recruit based
on fitness. Our sample included the first place finisher com-
pleting the race in 28 hours with our last finisher coming in at
41 hours. Because logistical issues limited the assessment of

FIGURE 2. Association between resting arterial compliance
and percent change in LV septal wall tissue velocities (A), LV
lateral wall tissue velocities (B), and longitudinal strain (C) after
PSE. Dark circles indicate men; open circles, women.
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each participant’s aerobic capacity, we are unable to determine
whether the men and women were equal with respect to rela-
tive V̇O2max. Nonetheless, we are confident in our use of race
pace and race time as surrogate measures of fitness status, and
such practice has been reported by others.49 Another consider-
ation is the prevalence of sodium supplementation in our sam-
ple of ultramarathoners. In this study, we were unable to
control for the form, quantity, and frequency of sodium in-
gested. Sodium loading has been shown to increase plasma
volume at rest and reduce physiological strain in warm con-
ditions, significantly improving exercise capacity.50 How
sodium affects exercise-induced cardiac fatigue is not known
and should be the focus of future investigations exploring
exercise-induced cardiac fatigue.

The results of this investigation suggest that in response
to an acute bout of PSE, cardiac adjustments are similar in
men and women. Independent of sex, we present indications
for reduced cardiovascular strain associated with indices of
enhanced vascular health and greater training experience.
Considering recent clinical concerns pertaining to the effects
of PSE on the heart, further research is required to delineate
the impact of acute and chronic exposure to PSE on LV
function and long-term cardiac health.
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