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Abstract

Aim: The investigation of the pathophysiological determinants of cardiac changes following ultra-long duration exercise.
Methods: Twenty-seven runners who finished a 246 km running race were examined both before and after the finish of
the race. Examinations included echocardiography and measurement of body weight and blood biochemical parameters.
Results: Exercise increased left ventricular end-diastolic interventricular septum thickness (LVIVSd) (p <0.001) and
posterior wall thickness (LVYPWTd) (p =0.001) and right ventricular end-diastolic area (p =0.005), while reduced tri-
cuspid annular plane systolic excursion (TAPSE) (p =0.004). A minor decrease in the peak absolute values of both left
ventricular (from —20.9 £2.3% to —18.8 +-2.0%, p =0.009) and right ventricular (from —22.9 +3.6% to —21.2 £ 3.0%,
p=0.040) global longitudinal strains occurred. There was decrease in body weight (b <0.001) and increase in both
circulating high-sensitivity troponin | (p=0.028) and amino-terminal pro-B type natriuretic peptide (NT-proBNP)
(p=0.018). The change in the sum of LVIVSd and LVPWTd correlated negatively with percentage change of body
weight (r=—0.416, p=0.049). The only independent determinant of post-exercise NT-proBNP was pulmonary
artery systolic pressure (r=0.797, p =0.002). Post-exercise NT-proBNP correlated positively with percentage changes
of basal (RVbas) (r=0.582, p =0.037) and mid-cavity (RVmid) (r=0.618, p =0.043) right ventricular diameters and
negatively with percentage change of TAPSE (r= —0.720, p = 0.008). Similar correlations with RVbas, RYmid and TAPSE
were found for pulmonary artery systolic pressure. Post-exercise high-sensitivity troponin | correlated negatively with
percentage change of body weight (r=—0.601, p =0.039), but was not associated with any cardiac parameter.
Conclusion: The main cardiac effects of ultra-long duration exercise were the decrease in left ventricular end-diastolic
dimensions and increase in left ventricular wall thickness, as well as minimal dilatation and alteration in systolic function
of right ventricle, possibly due to the altered exercise-related right ventricular afterload.
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function.!™ Furthermore, ultra-endurance exercise has
been postulated to result in direct myocardial injury, as
indicated by increased serum cardiac troponin levels
after exercise in the majority of relevant studies.**

The acute impact of ultra-long duration exercise (i.e.
>24h) on the heart has not been thoroughly investi-
gated, while the majority of the studies evaluating the
acute cardiac effects of endurance exercise were based
on data from races of shorter duration and especially
marathons.>? Ultra-long duration exercise that is per-
formed continuously can be regarded as the ideal model
for the investigation of the impact of utterly strenuous
and extended duration exercise on the heart. The ori-
ginal version of uninterrupted ultra-long duration run-
ning events is the Spartathlon race. Spartathlon is a
246 km continuous running race of unique difficulty
based on the historical run of Pheidippides, an
Athenian messenger sent from Athens to Sparta in
490 BC to seek help against the Persians before the
Battle of Marathon.

Studies to date have not performed analysis of all the
possible factors influencing the cardiac responses after
ultra-long duration exercise in an integrative manner.
Uncovering the determinants of the cardiac changes
following ultra-long duration exercise and their relative
importance may prove invaluable for understanding
the real nature of these changes, since it can be eluci-
dated whether they represent intrinsic cardiac dysfunc-
tion or simply reflect other exercise-related modifiable
factors, such as dehydration. Finally, the importance of
such a study lies in the identification of possible modi-
fiable predisposing factors that if changed could
decrease the incidence and severity of adverse cardiac
changes after ultra-endurance exercise. Thus, the aim of
this study was to investigate, by means of basic and
advanced echocardiography and blood biochemistry
analysis, the acute changes in cardiac structure and
function following a Spartathlon race, as well as the
pathophysiological determinants of these changes.

Methods
Subjects

Twenty-seven ultramarathon runners who finished a
Spartathlon race in September 2017 volunteered to par-
ticipate in the study. The Spartathlon race is an ultra-
endurance 246 km running race with 1053 m maximum
elevation that takes place in Greece. Athletes partici-
pating in the race were experienced and must have ful-
filled the eligibility criteria with qualified performance
within the previous two years. All participants were
examined twice, first within 24 h before the start of
the race and then, a second time, within 10 min after
the finish of the race. Examinations included

echocardiography and measurement of arterial blood
pressure (BP) and body weight. Hydration status after
exercise was assessed by the percentage change of body
weight.” Thirteen athletes complied with the request to
be subjected to venous blood sampling both before and
after exercise. Serum samples were stored at —80°C
until analysis.

Ambient temperature during the race ranged from
13°C to 22°C. All athletes were allowed to drink fluids
and consume food freely. All participants gave a written
informed consent. The study was conducted in accord-
ance with the Declaration of Helsinki. The study proto-
col was approved by the Ethics Committee of Aristotle
University of Thessaloniki (105680/2017). The trial is
registered in ClinicalsTrials.gov (NCT03304483).

Patient and public involvement

We did not involve patients or the public in our work.

Echocardiography

All echocardiographic images were acquired by three
experienced cardiologists—ultrasonographers using
commercially available ultrasound systems (Vivid I;
GE Medical, Horten, Norway) with a 1.5- to 4-MHz
phased-array transducer applying the same echo set-
tings and following the same acquisition protocols.
All studies were then transferred into a central work-
station (Echopac, version 201) and were analysed in a
random order (to avoid bias) by two out of the three
cardiologists who had performed the acquisition of the
images. A comprehensive assessment of the structure
and function of the left and right heart was undertaken
in accordance with the guidelines of FEuropean
Association of Cardiovascular Imaging.®® The sum
(SWT) of LV end-diastolic interventricular wall thick-
ness (LVIVSd) and posterior wall thickness (LVPWTd)
was used as an estimate of LV wall thickness.'” The
ratio (MVE/Ea(s-1)) of the early diastolic transmitral
flow velocity (MVE) to the average of septal and lateral
early diastolic mitral annular velocity was used as an
estimate of LV filling pressures. Pulmonary vascular
resistance was estimated using the formula: (TRV .,/
RVOTTVI) x 1040.16 (in Woods), where TRV .« is
the peak velocity (in m/s) of the tricuspid valve regur-
gitant jet with continuous wave Doppler and
RVOTTVI is the time—velocity integral in the RV out-
flow tract.

Strain measurements were performed offline using
Echopac as previously described.!' In 2D grey-scale
images, a region of interest was created by manually
outlining the endocardial and epicardial borders in
each view of interest. Software permitted automatic
tracking of tissue speckles frame by frame throughout



Christou et al.

the cardiac cycle, dividing also the myocardium into
standard segments. Tracking was visually checked
and, if necessary, adjusted. In LV, peak global longitu-
dinal strain (LV-GLS) was calculated as an average of
the three apical views, based on an 18-segment model.
Similarly, RV peak global longitudinal strain (RV-
GLS) was derived from 2D speckle tracking of the
entire RV contour in the apical four chamber view.
Longitudinal strain was preferred to other deformation
parameters due to ease of assessment, higher reproduci-
bility and established pathophysiologic connection with
other functional parameters evaluated in this study.

Measurement of central blood pressure

Peripheral BP was measured in the brachial artery with
an automatic BP monitor (OMRON Healthcare Co.
Ltd; M6 Comfort, Kyoto, Japan). Central BP was
assessed using a Complior® device (ALAM Medical,
Paris, France) with the athlete in supine position.

Biochemical measurements

Blood chemistry was performed using the Roche Cobas
6000 Chemistry Analyzer (Roche Diagnostics, Basel,
Switzerland).

Serum levels of amino-terminal pro-B type natri-
uretic peptide (NT-proBNP; lower limit of detection:
35pg/mL, upper limit of normal: 125pg/mL) and
high-sensitivity troponin I (Tnl; lower limit of detec-
tion: <l.6ng/L, upper limit of normal: 47.0ng/L)
were measured with Siemens ADVIA Centaur®
immunoassay.

Statistical analysis

All statistical analyses were performed using the soft-
ware IBM SPSS Statistics 23.0. Shapiro—Wilk test was
used to verify the normality of the distributions of the
parameters of interest. Parameters with normal distri-
bution were expressed as meantstandard deviation and
with skewed distribution as median (range). The com-
parisons between baseline and after exercise were per-
formed with paired Student’s #-test for normally
distributed parameters and with Wilcoxon signed-
rank test for non-normally distributed parameters.
Mann—Whitney U test was performed for comparisons
between two independent groups. The associations
between the parameters of interest were assessed with
Spearman’s correlation analysis. Multiple linear regres-
sion analysis was used to identify the parameters with
independent associations. Intra- and inter-observer
variability for the measured echocardiographic param-
eters were assessed in 12 randomly selected cases
(before and after the race) using intra-class correlation

coefficient (ICC).'? Based on the 95% confidence inter-
val of the ICC estimate, values less than 0.50, between
0.50 and 0.75, between 0.75 and 0.90, and greater than
0.90 were indicative of poor, moderate, good, and
excellent reliability  respectively. A two-tailed
p value < 0.05 was considered statistically significant.

Results
Characteristics of the athletes

Participants included 19 males and eight females (25
Caucasians, 2 Mongolians). The mean age was 45+ 7
years old. The median training age regarding long-dis-
tance running was 10 (3-28) years. Their training regime
included 110 (50-200)km of running per week.
Finishing time was 33:34:27 (28:50:38-35:07:07) h.

The 13 athletes subjected to blood sampling included
nine males and four females (age: 45+ 5 years).

Comparisons between baseline and after exercise

Body weight decreased from 66.9+8.5kg to 64.3+
7.8kg (p <0.001) resulting in 3.7 +2.6% weight loss.

Haemodynamic and echocardiographic parameters. Tables 1
and 2 show the comparisons of haemodynamic and
echocardiographic parameters between baseline and
after exercise. There was an increase in heart rate
(HR), cardiac output, LVIVSd, LVPWTd and RV
end-diastolic area (RVEDA). Exercise decreased cen-
tral systolic blood pressure, stroke volume, LV end-
diastolic internal diameter (LVIDd), LV end-diastolic
volume (LVEDYV), left atrial end-systolic volume, ratio
of MVE to late diastolic transmitral flow velocity

Table |. Comparisons of haemodynamic parameters between
baseline and after exercise.

Baseline After exercise p value
HR, beats/min 61 +9 79+ 11 <0.001
SBPc, mmHg 124417 115+18 0.045
DBPc, mmHg 7448 73+8 0.483
MBPc, mmHg 91 £9 87+ 11 0.109
SV, mL 89+ 19 8l£15 0.001
CO, L/min 54+£15 64+13 0.002
PVR, Wood 1.05+0.26 1.07+£0.28 0.726
PASP, mmHg 28+9 25+ 10 0.076

Data are expressed as mean = standard deviation.

CO: cardiac output; DBPc: central diastolic blood pressure; HR: heart
rate; MBPc: central mean blood pressure; PASP: pulmonary artery sys-
tolic pressure; PVR: pulmonary vascular resistance; SBPc: central systolic
blood pressure; SV: stroke volume
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Table 2. Comparisons of echocardiographic parameters between baseline and after exercise.

Baseline After exercise p value
LVIVSd, cm 0.9+0.2 1.0+0.1 <0.001
LVPWTd, cm 0.9+0.2 1.0+0.1 0.001
LVIDd, cm 48+0.5 47+0.5 0.009
LVEDYV, mL 162+ 38 151 +£35 0.024
LVmass, g 149 + 36 165+43 0.008
LAV, mL 62 (33-136) 57 (19-100) 0.011
LVEF, % 56+7 54+5 0.160
MVE, m/s 0.7+0.2 0.6 £0.1 0.007
MVA, m/s 0.5 (0.4-0.9) 0.6 (0.4-0.7) 0.063
MVE/A 14+04 .1 £0.3 0.001
MVEa(s-l), m/s 0.16 (0.08-0.21) 0.14 (0.09-0.21) 0.104
MVAa(s-l), m/s 0.11 +£0.02 0.12£0.02 0.030
MVSa(s-l), m/s 0.124+0.03 0.13£0.02 0.705
MVE/Ea(s-) 50+1.2 4.6+0.9 0.085
LV-GLS, % —209+23 —18.8+2.0 0.009
RVbas, cm 4.1 £0.7 43+09 0.299
RVmid, ecm 32406 34+05 0.152
RVlon, cm 8440.8 8.6+0.7 0.116
RVOTprox, cm 3.8+05 3.7+£05 0.290
RVEDA, cm? 259+3.8 29.2+55 0.005
RAA, cm? 18.1 £4.2 19.5+43 0.068
RVFAC, % 50 (26-55) 43 (20-52) <0.001
TVE, m/s 0.58 (0.41-0.87) 0.61 (0.40-0.76) 0.889
TVA, m/s 0.43 (0.24-0.52) 0.43 (0.24-0.83) 0.398
TVE/A 1.5 (0.9-2.2) 1.4 (0.8-2.0) 0.484
TVEa, m/s 0.15+0.05 0.15+0.03 0.759
TVAa, m/s 0.15+0.03 0.154+0.04 1.000
TVSa, m/s 0.17+0.03 0.16 +0.02 0.410
TVE/Ea 3.7 2.2-5.1) 3.6 (2.2-6.6) 0.575
TAPSE, cm 29405 26+03 0.004
RV-GLS, % —229+36 —212+£3.0 0.040

Data are expressed as mean = standard deviation for normally distributed variables or median (range) for non-normal variables.
LAV: left atrial end-systolic volume; LVEDV: left ventricular end-diastolic volume; LVEF: left ventricular ejection fraction; LV-GLS: left
ventricular global longitudinal strain; LVIDd: left ventricular end-diastolic internal diameter; LVIVSd: left ventricular interventricular
septum thickness at end-diastole; LVmass: left ventricular mass; LVPWTd: left ventricular posterior wall thickness at end-diastole; MVA:
late diastolic transmitral flow velocity; MVA(s-I): average of septal and lateral late diastolic mitral annular velocity; MVE: early diastolic
transmitral flow velocity; MVE/A: ratio of early to late diastolic transmitral flow velocity; MVEa(s-l): average of septal and lateral early
diastolic mitral annular velocity; MVE/Ea(s-l): ratio of the early diastolic transmitral flow velocity to the average of septal and lateral early
diastolic mitral annular velocity; MVSa(s-l): average of septal and lateral systolic mitral annular velocity; RAA: right atrial end-systolic
area; RVbas: basal right ventricular diameter; RVEDA: right ventricular end-diastolic area; RVFAC: right ventricular fractional area change;
RV-GLS: right ventricular global longitudinal strain; RVlon: right ventricular longitudinal diameter; RVmid: right ventricular mid-cavity
diameter; RVOTprox: proximal right ventricular outflow tract diameter; TAPSE: tricuspid annular plane systolic excursion; TVA: late
diastolic transtricuspid flow velocity; TVAa: late diastolic tricuspid annular velocity; TVE: early diastolic transtricuspid flow velocity;
TVEa: early diastolic tricuspid annular velocity; TVE/A: ratio of early to late diastolic transtricuspid flow velocity; TVE/Ea: ratio of early
diastolic transtricuspid flow velocity to early diastolic tricuspid annular velocity; TVSa: systolic tricuspid annular velocity

(MVE/A), RV fractional area change (RVFAC) and
tricuspid annular plane systolic excursion (TAPSE).
The absolute values of both LV-GLS and RV-GLS
decreased after the race. However, both ventricular
strains remained within normal range after the race

for the vast majority of athletes (85%). When MVE/
A was indexed for RR interval, there was no change
after exercise (p =0.358). The percentage changes of all
these parameters did not differ between males and
females (Supplementary Material Table 1 online).
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Table 3. Comparisons of biochemical parameters between
baseline and after exercise.

Baseline After exercise p value
AST, IU/L 23+6 1134775 <0.001
ALT, IU/L 177 220+ 133 <0.001
yGT, IU/L 13 (10-34) Il (6-29) 0.002
TBL, mg/dL  0.67 £0.59 1.55+0.89 <0.001
DBL, mg/dL 0.26 £0.15 0.45+0.17 <0.001
CK, IU/L 141 (65-273) 31,576 (6195-138,870)  0.001
Cre, mg/dL  0.84£0.17 0.97+0.16 0.001
CRP mg/dL  25+£1.3 66.3+33.1 <0.001

Data are expressed as mean-+tstandard deviation for normally distributed
variables or median (range) for non-normal variables.

ALT: alanine aminotransferase; AST: aspartate aminotransferase; CK: cre-
atine kinase; Cre: creatinine,; CRP: C-reactive protein; DBL: direct bili-
rubin; YGT: gamma glutamyl transpeptidase; TBL: total bilirubin

The same pattern of changes for the above-mentioned
parameters was found for the subpopulation of athletes
with blood measurements (Supplementary Table 2).
With regard to echocardiographic measurements,
analysis of the intra- and inter-observer variability
yielded ICC values of 0.93 (95% confidence interval
(CI) (0.92-0.95)) and 0.89 (95% CI (0.82-0.94)) respect-
ively, suggesting excellent intra-observer and good to
excellent inter-observer reliability. Additionally, for
LV wall thickness, the mean difference in measurements
between the two investigators was 0.01 £ 0.05 cm, which
was much smaller compared with the change in LV wall
thickness between baseline and after the exercise.

Biochemical parameters. The race resulted in elevation of
the serum levels of aspartate aminotransferase, alanine
aminotransferase, total and direct bilirubin, creatine
kinase, creatinine and C-reactive protein (CRP), while
there was a decrease in gamma-glutamyl transpeptidase
(Table 3).

Both serum Tnl (p=0.028) and NT-proBNP
(p =0.018) levels were elevated after the race compared
with baseline. Post-exercise Tnl was 115481 ng/L and
eight of the 13 measured values were above the upper
limit of normal. Post-exercise NT-proBNP was
1573 £985pg/mL and all the measured values were
above the upper limit of normal.

Correlation analysis for exercise-induced changes

Left heart. The percentage change of LVIDd correlated
positively with percentage change of body weight
(r=0.488, p=0.018) and negatively with percentage
change of HR (r=-0.453, p=0.026).

The change in SWT correlated negatively with train-
ing volume (r=-—0.583, p=0.006), pre-exercise SWT

(r=-0.475, p=0.019) and percentage change of body
weight (r=—0.416, p=0.049). The athletes with the
most favourable post-exercise responses with regard to
the change in SWT, defined as change in SWT < 0.2 cm,
corresponding to change in LV wall thickness <0.1 cm,
were characterized by: 1) training volume >120km/
week (Figure 1(a)), 2) pre-exercise SWT >2.0cm, cor-
responding to a pre-exercise LV wall thickness >1.0cm
(Figure 1(b)) and 3) percentage change of body
weight > —3.0% (Figure 1(c)).

Percentage change of MVE/A correlated positively
with the percentage changes of body weight (r=0.427,
p=0.047) and LVEDYV (r=0.415, p=0.039) and nega-
tively with percentage change of HR (r=-0.513,
p=0.009), but did not correlate with the percentage
changes of MVE/Ea(s-1) or pulmonary artery systolic
pressure (PASP).

Percentage change of PASP correlated positively
with the percentage change of MVE/Ea(s-1) (r=0.612,
p=0.012), which in turn correlated positively with the
percentage change of central mean BP (MBPc)
(r=0.527, p=0.025).

Right heart. Percentage change of RVEDA correlated
positively with the percentage changes of basal RV
diameter (RVbas) (r=0.773, p<0.001) and mid-
cavity RV diameter (RVmid) (r=0.774, p <0.001),
but not with the percentage change of longitudinal
RV diameter (RVlon). Post-exercise PASP correlated
positively with the percentage changes of RVbas
(r=0.511, p=0.018) and RVmid (r=0.466,
p=0.025), but not with the percentage changes of
RVlon, proximal portion of RV outflow tract
(RVOTprox) and right atrial end-systolic area (RAA).
Post-exercise RVlon correlated positively with post-
exercise body surface area (r=0.508, p=0.013).
Percentage change of RVFAC did not correlate with
post-exercise PASP. Percentage change of TAPSE cor-
related positively with training volume (r=0.413,
p=0.040), finishing time (r=0.575, p=0.003) and per-
centage change of body weight (r=0.497, p=0.012) and
negatively with percentage change of ratio of early dia-
stolic transtricuspid flow velocity to early diastolic tri-
cuspid annular velocity (TVE/Ea; r=—0.786, p =0.036)
and post-exercise PASP (r=-0.659, p=0.001). The
athletes with the most favourable post-exercise
responses with regard to the percentage change of
TAPSE were characterized by percentage change of
body weight>—-3.0% (Figure 1(d)). Percentage
change of RV-GLS correlated negatively with finishing
time (r=-—0.510, p=0.010) (i.e. deterioration of RV
strain for faster runners). We performed backward
linear regression analysis with percentage change of
TAPSE as dependent variable and training volume, fin-
ishing time, post-exercise PASP and percentage change
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Figure 1. The relationships of the change in the sum of left ventricular end-diastolic interventricular septum thickness and posterior
wall thickness (SWT) with training volume (a), pre-exercise SWT (b) and percentage change of body weight (c). The relationship of the
percentage change of the tricuspid annular plane systolic excursion (TAPSE) with the percentage change of body weight (d).

of body weight as independent variables. The final
model (adjusted R*=0.640, p <0.001) included only
PASP (B=-0.621, p <0.001) and percentage change
of body weight (3 =0.356, p =0.024).

Biochemical ~parameters. Post-exercise Tnl correlated
negatively with percentage change of body weight
(r=-0.601, p=0.039), but was not associated with
percentage change of creatinine or any studied param-
eter of cardiac structure or function.

Post-exercise NT-proBNP correlated positively with
post-exercise PASP (r=0.797, p =0.002), post-exercise
CRP (r=0.725, p=0.008) and percentage change of
direct bilirubin (r=0.720, p=0.008) and negatively
with finishing time (r=—0.874, p <0.001). There was
no significant association between post-exercise NT-
proBNP and percentage change of creatinine
(r=0.423, p=0.150). We performed backward linear
regression analysis with percentage change of NT-

proBNP as dependent variable and post-exercise
PASP, CRP, percentage change of direct bilirubin and
finishing time as independent variables. The final model
(adjusted R*=0.553, p=0.003) included only PASP
(B=0.771, p=0.003). Post-exercise NT-proBNP corre-
lated positively with percentage changes of RVbas
(r=0.582, p=0.037) and RVmid (r=0.618, p =0.043)
and negatively with percentage change of TAPSE
(r=-0.720, p=0.008), but did not correlate with per-
centage changes of RVlon, RVOTprox, RAA and
RVFAC, as well as with pre-exercise RV end-diastolic
diameters.

Percentage change of direct bilirubin was increased
in the athletes with percentage change of weight loss
below the median (p =0.022) (i.e. marker of liver hypo-
perfusion), but did not correlate with post-exercise
PASP, end-expiratory inferior vena cava or respiratory
variation in inferior vena cava (i.e. markers of liver
congestion).
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Discussion

The key findings of the present study include: 1) there
was an increase in LV wall thickness after the race
that was less pronounced in athletes with increased
pre-exercise LV wall thickness, higher training
volume and less severe dehydration; 2) there were min-
imal dilatation and alteration in systolic function of
RV; 3) the post-exercise increase in circulating
NT-proBNP was associated with PASP (i.e. an index
of RV afterload), as well as with dilatation and

alteration in systolic function of the RV inflow seg-
ments; 4) the post-exercise elevation of serum Tnl
levels did not correlate with any cardiac parameter
and was greater in the athletes with more severe
dehydration.

LV changes

The current study demonstrated that LV end-diastolic
dimensions decreased after the race and this reduction
was correlated with the severity of dehydration and

a)

LVIVSd = 0.6 cm
LVIDd =5.7 cm
LVPWTd = 0.6 cm
HR = 50 bpm

RVEDA = 32.5 cm?
Rbas = 4.8 cm
RVmid=2.8 cm
RVlon = 9.6 cm

TAPSE =3.5cm

Before exercise

LVIVSd = 0.9 cm
LVIDd = 5.3 cm
LVPWTd = 0.8 cm
HR =61 bpm

After exercise

RVEDA = 39.9 cm?
Rbas = 5.6 cm
RVmid =4.9 cm
RVlon = 8.2 cm

TAPSE = 2.6 cm

After exercise

Figure 2. Characteristic example of an athlete with: (a) post-exercise increases of both left ventricular end-diastolic interventricular
septum thickness (LVIVSd) and posterior wall thickness (LVPWTd) and decrease in left ventricular end-diastolic internal diameter
(LVIDd) compared with baseline values; (b) increase in right ventricular dimensions and decrease in tricuspid annular plane systolic

excursion (TAPSE) after exercise compared with baseline values.

HR: heart rate; RVbas: basal right ventricular diameter; RVEDA: right ventricular end-diastolic area; RVlon: right ventricular longitudinal

diameter; RVmid: right ventricular mid-cavity diameter
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Ultra-long duration running

T LV wall thickness

Figure 3. The main cardiac effects of ultra-long duration running. 1: increase.

LV: left ventricle; RV: right ventricle

upregulation of post-exercise HR (Figure 2(a)). In this
respect, post-exercise dehydration appears to result in
underfilling of LV and post-exercise increase in HR
possibly limits the diastolic period for adequate LV
diastolic filling. Both of these mechanisms may lead
to the post-exercise decrease in LV preload.

We found that LV wall thickness was increased
immediately after the race compared with baseline
values (Figure 2(a)). One potential explanation for this
finding could be the development of myocardial
oedema, as indicated by the study by Gaudreault
et al., who reported the presence of myocardial
oedema after marathon running with the aid of cardiac
magnetic resonance (CMR) imaging performed within
48 after finishing the race.'> However, the study by
Gaudreault et al. reported localized myocardial
oedema accompanied by areas of segmental systolic
LV dysfunction.'®> Whether these regional myocardial
alterations occurred in the present study cannot be
answered, since we did not perform cardiac MRI.
Considering the previously reported effect of increased
LV wall thickness to decrease longitudinal displacement
of LV and thus LV-GLS, the post-exercise mild decrease
in LV-GLS that was found in the current study may be
explained at least in part by the accompanied increase in
LV wall thickness based on geometrical considerations,
though a mild impairment of intrinsic LV myocardial
function cannot be totally excluded.'®!'> The present
study is the first to demonstrate increased LV wall thick-
ness immediately after the termination of ultra-long
duration exercise. Echocardiographically measured LV
wall thickness was reported not to change after finishing

an Ironman triathlon.'® The minimum duration of
endurance exercise that induces an increase in LV wall
thickness remains to be elucidated. Moreover, we found
that the athletes that experienced the smallest increases
in LV wall thickness were the more well-trained (espe-
cially >120 km/week) and with increased pre-exercise
LV wall thickness (especially > 1.0 cm), implying that
these athletic characteristics may be protective for the
occurrence of exercise-induced increase in LV wall
thickness.

The present study showed that post-exercise reduc-
tion of MVE/A was mediated first by the decreased
preload, due to dehydration, and second by the
increased post-exercise HR, which limits the diastolic
period for adequate LV diastolic filling. Consistently,
the decreased MVE/A after finishing marathon running
has been previously reported to increase during passive
leg elevation, which results in preload augmentation.’
Therefore, post-exercise decrease in MVE/A appears
not to represent a sign of intrinsic LV myocardial dys-
function. In this respect, the increase in LV wall thick-
ness in this study was not accompanied by any
impairment of LV diastolic function.

We demonstrated that the percentage change of
MBPc, as an estimate of LV afterload, was positively
associated with the percentage change of LV filling
pressures, suggesting the important role of LV after-
load to determine the exercise-induced cardiac
responses. Consistently, Warner et al. reported that
functional capacity of well-controlled hypertensive
patients increased after losartan treatment, attributed
to the blunted hypertensive response to exercise.'’
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Further studies are needed to confirm the effects of
MBPc on cardiac function in various exercise settings.
To our knowledge, the impact of altered LV afterload
on cardiac function after ultra-endurance exercise has
not been investigated before.

RV changes

The current study showed for the first time that the
post-exercise increase in RV dimensions and reduction
of RV systolic function affected mainly the basal and
mid portions of the RV and were determined by the
altered exercise-related RV afterload, as estimated by
PASP (Figure 2(b) and 2(c)). This regional pattern of
acute minor dilatation and alteration in systolic func-
tion of the RV may be analogous with the relevant RV
changes after acute pulmonary embolism, the so-called
McConnell’s sign.'® Indeed, the dominant role of
altered RV strain to mediate these changes was sug-
gested by the strong relationship of post-exercise NT-
proBNP levels with PASP (i.e. the cause of altered RV
strain), as well as with percentage changes of RVbas,
RVmid and TAPSE (i.e. the results of altered RV
strain).'” Consistently, La Gerche et al. found that
the increase in NT-proBNP correlated with the
decrease in RV ejection fraction after ultra-endurance
exercise.”’ However, there was no association between
post-exercise NT-proBNP levels and RV end-diastolic
diameters, suggesting that RV preload may not have an
important role in determining post-exercise NT-
proBNP levels. Moreover, we found that the exercise-
related elevation of circulating NT-proBNP may have
been caused mainly by the altered RV afterload, sec-
ondly by the nature of NT-proBNP to be an acute
phase reactant, as suggested by its relationship with
CRP, and thirdly by the exercise-related liver hypoper-
fusion accompanied with decreased hepatic clearance of
NT-proBNP, as implied by its association with direct
bilirubin.!” 2> Nevertheless, the absence of association
of post-exercise circulating NT-proBNP with percent-
age change of creatinine suggests that the post-exercise
decline in renal function may not have a significant role
in the post-exercise elevation of serum NT-proBNP
levels.

With regard to the exercise-related acute alteration
in basal RV systolic function, as estimated by TAPSE,
the present study demonstrated that the main causes
were not only the altered RV afterload, but also hypo-
volaemia, possibly due to the inadequate filling of the
dilated RV. Taking into account first that RV myocar-
dial strain is influenced by RV afterload and second
that RV-GLS refers to the systolic function of not
only RV free wall but also interventricular septum,
the mild decrease of RV-GLS in the current study
may not represent intrinsic RV  myocardial

dysfunction.®**® Further well-designed studies are

needed to elucidate whether there is some degree of
intrinsic RV myocardial dysfunction after ultra-long
duration exercise to contribute to the alteration in RV
systolic function, apart from the mechanisms of altered
RV afterload and RV underfilling. The more favour-
able acute responses of RV systolic function after ultra-
long duration exercise were noticed in the athletes with
higher training volume. This finding is in line with the
results from Neilan et al. regarding marathon running.”
Interestingly, the relationship of post-exercise RVlon
with body surface area, as an estimate of the total
tissue mass perfused during the race, implies that the
enlargement of the RV in the longitudinal direction
may have been caused by the volume overload during
exercise.”’ The reversibility, as well as the potential
long-term consequences of the enlargement and alter-
ation in systolic function of RV after ultra-long dur-
ation exercise, remain to be investigated.

Biomarkers

The present study demonstrated that ultra-long dur-
ation exercise resulted in elevation of serum Tnl
levels, which were not correlated with any cardiac par-
ameter. Hence, this increase in circulating Tnl may rep-
resent release of troponin from the myocardial cytosolic
pool, rather than true myocardial necrosis.”® This pro-
cess was possibly caused, at least in part, by the dehy-
dration-induced  increase in cell ~—membrane
permeability, as indicated by the higher elevation of
circulating Tnl in the athletes with greater weight
loss.?” The absence of significant association between
post-exercise Tnl and percentage change of creatinine
in our study implies that the reduced renal clearance of
Tnl due to the post-exercise deterioration of renal func-
tion may not substantially contribute to the post-exer-
cise elevation of serum Tnl levels. No previous study
has addressed these issues.

Study strengths and limitations

Strengths of this study include first the fact that the
running distance of the race was the longest among
the studies evaluating the cardiac changes after continu-
ous ultra-long duration exercise.’® Furthermore, the
present study assessed the athletes after the completion
of continuous exercise. However, studies that evaluated
athletes participating in ultra-long duration races with
interrupted exercise due to intermediate rests for some
hours, including a few hours’ sleep, represent a different
kind of exercise stress possibly less challenging to the
heart and with attenuated impact of dehydration.®'
Third, the current study had the largest study popula-
tion and the greatest number of females of this kind of
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study. Fourth, we assessed myocardial injury for the
first time through the use of high sensitivity cardiac
Tnl assay, as recommended by the relevant guidelines
of the European Society of Cardiology.?® Specifically,
highly sensitive cardiac troponin assays can detect even
small increases in serum troponin levels, as opposed to
the conventional troponin assays that were used in pre-
vious studies of ultra-endurance exercise, with which all
the pre-exercise values and the majority of post-exercise
values were below the lower limit of detection.>®
Regarding the type of measured troponin, increases in
cardiac Tnl values have not been reported to occur fol-
lowing injury of non-cardiac tissues, while exercise-
induced injured skeletal muscle expresses proteins that
can be detected by cardiac troponin T assays.”® Finally,
we performed for the first time evaluation of the cardiac
effects of post-exercise LV afterload, through the com-
bined application of echocardiography and measure-
ment of central arterial BP.

The results of our study should be interpreted in
light of some limitations. First, males predominated
over females. However, we demonstrated that the exer-
cise-induced cardiac alterations were similar between
males and females. Second, it was not feasible to
obtain blood samples from all of the studied partici-
pants due to non-compliance. Despite that, the changes
of the echocardiographic parameters in the subpopula-
tion of athletes with blood measurements followed the
same pattern with the whole study population. Third,
we did not perform serial post-exercise echocardio-
graphic examinations to evaluate the reversibility of
the exercise-induced cardiac changes. Finally, we did
not use CMR imaging to evaluate whether exercise-
induced myocardial oedema developed, as the use of
CMR soon after the termination of exercise was not
practically feasible. In this respect, the results of the
present study can be considered only as hypothesis gen-
erating and further well-designed studies are needed to
investigate the exact pathophysiological mechanism
underlying the ultra-long duration exercise-induced
increase in LV wall thickness.

Conclusions

The present study demonstrated that the main cardiac
changes after ultra-long duration exercise were the
decrease in LV end-diastolic dimensions and increase in
LV wall thickness, as well as the minimal dilatation and
alteration in systolic function of the RV, possibly due to
the altered exercise-related RV afterload (Figure 3).
Although the acute cardiac changes after ultra-long
duration exercise did not correlate with serum Tnl
levels, indicating the absence of true myocardial necrosis,
further studies are needed to clarify whether they
predispose to any long-term cardiac sequelae.
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