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Abstract

Strenuous exercise results in transient but minor alterations in left ventricular diastolic function (LVDF). The aim of this study
is to describe and interpret the kinetics of the well-established 2D parameters of diastolic function and the novel and very
sensitive 3D parameters before/after a marathon race. LVDF was evaluated by transthoracic echocardiography (TEE) in 212
healthy male [aged 42 (36—49) years)] marathon runners (all Be-MaGIC-study) in the week prior to (V1), immediately after
(V2), 24 h after (V3) and 72 h after (V4) a marathon race. Real time three-dimensional echocardiography (RT3DE) included
maximal and minimal left atrium (LA) volume, total LA ejection fraction (Total-EF), total LA stroke volume (Total-SV),
true ejection fraction (True-EF) and atrial stroke volume (ASV). After adjustment for possible confounders (heart rate and
systolic blood pressure), 2D Parameters of left ventricular inflow (E/A-ratio) decreased from pre- to immediately post-race
(—0.3+0.06, p<0.001) and returned to baseline within 24 h. E/e’ ., -ratio remained unchanged directly post-race, but was
significantly increased during follow-up of 24 and 72 h. 3D LA V_;, was increased immediately postrace and in the 24 h
follow-up, LA V_,, was increased immediately post-race and in the follow-up of 24 and 72 h. During follow-up of 72 h,
but not immediately postrace, TrueEF and ASV were significantly increased. Both techniques revealed acute and prolonged
alterations of diastolic LV function. Considering all parameters, the recovery of diastolic LV after a marathon seems to take
longer than previously assumed.
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Introduction

Prolonged exercise seems to alter diastolic function [1].
Whether these changes are predominantly triggered by
altered left ventricular preload after the race is still under
discussion [2]. Those prior studies used left ventricular
inflow, TDI-derived measures and two-dimensional atrial
volumes for assessment of diastolic function. More recent
observations included 3D right and left atrial volumes;
they were found to be directly affected by exercise, with
a decrease in volumes during exercise and long-term
increase in athletes compares to non-athletes [3]. The
long-term dilatation of the left atrium is assumed to be a
risk factor for atrial fibrillation in athletes [4] and for pos-
sible sudden cardiac death [5, 6].

Over the past years, new methods have been developed
to measure even early stages of diastolic dysfunction. The
American Society of Echocardiography and the European
Association of Cardiovascular Imaging most recently rec-
ommended a cut-off of 14 for the average E/e'-ratio and
advised measuring the atrial filling pressure in the first
step in order to diagnose diastolic dysfunction in patients
with preserved ejection fraction [7]. If only septal or lat-
eral values are available, slightly different cutoffs apply
(lateral 13 and septal 15). The E/e’ ratio as well as septal
and lateral e’ are beside LA volume index (cutoff 34 mL/
m?) and peak tricuspid regurgitation (TR) velocity (cutoff
2.8 m/s) the key point variables in diagnosing diastolic
dysfunction [7].

Aside from left ventricular diastolic function, also
systolic function has been assessed after several (ultra-)
marathons. The evidence to date is controversial whether
a significant reduction in systolic function can be induced
by these extreme forms of endurance exercise [8—10].

In our study, we determined diastolic function after a
marathon race for the first time both with the conventional
and well-established methods of measurement (Doppler-
measures of left ventricular inflow and tissue Doppler) and
the more recent but validated parameters of three-dimen-
sionally determined left atrial volume and function in
marathon runners (with and without adjustment for heart
rate and systolic blood pressure) [11]. We hypothesized
that using this newly available technique we will be able
to evaluate more sensitively the underlying mechanisms
resulting in exercise-induced changes of diastolic function
which were not detectable using conventional methods.
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Materials and methods

The investigational protocol was approved by the ethics
committee of the University Hospital Klinikum rechts
der Isar, Munich, Germany (approval reference number
2384/09; ClinicalTrials.gov Id: NCT00933218). A total of
277 participants, all healthy males aged between 20 and
60 years, were included in the Be-MaGIC trial accord-
ing to exclusion criteria as previously described in detail
[12]. All participants gave written informed consent before
enrollement into the study.

Prior publications of data derived from the Be-MaGIC
trial included examinations about retinal microcirculation
[13], inflammation [14] and respiratory tract illness [12],
stress-induced platelet activation [15], kinetics of high
sensitive Troponin T (hsTropT) [16], exercise-induced
immune-modulation [17], impact of polyphenols on physi-
ological stress and cardiac burden [18], and changes of
intima-media thickness [19].

The echocardiographic data described within this manu-
script were collected at the four following time points: one
in the week pre-race (V1), the next within 1 h post-race
(V2), and at follow-up 24 h (V3) and 72 h (V4) post-race.

For all echocardiographic examinations, patients were
positioned in the left lateral decubitus position and exam-
ined by experienced echocardiographers in accordance to
current recommendations (using Philips iE33 xMATRIX
echocardiography system, Philips Medical Imaging, Ham-
burg, Germany). A transthoracic broadband S5-1 trans-
ducer (frequency transmitted 1.7 MHz, received 3.4 MHz,
Philips Medical Imaging, Hamburg, Germany) was used
for the two-dimensional echocardiography.

We evaluated the Doppler-derived indices of left ven-
tricular inflow, Pulsed Wave Doppler (PWD) and Tissue
Doppler Imaging (TDI), from the apical 4-chamber view
in accordance to current recommendation [20] and as pre-
viously described in detail [21]. Thus, we obtained peak
early (E) and late (or atrial, A) flow velocities, E/A-ratio
and the deceleration time (DT) of the E-wave velocity. The
TDI-derived measures included early (e) and late (or atrial
a’) diastolic mitral annular velocities. E/€’ .4, E/¢’},, and
E/¢ ..., Were subsequently calculated (Fig. 1).

For the real-time three-dimensional echocardiography
(RT3DE) we used a 3 to 1 MHz transthoracic matrix array
transducer (X3-1, Philips Medical Imaging, Hamburg,
Germany). One complete data set was constructed by the
assembly of 7 R-wave-triggered sub-volumes from seven
cardiac cycles during an end-expiratory breath-hold. The
analysis of the 3-dimensional images was made off-line
using a QLAB working station (Philips Healthcare, Ham-
burg, Germany). In order to cover the complete diastolic
period, we used echocardiography recording with a 300 ms
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delay with respect to the QRS complex in simultaneously
recorded ECG. Three-dimensional LA volumes were
assessed by RT3DE software (4D LA Function, TomTec,
Munich, Germany) as previously described [21]. Shortly,
maximal volume V_,, was measured at ventricular end-
systole and minimal volume V;, at ventricular end-dias-
tole by semiautomatic tracing of the endocardial surface in
different planes. A third marker (preA) was manually set in
order to subdivide the diastole in early diastolic filling E

and atrial contraction A. It was assigned to the moment of
the second opening of the mitral valve during left ventricu-
lar filling, defining V .. Atrial stroke volume ASV was
calculated as V..o — V. Total Stroke Volume (Total-
SV) was calculated as V,, — V,;,, Total-EF as Total-SV/
V nax X 100%. True-EF was calculated as ASV/V ., X 100%
(Fig. 2).

The atrial volumes were indexed to the Body Sur-
face Area (BSA), using the Mosteller formula: BSA
(m?) = ([height(cm) X weight(kg)]/3600)V5.

Analysis of systolic function of the left ventricle was
performed offline with the novel software tool TomTec 4D
LV-Analysis 3.1 (TomTec Imaging Systems, Munich, Ger-
many) with analysis of the ejection fraction (EF) as previ-
ously described [22].

Blood samples

Fasting blood samples were taken from an antecubital vein
with subjects in supine position at visit 1, 2, 3 and 4. Only
the blood collection immediately after the race was not in
a fasted state.

High-sensitive troponin T (hs-cTropT) was measured
quantitatively with the new high-sensitive enzyme immuno-
assay based on electrochemiluminescence technology using
the cobas e 411 analyzer (Roche Diagnostics, Penzberg, Ger-
many) as previously described [16].

NT-proBNP was measured quantitatively with the
enhanced electrochemiluminescence immunoassay system
(ECLIA) method on a cobas e 411 analyser (Roche Diag-
nostics, Penzberg, Germany). The measuring range of this
assay is 5-35,000 ng/1.

Statistical analysis

For statistical analysis, only complete data sets were con-
sidered. We used PASW Statistics 18.0.2 (SPSS Inc., Chi-
cago IL, USA). The descriptive results were presented as
mean and standard deviation if normally distributed. For
non-normally distributed data, the median and interquartile
range (25th/75th percentile) were reported. Shapiro—Wilk
test was applied to differentiate between normally and non-
normally distributed data.

To evaluate changes over the study period, we applied
ANCOVA models for each parameter. In a first analysis,
we analyzed the data without interfering covariates. In a
second analysis, we applied selected confounders with pos-
sible influence on diastolic parameters. Arterial hyperten-
sion can lead to impaired diastolic function with especially
LA,,;, being directly imposed to LV filling pressure [23, 24].
Diastolic function is strongly associated with the heart rate
[25, 26].

@ Springer



1864

The International Journal of Cardiovascular Imaging (2019) 35:1861-1869

Table 1 Participant characteristics

Demographics
Age (year) 42 (36-49)
BMI (kg/m?) 23.6+2.1
Body fat (%) 14.8+4.0

Heart rate, blood pressure
HR (bpm) V1 58.2+9.1
HR (bpm) V2 83.54£10. 1%
HR (bpm) V3 57.7+9.6
HR (bpm) V4 56.0+9.3
SysBP (mmHg) V1 124.4+11.8
SysBP (mmHg) V2 116.5+14.7
SysBP (mmHg) V3 122.8+11.5
SysBP (mmHg) V4 124.9+10.7

BMI body mass index, HR heart rate, bpm beats per minute, SysBP
systolic blood pressure, data is presented as mean and standard devia-
tion if normally distributed, otherwise as median and interquartile
range (25th/75th percentile)

*#%p <(0.001 compared to baseline

A p-value <0.05 was considered statistically significant;
testing was performed two-sided.

Results

A total of 277 subjects were enrolled at the time of the
screening examination. In the follow-up examinations of
this echocardiographic investigation, 12 participants were
excluded due to missed examinations. Furthermore 15 sub-
jects did not finish the marathon race, 28 could not start
the marathon because of infections, orthopedic injuries or
other obligations. Due to insufficient image quality, analy-
ses of ten additional subjects had to be excluded. For two-
dimensional parameters, 212 participants remained for final
analysis. Concerning the three-dimensional echocardiogra-
phy, 61 participants could be included in the final analysis
after excluding participants with insufficient or incomplete
data sets. Baseline characteristics of the 212 participants are
presented in Table 1.

Diastolic left ventricular function 2-dimensional

Table 2 presents changes of two-dimensional echocardiogra-
phy and the comparison of visit 2, 3 and 4 to visit 1.

Directly after the marathon, E/A decreased significantly
whereas DT increased significantly. In the follow-up exami-
nations 24 and 72 h post-race both parameters returned to
baseline whereas E/e’ showed a significant increase with a
maximum at 72 h post-race.
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Parameters of 3-dimensional measurements
of atrial function and size

Table 3 shows the descriptive results for three-dimensional
echocardiography and the changes of visit 2, 3 and 4 com-
pared to visit 1without and with adjustment.

The atrial volumes measured by RT3DE were signifi-
cantly altered after the marathon. In a first analysis with-
out adjustment, we observed smaller atrial volumes and a
decline of the Total-EF, the Total-SV and the ASV immedi-
ately after the marathon race. During follow-up, V.., Total-
SV and ASV showed increased values. After adjustment for
heart rate and blood pressure, significant changes were still
observable with an increase of V;, immediately post-race
and a decrease of Total-EF. During follow-up, the atrial vol-
umes, Total-SV and ASV were increased.

Left ventricular systolic function, represented by
3-dimensionally measured EF, showed non-significant
changes throughout the study period when adjusted to heart
rate and blood pressure: 60.1 +6.3 at V1 to 58.9+5.6 at V2,
60.1+6.5 at V3 and 59.8 +6.1 at V4.

Figure 3 illustrates all 2D and 3D diastolic parameters in
accordance to the visits 1-4.

Valve regurgitations and laboratory results

No clinically relevant valve regurgitations (especially
regarding mitral valve) were observable neither at baseline
examination nor in the follow-up examinations.

Regarding the laboratory analyses, there were no relevant
associations between diastolic or systolic function and NT-
proBNP or hsTropT values.

Discussion

In this study, we evaluated for the first time the diastolic left
ventricular function with RT3D echocardiography param-
eters in healthy male runners before and after a marathon
race. We were able to demonstrate that the 2D parameters
displayed different alterations compared to 3D parameters
and that at the end of our 72 h follow-up, signs for diastolic
dysfunction were still observable within the measurement of
both techniques. Left ventricular systolic function remained
unchanged throughout the marathon.

Until today, it is discussed equivocally whether there is a
real impairment of diastolic function after strenuous exer-
cise or whether the observed alterations are mainly due to
changes of cardiac loading conditions (pre- or afterload) or
limitations of diagnostic modalities. With our design, we
were able to address both considerations. Left atrial volume
index can be measured using two-dimensional echocardi-
ography via cubical method, area-length method, ellipsoid

method or modified Simpson’s method [27, 28]. But espe-
cially due to the asymmetry of the left atrium, this method
may provide incorrect data. Recent studies suggest three-
dimensional evaluation of the left atrium as a more precise
alternative [21, 21, 29-31]. For our analyses, both 2D and
3D techniques were combined to minimize limitations of
previous studies.

Both systolic and even more diastolic duration vary with
different heart rates. The diastolic proportion in the cardiac
cycle is inversely correlated with subsequent heart rates [26].
Decreased diastolic proportion leads to decreased amount
of time for the ventricular relaxation. As a result, the atrial
contribution to LV filling gains significance and can result
in increased A values compared to E values [32]. Left atrial
enlargement and impaired diastolic function can be caused
by increased blood pressure [33, 34]. We therefore included
the described possible confounders (heart rate and systolic
blood pressure) in our analysis. Regarding Doppler tech-
niques, we observed two different alterations immediately
after the race. The E/A ratio changed immediately after the
marathon indicating an impaired diastolic function, whereas
the E/e'-ratio was altered only during the latter follow-up.

Our results of the two-dimensional parameters were simi-
lar compared to prior studies [35, 36]. PWD indices (E/A
and DT) were significantly altered after strenuous exercise.
The TDI-derived parameters (E/e’) were also affected, but
the time of the first alteration was different compared to
PWD measurements. PWD parameters were altered imme-
diately after the race. E/A-ratio decreased from 1.6 +0.5 to
1.1+0.3 and DT increased from 0.18 +0.05 to 0.20+0.05 s,
both indicating an impairment of the diastolic function. They
returned to baseline values at follow-up (24 h post-race). In
contrast, E/e’-ratio remained unchanged immediately after
the race and revealed first alterations at follow-up 24 h later.
It was still significantly altered 72 h later.

E/A and DT reflect more sensitively ventricular relaxa-
tion, while E/e’ reflects the ventricular filling pressure or
atrial pressure [36, 37]. An impairment of diastolic func-
tion can be caused by either reduced ventricular relaxation
or changes of the atrial pressure [38]. As E/e’ remained
unchanged after marathon, ventricular relaxation seemed to
be the main reason for diastolic changes, as indicated by a
decreased E/A-ratio and increased DT.

The results of our 3D analyses supported this theory
and offered a more profound insight into exercise-induced
changes of left ventricular diastolic and left atrial func-
tion. Immediately after the marathon race, left atrial V ;|
increased and the Total-SV consecutively decreased. This
observation could only be found when adjusting for heart
rate and blood pressure, before the adjustment, V;, was
decreased. The reason for this observation could be the
impaired ventricular relaxation as it was also displayed by
the changes of the E/A-ratio and the DT. The higher values

@ Springer
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Fig.3 Included 2D and 3D diastolic parameters in accordance to the visits 14

of V;, resulted in a volume und pressure increase in the LA.
In the follow-up examinations we could illustrate the result:
atrial volumes V;, and V .. were increased along with the
consecutively increased Total-SV and ASV. This was also
shown in the 2D measurements by the increased E/e’ ratio.
A possible explanation for this prolonged alteration is the
fact that the LA is not habituated to increased pressure, so
it takes longer to achieve a complete recovery compared to
the left ventricle. Even 24 h post-stress, the LA still seemed
to be impaired by an increased pressure, as represented by
E/e’, V..« (and consecutively Total-SV and ASV).

Recent studies investigated the validity of measuring
diastolic function by three-dimensional echocardiography
[21, 30, 31, 39]. Although the method is still novel, the
measured volumes seem to correlate well with current gold
standard magnetic resonance imaging (MRI) or computed
tomography (CT) scans [29, 39].

Regarding the laboratory measurements, biomarkers of
cardiac damage (hsTropT and NT-proBNP) were not associ-
ated with either diastolic or systolic measures over the study
period. These findings are in line with previous observations
[40].

In summary, there seemed to be an impairment of the
diastolic function directly after the marathon, even though E/
e’ was not altered. This might be due to the fact, that the E/e’
ratio is a robust, but too insensitive parameter to display the
distinct changes caused by prolonged and strenuous exercise.
Especially in a grey zone of E/e’ (ranging from 8 to 14), it is
recommended to combine the TDI parameter with e.g. the
E/A ratio or the DT [7, 41].

Regarding the adjustments for heart rate and systolic
blood pressure, we could draw the conclusions that the
diastolic function after a marathon seems to be altered even
after adjusting for these potential confounding parameters.
Especially at V2 with higher heart rates after the marathon,
the adjustment revealed a switch from decreased to increased
Vmin'

With our study design and the two follow-up examina-
tions until 72 h after the marathon, we were able to moni-
tor changes during a longer recovery period. But even at
72 h, some parameters still differed from baseline values.
This leads to the conclusion, that recovery of left atrium
dimensions and function (as a sign of diastolic left ventricu-
lar function) after a marathon takes longer than previously
assumed. It can easily be missed when only considering the
parameters for ventricular relaxation (E/A-ratio and DT),
which returned to baseline at V3.

Limitations

For our study, we used exclusively non-invasive measure-
ments for evaluating the atrial filling pressures. The invasive
measurements, although not practicable in the clinical set-
ting of sports events, might show even more precise results.

Furthermore, we stopped the follow-up examinations
72 h after the marathon. By that time, not all parameters
had returned to baseline values. In order to display the whole
variance, a third follow-up examination of at least 5 days
after the race should be pursued in future studies.
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Conclusions

Both 2- and 3-dimensionally measured parameters of left
ventricular diastolic function were significantly altered
after completion of a marathon. Surrogate parameters of
ventricular relaxation were altered immediately after the
marathon, while surrogate markers for increased atrial
pressure demonstrated impaired diastolic LV function
with a maximum at 24 h after a marathon. Regarding all
parameters of diastolic function, a longer (than previously
assumed) recovery period seems to exist and the combina-
tion of 2D and 3D ultrasound can help to distinguish these
alterations. Even after correcting for possible confounders,
e.g. heart rate, we were able to demonstrate an impairment
of diastolic function after a marathon race.
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