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Summary of the Dissertation

Echocardiography is a common and relatively easily accessible diagnostic tool in cardiology and sports
cardiology. In recent years the technique of cardiac strain analysis based on speckle tracking
echocardiography has emerged and been established as a highly sensitive means of assessing cardiac
health and function. Cardiac strain analysis refers to the assessment of stretching and contracting of
heart muscle tissue in different dimensions as measured by specifically designed software. It allows
for an analysis of myocardial contractility beyond the classical visual assessment by the cardiologist or
planimetric ejection fraction measurement. Thus, for example, left ventricular global longitudinal
strain (LVGLS) is commonly used in patients undergoing chemotherapy to detect chemotherapy-
induced myocardial damage and consecutive loss of function. It has also proved to be a sensitive tool
in the differentiation between physiological (i. e. exercise-induced) or pathological (e. g. hypertension-
induced) hypertrophy of the walls of the left ventricle.

While well established in classical cardiology, cardiac strain analysis is not as integrated into sports-
cardiological day-to-day athlete care. The overall objective of this dissertation was to further the
implementation of strain analysis in the practical athlete care by contributing to closing the data gap
regarding cardiac strain values in female athletes and by using the technique of strain analysis in the
cardiac assessment of elite athletes after having contracted Covid-19 (Coronavirus disease 2019).

Prior studies demonstrated that left ventricular strain values generally did not change in physiological
adaptations to exercise but were reduced in pathological hypertrophy. However, research in this field
has focused almost solely on male athletes. Thus, one aim of this dissertation was to investigate strain
values in the hearts of female elite athletes with a focus on potential effects of myocardial hypertrophy
on strain values. To this end a cross-sectional echocardiography study was performed with 19 female
elite football players, 16 female elite volleyball players and 16 physically inactive controls.
Conventional echocardiographic data was documented as well as left ventricular longitudinal, radial
and circumferential strain values gained by speckle tracking echocardiography. The hearts of the
female athletes had a thicker septal wall, a larger overall mass and larger atria than the hearts in the
control group. Global longitudinal, radial and circumferential strain values did not differ between the
athletes and controls or between sporting disciplines. No correlation between septal wall thickness
and global left ventricular strain values could be documented. Thus, cardiac adaptations to elite level
exercise in female volleyball and football players apparently do not influence global strain values.
While prior studies had documented this for male athletes of several disciplines, this study adds to the
very limited control-group comparisons of left ventricular strain values in elite female athletes.

A second aim of this dissertation was to assess cardiac health and function in elite athletes who had
undergone Covid-19 using strain analysis derived by speckle tracking echocardiography. During the
Covid-19 pandemic most elite athletes were infected with the novel Severe acute respiratory
syndrome coronavirus type 2 (SARS-CoV-2). Initial worries of high rates of multi-organ complications
including the heart and ending sporting careers were abated by large studies. However, the effects of
Covid-19 on the heart and its function in elite athletes remained unclear, especially in the prolonged
post-infection follow-up and during and after return to competition. Thus, a cohort of 127 elite athletes
(boasting an accumulated 58 Olympic and world championship medals), 76 of them having recently
undergone a SARS-CoV-2 infection, were included. Echocardiography including strain analysis was
conducted at baseline for all athletes including the control cohort, as well as longitudinally in the Covid-
19 cohort. No pathological changes after the infection were documented, but a small yet significant
elevation of LVGLS was documented in athletes shortly after the infection in comparison to healthy
controls and in comparison to the later follow-up measurements.



The first study of the dissertation demonstrates that cardiac strain values do not seem to be different
in female athletes despite sports-related cardiac changes in comparison to non-athletic controls. This
is an important step in expanding reference values from non-athletic cohorts and from male athletes
to include female athletes. This helps to establish the use of the highly sensitive tool of cardiac strain
analysis in the sports-cardiological care of female athletes. The second study of the dissertation uses
cardiac strain analysis to demonstrate that elite athletes seem to recover well from Covid-19 without
cardiac injury. All documented global longitudinal strain values were within the normal range for
athletes. A return to training and competition had no deleterious effect on cardiac health in athletes
after Covid-19 in this trial. The slight but significant elevation of LVGLS values in the Covid-19 cohort
shortly after infection may be due to a temporary modulation of the autonomic nervous system, which
has previously been documented as a result of Covid-19 disease.

In summary, this dissertation and its included studies furthered the understanding of cardiac strain
analysis in elite female athletes and the integration of cardiac strain analysis into the everyday athlete
care of the sports cardiologist.



Zusammenfassung der Dissertation

Die Echokardiographie ist eine gut etablierte und leicht verfligbare, nicht-invasive diagnostische
Methode in der Kardiologie und Sportkardiologie. In den letzten Jahren hat sich die Strainanalyse auf
Basis der Speckle-Tracking-Echokardiographie als hochsensitive Technik zur Beurteilung der
Herzfunktion und -gesundheit etabliert. Unter Strainanalyse versteht man die Messung der
Ausdehnung und Verkirzung des Herzmuskelgewebes in verschiedenen Dimensionen mithilfe einer
speziell entwickelten Software. Sie ermoglicht eine Analyse der Myokardkontraktilitat, die liber die
klassische visuelle Beurteilung durch den Kardiologen oder die planimetrische Messung der
Ejektionsfraktion hinausgeht. So wird beispielsweise der left ventricular global longitudinal strain
(linksventrikularer globaler longitudinaler Strain) (LVGLS) standardisiert bei Krebspatienten eingesetzt,
um chemotherapiebedingte Myokardschdaden und den daraus resultierenden Funktionsverlust
friihzeitig zu erkennen. Zudem hat sich die Strainanalyse als sensitives Instrument zur Differenzierung
zwischen physiologischer (d. h. trainingsbedingter) und pathologischer (z. B. Bluthochdruck-bedingter)
Hypertrophie der Herzwande erwiesen.

Wahrend die Strainanalyse in der klassischen Kardiologie gut etabliert ist, hat sie noch nicht
ausreichend Einzug in die Sportkardiologie gehalten. Das erste Ziel dieser Dissertation bestand darin,
die Implementierung der Strainanalyse in der praktischen sportkardiologischen Betreuung von
Spitzenathleten zu férdern, indem ein Beitrag zur SchlieBung der bestehenden Datenliicke hinsichtlich
der kardialen Strainwerte von Spitzensportlerinnen geleistet wurde.

Bisherige Studien dokumentierten zumeist unverdnderte linkventrikuldre Strainwerte bei
physiologischer Anpassung an kérperliche Belastung, sowie reduzierte Strainwerte bei pathologischer
Hypertrophie. Die Forschung auf diesem Gebiet konzentrierte sich bisher jedoch fast ausschlielRlich auf
mannliche Sportler. Ein Ziel dieser Dissertation war daher die Untersuchung der linksventrikuldaren
Strainwerte im Herzen weiblicher Spitzensportlerinnen mit Fokus auf mogliche diesbeziigliche Effekte
einer Sportherzentwicklung. Zu diesem Zweck wurde eine Querschnitts-Echokardiographie-Studie mit
19 SpitzenfulRballerinnen, 16  Spitzenvolleyballerinnen und 16  korperlich  inaktiven
Kontrollprobandinnen durchgefiihrt. Es wurden konventionelle echokardiographische Parameter
sowie linksventrikuldre longitudinale, radiale und zirkumferenzielle Strainwerte mittels Speckle-
Tracking-Echokardiographie gemessen und analysiert. Die Herzen der Athletinnen wiesen eine dickere
Septumwand, eine grofRere Gesamtmasse und gréRere Vorhofe auf als die Herzen der Kontrollgruppe.
Die globalen longitudinalen, radialen und zirkumferenziellen Strainwerte unterschieden sich weder
zwischen den Sportlerinnen und der Kontrollgruppe, noch zwischen den Sportdisziplinen. Es konnte
keine Korrelation zwischen einer Septumhypertrophie und den linksventrikuldren Strainwerten
nachgewiesen werden. Somit haben kardiale Anpassungen an Spitzensport bei Volleyball- und
FuBballathletinnen offenbar keinen Einfluss auf die linksventrikuldren Strainwerte. Wahrend friihere
Studien dies bereits wiederholt flir mannliche Athleten verschiedener Disziplinen dokumentiert
hatten, verbessert diese Studie die sehr begrenzte Datenlage zu linksventrikuldaren Strainwerten bei
Spitzensportlerinnen.

Ein zweites Ziel dieser Dissertation war der Einsatz der myokardialen Strainanalyse zur Beurteilung der
Herzgesundheit und -funktion bei Spitzensportlern, die eine Covid-19-Erkrankung durchgemacht
hatten. Wahrend der Covid-19-Pandemie infizierten sich auch die meisten Spitzensportler mit dem
Severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2). Anfangliche Sorgen in der
Sportmedizin, dass in groRem Umfang Karrieren von Spitzensportlern durch eine Infektion mit
Multiorgankomplikationen beendet werden wiirden, konnten im Verlauf durch groR angelegte Studien
weitestgehend zerstreut werden. Die genauen Auswirkungen von Covid-19 auf das Herz und seine
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Funktion bei Spitzensportlern blieben jedoch weiterhin unklar, insbesondere im mittel- und
langerfristigen postinfektiosen Intervall, sowie im Kontext der Riickkehr zu Training und Wettkampf.
Daher wurde eine Kohorte von 127 Spitzensportlern (mit insgesamt 58 Olympia- und
Weltmeisterschaftsmedaillen) inkludiert, von denen 76 eine SARS-CoV-2-Infektion durchgemacht
hatten. Eine Echokardiographie einschlieBlich Strainanalyse wurde zu Studienbeginn bei allen
Athleten, einschlieBlich der bis dato nicht infizierten Kontrollkohorte, sowie longitudinal bei der Covid-
19-Kohorte durchgefiihrt. Es wurden keine pathologischen Veranderungen nach der Infektion
dokumentiert, jedoch wurde bei Sportlern kurz nach der Infektion im Vergleich zu gesunden
Kontrollathleten und im Vergleich zu den spateren Nachuntersuchungen eine kleine, aber signifikante
Erhohung der LVGLS-Werte dokumentiert.

Die erste Studie dieser Dissertation zeigt, dass sich die linksventrikuldaren globalen Strainwerte in einer
kleinen Kohorte aus Spitzensportlerinnen trotz sonstiger signifikanter, sportassoziierter myokardialer
Anpassungen im Vergleich zu einer nicht-sportlichen Kontrollgruppe nicht zu unterscheiden scheinen.
Dies ist ein wichtiger Schritt zur Ausweitung der Referenzwerte aus der Allgemeinbevolkerung und von
mannlichen Athleten auf Sportlerinnen. Dies tragt dazu bei, den Einsatz des hochsensitiven
Instruments der kardialen Strainanalyse in der sportkardiologischen Versorgung von
Spitzenathletinnen zu etablieren. Die zweite Studie der Dissertation nutzt die Strainanalyse um zu
demonstrieren, dass sich Spitzensportler in der Regel ohne myokardiale Folgeschaden von einer Covid-
19-Erkrankung erholen. Alle in dieser Kohorte dokumentierten globalen longitudinalen Strainwerte
lagen im flr Sportler normalen Bereich. Die Riickkehr zu Training und Wettkampf hatte in dieser Studie
keine negativen Auswirkungen auf die Herzgesundheit von Sportlern nach Covid-19. Der dezente
signifikante Anstieg der LVGLS-Werte in der Covid-19-Kohorte kurz nach der Infektion kénnte auf eine
voribergehende Modulation des autonomen Nervensystems zurlickzufliihren sein, was in anderen
Studien als mogliche Folge einer Covid-19-Erkrankung dokumentiert wurde.

Zusammenfassend lasst sich sagen, dass diese Dissertation und die darin enthaltenen Studien das
Verstandnis der myokardialen Strainanalyse bei weiblichen Spitzensportlerinnen verbessert und die
Integration der Strainanalyse in die alltagliche sportkardiologische Athletenbetreuung gefdrdert
haben.
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ejection fraction
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global circumferential strain

global longitudinal strain

global radial strain
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right ventricular diastolic length

Severe acute respiratory syndrome coronavirus type 2
measurement time-point 1 month after SARS-CoV-2 infection
measurement time-point 4 months after SARS-CoV-2 infection
measurement time-point 8 months after SARS-CoV-2 infection
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Images

Image 1: Anatomical image of the heart with visualized planes of echocardiographic image acquisition.

Image 2: Left: Apical 4-chamber view of the heart. Right: Transverse image of the left ventricle in the
parasternal short axis at the level of the papillary muscles.

Image 3: Apical 4-chamber view with marked area of the interior of the left ventricle in diastole (left,
green) and systole (right, blue).

Image 4: A schematic depiction of a left ventricle, demonstrating the vectors of the three types of
strain.

Image 5: Left: Apical 4-chamber view with selected myocardium of the septum (yellow box). Source:
Own image. Right top: Visualization of automated speckle selection in area of myocardium. Right
bottom: Visualization of automated tracking of change in location of each speckle.

Image 6: Measurement of left ventricular longitudinal strain in a 4-chamber view. The image at the
bottom left depicts the peak systolic strain per segment of myocardium. The image at the top right
depicts the systolic strain over time; note the high level of synchronicity of the colored lines (each
representing one myocardial segment) with a synchronous strain peak at the moment of aortic valve
closure (AVC). Bottom right: Color-coded strain values over time.

Image 7: Parasternal short axis transverse view of the left ventricle at the level of the papillary muscles.
The strain analysis depicts regional peak radial strain values per segment (bottom left); radial strain
throughout the selected cardiac cycle for each segment (line graph, top right; color-coded, bottom
right).

Image 8: Bull’s eye view (bottom right) of left ventricular longitudinal strain, depicted for each segment
(LV-apex in the center, LV-base in the periphery), derived by averaging all apical peak longitudinal
strain measurements as shown in the three line graphs representing the 4-chamber (top left), 2-
chamber (top right) and 3-chamber (bottom left) view measurements.
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Introduction

Objective of the Dissertation

Sports-medical and sports-cardiological athlete care is one of the key functions of the Institute of
Cardiology and Sports Medicine at the German Sport University Cologne. The day-to-day care of elite
athletes -incorporating the expertise of sports scientists and medical specialists in internal medicine,
sports medicine, orthopaedics and cardiology- ranges from routine pre-participation screenings and
preventive measures to the acute diagnostic and therapeutic support of athletes during and after
illness or injury. Echocardiography (see chapter Echocardiography for details) plays a key role in this
task. One function of modern echocardiography machines and the software therein is cardiac strain
analysis by speckle tracking echocardiography, which allows for the assessment of different aspects of
the function of the heart muscle using automated programs (see chapter Speckle Tracking
Echocardiography and Strain Analysis for details). While this technique is by now relatively well
incorporated into classical cardiology and patient care, its integration into sports cardiology is less well
established. One reason for this has been the lack of sports-specific research regarding the technique:
The heart of the athlete may differ from non-athletic persons (see chapter Athlete’s heart for details),
making the transfer of well-established reference ranges for different cardiac measurements from the
general population to the cohort of elite athletes difficult. This has, for example, been recognized and
compensated by specific research in athletes regarding myocardial hypertrophy, so that the wall
thickness and chamber dimensions in the hearts of athletes are assessed against different reference
values than the hearts of non-athletes. To allow for this kind of specific use of the tool of cardiac strain
analysis in the elite athlete population many evidence gaps need to be closed and its implementation
in the day-to-day athlete care practiced. Thus, the objective of this dissertation is to contribute to
collecting data in female elite athletes -as most of the limited data sets focus on male athletes- and to
integrate the technique into the practical athlete care in the controlled setting of a prospective study.
To this end, primarily a cross-sectional study was initiated comparing the hearts of elite female football
and volleyball athletes to non-athletic controls. The extensive echocardiographic assessment included
different types of left ventricular strain analysis. As the Covid-19 pandemic developed shortly
thereafter, the necessity to closely monitor the cardiac health of elite athletes during and after the
initial infection allowed for the integration of cardiac strain analysis into the practical day-to-day
athlete care. Thus, the second study for this dissertation was designed to focus on a cross-sectional
comparison between athletes after Covid-19 disease in comparison to healthy control athletes without
prior infection, as well as on a longitudinal follow-up assessment of cardiac strain values in the weeks
and months after the infection. Based on these studies, this dissertation aimed to further the
understanding of cardiac strain analysis in elite athletes as well as its implementation into the practical
sports-cardiological care of these elite athletes.

Echocardiography
In 1954 the use of ultrasound to assess the function of the heart was scientifically documented for the
first time by Swedish cardiologist Inge Edler and German physicist Carl Hertz, thus creating the
technique of echocardiography [1]. Since then echocardiography has developed into one of the most
important diagnostic tools in cardiology, allowing for a multitude of non-invasive insights into the
human heart, its function and the assessment of its health. Generally, ultrasound in medicine refers to
a technique of detecting tissues of different densities by sending out ultrasound waves from a probe
and measuring the time and intensity of their return to said probe. Thus, morphological images and
changes therein over time can be visualized, allowing for the detection of the exact position of organs
and -where applicable- their movement [2]. By directing and receiving ultrasound waves from different
positions and in different planes throughout the heart, an accurate anatomical depiction can be
12



created. Image 1 shows a picture of a human heart partly including large veins and arteries. The three
planes in blue, green and purple depict the standard approaches when conducting echocardiography.
The images used for the left ventricular global longitudinal, radial and circumferential strain
measurements that play a key role in this dissertation are acquired in the short axis and apical planes.

Long axis

Superior plane

Anterior

.
L]

< Short axis
; plane

Lateral

Medial

Inferior

Posterior

Image 1: Anatomical image of the heart with visualized planes of echocardiographic image acquisition.
Source: Adapted with permission from [3].

Image 2 shows a so called 4-chamber view on the left, which is acquired from an apical perspective
(the ultrasound probe rests on the torso directly above the apex of the left ventricle, i. e. the tip of the
heart) and a transverse image of the left ventricle on the right obtained in the so called parasternal
short axis; for this the ultrasound probe rests to the left of the sternum near its middle.
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Image 2: Left: Apical 4-chamber view of the heart. Right: Transverse image of the left ventricle in the
parasternal short axis at the level of the papillary muscles. Source: Own images.

The assessment of cardiac form and function includes valve function, measurements of pressures in
and dimensions of cardiac chambers, as well as myocardial kinetics. Classically, the “ejection fraction”
(EF) is the main parameter of assessing left ventricular systolic function: It is defined as the percentage
of blood volume ejected from the left ventricle during one cardiac contraction; reference ranges are
52-72% (male) and 54-74% (female) [4]. It is usually acquired based on the changes of the endocardial
border of the left ventricle between diastole and systole, thus allowing for the calculation of a delta
regarding the left ventricular blood volume. Image 3 shows an apical 4-chamber view in diastole (left,
with the area of the left ventricle marked in green) and in systole (right, with the area of the left
ventricle marked in blue). Thus, a delta in the area can be calculated, which in turn can be used to
calculate the ejection fraction. To achieve a higher degree of accuracy this can be done in two
dimensions (2- and 4-chamber views) or in 3 dimensions (2-, 3- and 4-chamber views).
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Image 3: Apical 4-chamber view with marked area of the interior of the left ventricle in diastole (left,
green) and systole (right, blue). Source: Own images.

Speckle Tracking Echocardiography and Strain Analysis

Cardiac strain describes the deformation of the heart muscle while contracting and relaxing during
systole and diastole. Left ventricular longitudinal strain is the “shortening” of the left ventricle
measured from base to peak in percent, thus resulting in a negative value in a healthy heart, for
example “-19.5%". Circumferential strain describes myocardial “shortening” in percent in a circular
manner in the short axis, while radial strain measures the “thickening” of the myocardium during
contraction in the short axis. Longitudinal and circumferential strain values are stated as negative
percent to portray a “shortening”, while radial strain is stated as a positive value, as it describes a
“thickening” [5, 6] (see image 4). In this dissertation and the studies on which it is based strain values
are documented and discussed as absolute values (e. g. |-19.5%]) to avoid misunderstandings. For
example: A change from -19.5% to -20.5% would formally have to be described as a “reduction”;
however, using absolute values a change in left ventricular longitudinal strain from |-19.5%| to |-20.5%)|
can correctly be described as an “increase” in left ventricular strain, which is the relevant information,
as the delta -in this case the degree of “shortening”- is greater at “-20,5%"” than at “-19.5%".
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Image 4: A schematic depiction of a left ventricle, demonstrating the vectors of the three types of
strain. Source: Adapted with permission from [7].

These strain values are calculated by computer programs that track individual speckles (or “dots”) in
the myocardium during a cardiac cycle and asses the changes of the distance between them (see image
5). Image 5 visualizes the technique of speckle tracking: The grainy image of the heart is the result of
many small speckles, which are more clearly discernable in the smaller close-up images. The speckle
tracking software logs onto many of these speckles at a certain point in the cardiac cycle and follows
each throughout the cycle (i. e. from relaxation in the diastole through contraction in systole back to
relaxation). Thus, the software can calculate changes in myocardial length and thickness based on
changes in the locations of many of these speckles, enabling an assessment of cardiac activity in greater
detail and more dimensions than classical ejection fraction via biplane area assessment.
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Image 5: Left: Apical 4 chamber view with selected myocardium of the septum (yellow box). Source:
Own image. Right top: Visualization of automated speckle selection in area of myocardium. Right
bottom: Visualization of automated tracking of change in location of each speckle. Source: Images
adapted with permission from [8, 9].

Echocardiographic images are acquired in apical 3-chamber, 2-chamber and 4-chamber views for
longitudinal strain values and in the parasternal short axis at the level of papillary muscles for
circumferential and radial strain values. Automated speckle tracking with strain analysis is performed
for different segments. This is demonstrated in image 6 for the longitudinal strain of the left ventricle
in a 4-chamber view (see image 6) and in image 7 for a parasternal short axis view of the left ventricle
(see image 7).

GS=-17.6%

Image 6: Measurement of left ventricular longitudinal strain in a 4-chamber view. The image at the
bottom left depicts the peak systolic strain per segment of myocardium. The image at the top right
depicts the systolic strain over time; note the high level of synchronicity of the colored lines (each
representing one myocardial segment) with a synchronous strain peak at the moment of aortic valve
closure (AVC). Bottom right: Color-coded strain values over time. Source: Own image.
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Image 7: Parasternal short axis transverse view of the left ventricle at the level of the papillary muscles.
The strain analysis depicts regional peak radial strain values per segment (bottom left); radial strain
throughout the selected cardiac cycle for each segment (line graph, top right; color-coded, bottom
right). Source: Own image.

The measurements for the separate segments can be combined and expressed as “global strain”,
which can represent the entire left ventricle in the form of the “left ventricular global longitudinal
strain” (LVGLS). All segments of the left ventricular longitudinal strain are summarized in the so called
“bull’s eye”. This is demonstrated in image 8: In the two top and bottom left images the change in
length of the left ventricle as calculated by changes in speckle positions is shown in “%"” on the y-axes,
while the x-axes represent the timeline of the cardiac cycle. The different colors of the lines represent
different myocardial segments. Thus, the high degree of synchronicity between the different
myocardial segments is evident based on the high level of synchronicity of the different colored lines
throughout the cardiac cycle; it is the synchronous pattern of contraction and relaxation of a healthy
left ventricle. The red disc in the bottom right image is the afore-mentioned “bull’s eye”, which shows
the peak systolic strain (highest degree of “shortening” in “%”) of all myocardial segments throughout
the cardiac cycle, the center representing the apical segments, the border the basal segments and the
fields in between the medial segments.

18



Image 8: Bull’s eye view (bottom right) of left ventricular longitudinal strain, depicted for each segment
(LV-apex in the center, LV-base in the periphery), derived by averaging all apical peak longitudinal
strain measurements as shown in the three line graphs representing the 4-chamber (top left), 2-
chamber (top right) and 3-chamber (bottom left) view measurements. Source: Own image.

Speckle tracking echocardiography has been demonstrated to be a reliable tool for detecting
subclinical myocardial changes in several pathologies ([10, 11]) and LVGLS is a better reproducible
measure of left ventricular function than ejection fraction [12]. Inter- and intra-observer variability of
LVGLS is comparable to the classical planimetric measurement of ejection fraction, while variability is
somewhat higher for radial and circumferential strain measurements [5]. Cardiac strain analysis is also
more sensitive to changes in heart function than classical parameters like ejection fraction. While
reference ranges for “normal” strain values in the general (and athlete) population remain to be
defined (due to many influencing factors), past publications tend to agree that a healthy left ventricle
should produce global longitudinal strain values of > |-18%]| + 2% [6, 13—15].

Cardiac Adaptations to Exercise: The “Athlete’s Heart”

Structural and functional cardiac adaptations to physical activity as performed by elite athletes are a
well-studied phenomenon. Athlete’s heart (AH), an enlargement of cardiac chambers and dimensions,
usually accompanied by physiological myocardial hypertrophy, as a reaction to high training volumes
has been the focus of intense research [16—18]. Especially high volumes and intensities of endurance
training, associated with high levels of transported blood volumes and elevated intracardiac pressures,
appear to be the stimulus for the development of athlete’s heart. The described adaptations allow for
a larger stroke volume and thus — as maximal heart rates are not reduced in athletes in comparison to
non-athletes — to a significantly larger cardiac output when exercising [17]. While these adaptations
are well studied and largely well understood (even though many gaps in knowledge remain), the hearts
of female athletes have been somewhat neglected in research in comparison to the large number of
studies focusing on the hearts on male athletes. Thus, when Morganroth et. al described the athlete’s
heart in different types of sports 50 years ago, only male athletes were included in the analysis [18].
While women make up roughly 50% of the participants in sports in the United States of America today
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([171), their underrepresentation in the scientific research in sports cardiology remains a phenomenon
[19]. Despite this, understanding of the female athlete’s heart has increased in the last decades,
resulting in the insight that similar adaptations take place in the hearts of female athletes with high
training volumes, but some of these adaptations are less frequent and less pronounced (e. g. significant
hypertrophy) [19].

Echocardiographic Strain Analysis in Athletes

The effects of exercise on a recreational and competitive level on myocardial strain patterns have been
the focus of several studies. Global strain values generally did not change in physiological adaptations
to exercise but were reduced in pathological hypertrophy [6, 20, 21]. Even though results vary between
studies, large reviews and meta-analyses reach the conclusion that LVGLS should not normally be
reduced in athletes compared to controls, even when physiological hypertrophy is present [6, 22].
Thus, strain analysis is a helpful tool for differentiating between physiological adaptations to exercise
and pathological entities with an increased potential for sudden cardiac death such as hypertrophic
cardiomyopathy [23]. Regarding global circumferential strain (GCS) and global radial strain (GRS)
studies are even fewer but may indicate differences between certain athletic populations and controls
[22].

However, these insights are derived almost solely from data of male athletes. The few studies including
female athletes usually analyze the whole athlete cohort without sub-analysis by sex, fail to specify
sporting disciplines or include very few female athletes. The largest cohort of female athletes at the
time of the first publication of this dissertation (Publication 1) was included by Caselli et al. (n=78/200),
who found that the LVGLS was slightly higher in females (athletes and controls) compared to males
[24]. Sporting disciplines were not specified exactly. In the same year D’Ascenzi et al. reported no
difference in LVGLS when analyzing 36 female and 55 male athletes from different sporting disciplines
[14]. D’Ascenzi et al. also published left ventricular strain data of 24 female volleyball players in a study
focused on atrial and right ventricular strain [25]. To the author’s knowledge at the time of Publication
1 less than 150 cases of 2D-STE (2-dimensional speckle tracking echocardiography) derived left
ventricular strain of female athletes have been published from controlled studies collectively. Also,
regarding female athletes most athletic disciplines have been left untouched or not been specifically
reported.

Echocardiographic Strain Analysis and Covid-19

During the Covid-19 pandemic most people, including elite athletes, suffered an infection with the
novel Severe acute respiratory syndrome coronavirus type 2 (SARS-CoV-2). While the primary
symptoms of the disease and thus the diagnostic and therapeutic focus initially lay on the respiratory
tract, the potentially systemic nature of Covid-19 quickly became apparent [26]. Though most patients
recover fully, a subgroup presents with a wide variety of prolonged symptoms, often including reduced
exercise capacity. The mechanisms as well as the role of exercise in the recovery after Covid-19 remain
unclear and thus the focus of recent research [27].

Myocardial Involvement of Covid-19 in the General Population

Early data mainly from hospitalized patients from the general population demonstrated often severe
systemic disease including myocardial injury in Covid-19 patients [28]. Echocardiographic assessment
soon showed that left ventricular global longitudinal strain (LVGLS) was reduced in many of these
patients [29, 30]. An MRI (magnetic resonance imaging) meta-analysis including almost 3000 adult
individuals after contracting Covid-19 found greatly varying documentation of inflammatory and post-
inflammatory signs; overall the findings differed greatly from healthy controls without prior Covid-19
infection, where hardly any such signs were detected [31].
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Mpyocardial Involvement of Covid-19 in Athletes

While LVGLS data measured by speckle tracking echocardiography in athletes after a SARS-CoV-2
infection is still relatively scarce at the time of the second publication of this dissertation (Publication
2), the host of MRI-data is somewhat more abundant. First studies assessing myocardial involvement
in athletes suggested higher rates of myocardial inflammation than generally expected from known
viral agents: An early MRI-study detected signs of myocardial inflammatory involvement in roughly
1/3™ of a cohort of 54 student athletes after SARS-CoV-2 infection [32]. A multicenter analysis of ~
1600 college athletes after Covid-19 disease diagnosed clinical or subclinical myocarditis in 37 athletes
(2,3%) including the diagnostic tool of MRI, but not strain analysis [33]. An MRI-study of 147 highly
trained athletes after Covid-19 infection found signs of myocarditis in 1.4% of cases. No significant
differences regarding MRI-derived GLS were detected in the whole cohort in comparison to an athletic
control group [34]. In a cohort of 107 college athletes assessed by speckle tracking echocardiography
after a SARS-CoV-2 infection no differences in GLS, GCS or GRS were reported [35].

Prolonged data collection in the later stages of the pandemic and larger trials did, however, indicate
milder symptomatic disease with very little relevant myocardial injury and with good recovery in
athletes. In the largest study to date at the time of Publication 2 assessing 789 professional athletes
after a Covid-19 infection only 20 demonstrated echocardiographic abnormalities and only 5 athletes
ended up presenting with inflammatory aspects in cardiac MRI. However, even though screening
included echocardiography in many cases, this data was only reported in athletes with any abnormal
findings [36]. Casasco et al. observed 4143 Italian athletes after a Covid-19 infection and found
myocarditis in only 0.12%; myocardial strain data was not reported [37].

Most recently, Schellenberg et al. reported lower LVGLS values in athletes after Covid-19 when
compared in a cross-sectional fashion to healthy controls; despite the difference all values were within
the range currently defined as normal [38].
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Aims of the Dissertation

1. To further the understanding of speckle tracking echocardiography-derived strain analysis of
the left ventricle as a diagnostic tool in female athletes. Data prior to this publication was
focused almost exclusively on male athletes. By analyzing strain data in elite female football-
and volleyball-athletes and comparing results to non-trained controls the included study
aimed to assess whether exercise induced cardiac adaptations influence left ventricular strain
values in healthy female athletes.

2. To apply the highly sensitive diagnostic tool of speckle tracking echocardiography-derived
strain analysis in sports cardiology to detect potential myocardial effects of a SARS-CoV-2
infection in elite athletes. To attain a comprehensive understanding of the subacute and
longer-term cardiac health of elite athletes after Covid-19 a baseline comparison to healthy
control athletes was conducted as well as a longitudinal assessment up to eight months after
the infection.
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Abstract

Cardiac adaptations to exercise on an elite level have been well studied. Strain analysis by speckle tracking echocardiog-
raphy has emerged as a tool for spons cardiologists to assess the nature of hypertrophy in athletes” hearts. In prior studies,
strain values generally did not change in physiological adaptations to exercise but were reduced in pathological hypertrophy.
However, research in this field has focused almost solely on male athletes. Purpose of the present study is to investigate
strain values in the hearts of female elite athletes in football and volleyball. In this cross-sectional study echocardiography
was performed on 19 female elite football-players, 16 female elite volleyball-players and 16 physically inactive controls.
Conventional echocardiographic data was documented as well as left ventricular longitudinal, radial and circomferential
strain values gained by speckle tracking echocardiography. The hearts of the female athletes had a thicker septal wall, a
larger overall mass and larger atria than the hearts in the control group. Global longitudinal, radial and circumferential strain
values did not differ between the athletes and controls or between sporting disciplines. No correlation between septal wall
thickness and global strain values could be documented. Cardiac adaptations to elite level exercise in female volleyball and
football players do not influence global strain values. This has been documented for male athletes of several disciplines. The
present study adds to the very limited control-group comparisons of left ventricular strain values in elite female athletes. The
findings indicate that global strain values can be used when assessing the cardiac health in female athletes.

Keywords Speckle tracking echocardiography - Strain analysis - Athlete’s heart - Exercise - Sports cardiology

See Appendix for full publication.
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Abstract

Introduction During the COVID-19-pandemic, most elite athletes were infected with the novel severe acute respiratory syn-
drome coronavirus type 2 (SARS-CoV-2). Initial worries of high rates of multi-organ complications including the heart and
ending sporting careers were disproved by large studies. However. the effects of COVID-19 on the heart and its function in
elite athletes remains unclear, especially in the prolonged post-infection follow-up and during and after return to competition.
Methods In the year 2020, a cohort of 127 elite athletes (boasting an accumulated 58 Olympic and world championship
medals) was recruited. 76 of them recently having undergone a SARS-CoV-2 infection. Echocardiography was conducted |
(T0), 5 (T1yand 9 (T2) months after the infection in the infected cohort and at baseline for the control cohort. Lefi-ventricular
global longitudinal, circumferential, and radial strain was compared cross-sectionally at baseline between athletes after a
COVID-19-infection and control athletes, as well as longitudinally in the COVID-19-cohort.

Results At baseline, global longitudinal strain {reported as absolute % -values) was significantly higher in the COVID-
19-cohort in comparison to control-cohort (2037 + 1L98% vs. 19.41 +2.11%, respectively, p=0.042). In the longitudinal
assessment within the COVID-19-cohort the global longitudinal strain was significantly higher shortly after the infection
(TO} than at the two follow-up measurements (T0: 20037 £ 1,98%; T1: 19.34 £ 1.65%; T2: 19.30+ 1.68% (p=0.0052 and
p=0.0044, respectively)}). No significant differences for any of the comparisons were found for circumferential or radial strain.
Discussion The significantly elevated values in the COVID-19-cohort at T0 may be due to an affectation of the autonomic
nervous system, which has previously been documented as a result of COVID- 19-disease. No cardiac injury after COVID-19
was detected using strain analysis. All documented global longitudinal strain values were within the normal range for athletes.
A return to training and competition had no deleterious effect on cardiac health in athletes after a COVID-19-infection in
this trial.

Keywords Athletes - Echocardiography - Heart - COVID-19 - Strain analysis - Speckle mracking

See Appendix for full publication.
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Short Summary of Main Results and Conclusions of the Publications

The following results and consecutive conclusions were obtained in the included trials and are briefly
summarized here:

Publication 1 (Strain Analysis in Female Athletes):

The hearts of the included female athletes differed from the non-athletic control subjects in aspects
that are typical adaptations to regular exercise. The interventricular septum diameter in diastole (1VSd)
was larger in both female elite athlete populations compared to non-athletic controls, but not different
between sporting disciplines. Only five athletes (4 football players and 1 volleyball player) and no
controls had IVSd 2 1 cm as a sign of left ventricular hypertrophy. The volleyball players generally had
larger hearts than the football players and the control group. The left ventricular posterior wall in
diastole (LVPWd) was thicker in athletes than controls and in football players than volleyball players.
Athletes had larger atria than controls, larger right ventricles and larger left ventricular end diastolic
volume (LVVED) and a larger stroke volume (LVSV). No differences were observed between sporting
disciplines when indexed for body surface area (BSA). Ejection fraction (EF) was without significant
difference between all groups, as were parameters of diastolic function. The hearts of the volleyball-
athletes were longer than those of the football players and control subjects as seen in the increased
length of the right ventricle in diastole (RVDI).

No significant differences were documented in global longitudinal strain (GLS), global circumferential
strain (GCS) or global radial strain (GRS) between the athletes and controls or between sporting
disciplines. A detailed analysis of the individual segments did not reveal any relevant differences in any
strain type when comparing the different groups of participants. When pooling segmental values into
the three categories basal, mid-ventricular and apical the volleyball players (VP) showed a significantly
lower apical longitudinal strain compared to football players (FP) and controls (C) that was still,
however, in the expected physiological reference range. No correlation between septal wall thickness
(IvSd) and any of the global strain parameters could be documented. A comparison of global
longitudinal strain values between participants with septal wall thickness > 1 cm and < 1 cm yielded no
significant differences (p=0.81).

This illustrates that global strain values do not seem to differ significantly between healthy female
athletes and healthy female non-athletic controls. Cardiac adaptations to exercise like increase of left
ventricular dimensions or hypertrophy do not seem to influence cardiac strain values significantly.

Publication 2 (Strain Analysis in Elite Athletes After Covid-19):

Classic echocardiographic parameters including ejection fraction did not differ between COV (elite
athletes with prior SARS-CoV-2 infection) and CON (elite athletes in the control group without prior
SARS-CoV-2 infection). All strain value assessments lay within the physiological reference ranges. At
baseline at the measurement time-point one month after the SARS-CoV-2 infection (T0) left ventricular
global longitudinal strain was slightly but significantly greater in the Covid-19 cohort in comparison to
the control cohort (|-20.37|£1.98% vs. [-19.41|£2.11%, respectively, p= 0.042). In the longitudinal
assessment within the Covid-19 cohort the global longitudinal strain was significantly higher shortly
after the infection (TO) than at the two follow-up measurements four (T1) and eight (T2) months after
the infection (TO: |-20.37|+1.98%; T1: |-19.34|+1.65%; T2: |-19.30|+1.68% (p=0.0052 and p=0.0044,
respectively)). No significant differences for any of the comparisons were found for global
circumferential or global radial strain.

These findings based on highly sensitive strain analyses underline the growing consensus that elite

athletes generally recover well from a SARS-CoV-2 infection without cardiac injury. The slight increase
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in contractility measured shortly after the infection could be attributed to temporary infection-
associated modulations of the autonomic nervous system as described by this candidate in another
trial [39].
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Discussion

Cardiac Adaptations and Left Ventricular Strain Values in Female Athletes

As anticipated, the elite female athletes demonstrated a cardiac anatomy that has been described in
many prior investigations as an adaptation to high levels of physical exercise [16]. While the study
comparing cardiac anatomy of female athletes to non-athletic controls lacks the longitudinal design to
investigate the effect of the specific sporting discipline on cardiac adaptations, the observed
differences between the athletes and control group regarding conventional echocardiographic
parameters can safely be assumed to be exercise-related. Thus, the hearts of the athletes had a larger
mass (absolute and indexed to body surface area), a thicker septum, larger atrial volumes and a wider
right ventricle than the hearts in the control group. The heart rate of the athletes was lower and in the
sub-group analysis the volleyball players had a higher fat-free mass and less visceral fat than the
control group.

The three left ventricular strain parameters GLS, GRS and GCS did not differ between the sporting
disciplines or between athletes and controls. Especially the lack of difference in the global longitudinal
strain values -the to date most thoroughly evaluated strain parameter- is in accordance with prior
studies focusing on strain values in female athletes. D’Ascenzi et al. published the left ventricular global
longitudinal strain values of 24 female volleyball-athletes measured with the same vendor and
software as used for Publication 1 at -19.7+1.8% after detraining for 3 months and at -20.5+2.1% after
4 months of intense training; no LVGLS data was published for the control group as the study focused
on the atria and the right ventricle [25]. Caselli et al. published LVGLS data from a large athlete cohort
(n =200, including 78 female athletes) finding LVGLS values in athletes within the expected reference
range for healthy adults, but with slightly lower values when compared to the control group; LVGLS
was lower in females than males across the whole cohort. Similar LVGLS values as in Publication 1 were
presented for the athletes overall, albeit using hard- and software of a different vendor [24]. Vendor
differences regarding the measurement and calculation of strain analyses pose a difficulty in the
transfer of strain analysis into the day-to-day clinical use [40]. Reference values have been described
for different cardiac strain measurements of the largest vendors; the growing number of vendors
offering forms of cardiac strain analyses and the differences of vendor specific reference ranges
complicate the realization of large multicenter trials as well as the clinical cooperation amongst sports-
medical settings with echocardiography machines from different vendors. Cappelli et al. included 9
female endurance athletes in their comparison of 50 endurance athletes with hypertensive patients
and healthy controls: LVGLS did not differ between the athletes and the control group; results were
not specified by sex. The GLS values were comparable to the results of Publication 1 [41]. A position
statement by Pelliccia et al. and a review by D’Ascenzi et al. present similar LVGLS values as found in
Publication 1 and conclude that even high training volumes in elite athletes do not normally reduce
LVGLS values [6, 21]. A meta-analysis published by Beaumont et al. in 2017 included only male athletes
but thoroughly analyzed all available data, concluding that GLS values do not differ between athletes
of varying disciplines and controls; LVGLS values were comparable to the data of Publication 1. The
authors did, however, find a correlation between LVGLS and left ventricular mass index, suggesting a
small LVGLS reduction associated with increasing physiological exercise-associated hypertrophy,
interpreted by the authors as indicative of an increased functional reserve in the highly trained heart
[22]. Possibly due to the fact that hypertrophy is more pronounced in male athletes Publication 1 did
not show this association between hypertrophy and LVGLS reduction, even in the detailed regional
analysis: To probe in more detail for an influence of physiological hypertrophy on strain values the
anteroseptal and septal (3-chamber view and 4-chamber view respectively) longitudinal strain values
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and the septal segments in the short axis strain values were analyzed regarding possible correlations
between strain values and septal thickness; no significant correlations were observed.

The detailed comparison of segmental strain values between the groups did not reveal differences
between individual segments, supporting the credibility of the similarity between the global values.
The only deviation from the overall similar values between the groups was a slightly lower longitudinal
strain in the combined apical segments in the elite volleyball players compared to both elite football
players and controls. Whether this finding is connected to differences in cardiac architecture and
resulting contraction patterns or is a coincidental aberration remains unclear. The differences in height
between the taller volleyball athletes (logically a result of sport specific advantages) compared to the
shorter football athletes and controls may be associated with the finding of “longer” hearts as
documented in the higher lengths of the right ventricle. This difference in heart architecture may well
result in small differences in contractile patterns at rest or during exercise. This does, however, remain
conjecture and should be elucidated in further larger studies including detailed segmental strain
findings in athletes of different sexes and sporting disciplines. To date the factors influencing regional
longitudinal strain in different athlete populations and experimental settings are not fully explored.
Stefani et al. demonstrated a basal-apical gradient with an increase in mid-apical left ventricular
longitudinal strain in male football players after an acute three minute physical exertion (compared to
the resting state beforehand) [42]. In their meta-analysis on cardiac strain in athletes Beaumont et al.
describe a higher apical dynamic in athletes, demonstrated by a reduced apical circumferential strain
at rest, which increases during exercise [22]. Cappelli et al. report an increase in apical circumferential
strain in hypertensive patients compared to athletes and controls, suggesting a compensatory
mechanism for a beginning reduction of contractile function. Based on these observations, the
reduction in apical strain in the volleyball-athletes may be a sign of an apical contractile reserve that
may differ from the football and control cohort due to the elongated left ventricular structure. This,
too, remains conjecture and should be investigated by regional strain analyses comparing pre- and
post-exercise settings. Several trials have investigated cardiac function and left ventricular architecture
in tall athletes and documented increased septal wall thickness and ventricular mass and dimensions
[43-46]. Regarding strain analysis by speckle tracking echocardiography Butz et al. found no
correlations between strain values and height in athletes, patients with hypertrophic cardiomyopathy
and control subjects [20]. However, the influence of left ventricular architecture has been
demonstrated to affect strain values [7]. Thus, future studies including tall athletes should aim to
recruit a non-athletic control cohort of similar height to reduce the chance of distorted comparisons
due to this physical characteristic. Ventricular loading conditions, too, have been shown to influence
cardiac strain values [7]; the loading conditions of all participants assessed for Publication 1 were
similar, lacking load-influencing co-morbidities and resting in a semi-supine position during
echocardiography with no prior physical exertion. A potential error source when assessing apical strain
values is apical foreshortening [47]; however, great care was applied during image acquisition and
analysis to avoid this phenomenon.

The average septal thickness in the elite athletes in Publication 1 was 0.83 cm + 0.12 cm and thus within
the range of previous observations [48, 49]. As observed in these large athlete cohort studies, septal
hypertrophy is generally less pronounced in female elite athletes than in male elite athletes. However,
hypertrophy does occur in female athletes, as do pathological conditions such as hypertension or
hypertrophic cardiomyopathy. Still, while the critical question for the sports cardiologist regarding the
physiological or pathological nature of borderline septal hypertrophy is a lot more common in male
athletes, investigations into the effects on cardiac strain in female athletes with pronounced cardiac
adaptations must not be neglected. Also, strain analysis by speckle tracking echocardiography has been
demonstrated as a useful tool in the detection of inflammatory cardiac processes [5]. In the day-to-

day care of elite athletes the question of myocarditis arises regularly, thus adding to the necessity to
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establish reference ranges of LVGLS for all athlete cohorts to allow for strain analysis to be effectively
used regarding the diagnosis of this pathology.

Cardiac Effects of Covid-19 Disease in Athletes Assessed by Strain Analysis

To the candidate’s knowledge at the time of submission Publication 2 was the first and then only
subacute to long-term longitudinal assessment of cardiac function via speckle tracking
echocardiography in elite athletes after contracting Covid-19. All included athletes were without signs
of myocarditis and demonstrated cardiac function within the normal spectrum previously documented
for athletes [6, 15]. Thus, fortunately, the results add to the growing pool of data demonstrating that
athletes generally recover well after Covid-19 and that myocardial injury is rare. Our research group
had previously demonstrated good cardiac health in an MRI-trial in a subgroup of our elite athlete
population [50]. In a large multicenter assessment of > 3000 college athletes after Covid-19 cardiac
involvement was reported in 0.7% of cases; cardiac strain data was not reported [51]. A narrative
review assessing 24 studies of Covid-19 effects on athletes draws the conclusion that the initial fear of
large numbers of cardiac injuries through a SARS-CoV-2 infection in athletes could not be confirmed.
On the contrary, cardiac involvement was rare in the young and healthy athlete cohort [52]. In the
largest study to date at the time of Publication 2 assessing 789 professional athletes after contracting
Covid-19 only 20 demonstrated echocardiographic abnormalities [36]. Almost all of these 20
“abnormalities” were a mildly reduced left ventricular ejection fraction (LVEF), which is a recognized
non-pathological adaptation in some highly trained athletes [44, 53]. Only 5 of the 789 athletes had
inflammatory aspects in cardiac MRI; albeit not all athletes received cardiac MRI, but based on a
diagnostic cascade where deemed necessary (e. g. in case of abnormal findings during
echocardiography) [36].

The novel finding of Publication 2 is the significantly elevated longitudinal myocardial contractility in
the COV cohort at TO when compared to the CON cohort and when compared to the follow-up
measurements at T1 and T2. Similarly, a retrospective MRI-Study assessing 122 College athletes after
Covid-19 found intact cardiac function with slightly higher global radial and circumferential strain
values compared to healthy non-athletic controls [54]. This data is, however, limited by the control
group being non-athletes and on average 15 years older than the athletes. A meta-analysis including
21 studies and > 2300 patients found reduced ejection fractions and reduced LVGLS in non-athletic
Covid-19 survivors in analyses up to 1 year after the infection [55]. This trial did, however, include
studies with hospitalized patients, some receiving intensive care treatment, and is thus not a good
comparator to our athlete cohort with no hospitalizations.

Slight changes of LVGLS throughout a sporting season have been documented in elite athletes, showing
mildly increased strain after weeks of intense training (correlating with reduced resting heart rates
while blood pressure remained stable) [14]. Based on these data the LVGLS may have been lower -not
higher- in the COV cohort if training cessation were the cause. The discrepancy of a slight LVGLS
increase in COV compared to CON may be blood pressure associated, as systolic blood pressure was
slightly higher in CON than COV. Cardiac strain is load dependent, showing a reduction when after-
load is reduced [7, 56]. Thus, a slightly lower blood pressure may lead to slightly elevated LVGLS values
when comparing COV and CON. However, no significant longitudinal blood pressure changes were
observed in COV (albeit with reduced numbers due to drop-outs during follow up), even though LVGLS
values changed. If the slight difference in blood pressure between the groups were Covid-19-
associated, a change in blood pressure in COV should be observed in the long-term follow up. Since
this was not the case the small difference between CON and COV may be due to the slightly higher
percentage of male athletes in CON; this however, remains conjecture until elucidated in future
studies.
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Baruch et al. found an impairment in LVGLS in 25% of hospitalized Covid-19 patients three months
after discharge [57], while Oikonoumou et al. documented not only slightly lower LVGLS values in
patients one month after hospitalization, but also a correlation with autonomic nervous system
dysfunction measured by heart rate variability (HRV) [58]. Larger longitudinal assessments of athletes
after Covid-19 showed no relevant increases in cardiac injury: Petek et al. observed > 3500 college
athletes for an average of 1.12 years. Initially myocardial involvement was documented in 0,6%. During
follow-up two adverse events (one sudden cardiac death due to prior known structural heart disease
and one case of atrial fibrillation) were reported, both in athletes without initially documented cardiac
involvement [59].

A potential cause for the somewhat paradox LVGLS elevation in the COV cohort at TO may be a
temporary modulation of the function of the autonomic nervous system in this young and healthy
cohort. Clinical experience as well as empirical observations have demonstrated often prolonged cases
of Covid-19 with very mild cardiovascular symptoms weeks after the infection: Many athletes
complained of elevated heart rates at rest and during only mild exercise (faster increases of heart rate
than prior to the infection), as well as experiencing Postural Orthostatic Tachycardia Syndrome (POTS)
or orthostatic hypotension [60]. Our research group previously demonstrated autonomic impairment
in recovered elite athletes from this cohort using heart rate variability (HRV) and an orthostatic
challenge [39]. Nemes et. al found a general associations between cardiac strain parameters and
autonomic nervous function [61]. A small trial documented diminished LVGLS values correlating with
reduced HRV in patients with prolonged symptoms after Covid-19 [62]. In summary, these
observations suggest that indeed infection-associated changes in the autonomic nervous system may
be the cause for the slight LVGLS elevation at TO in COV.

Strengths and Limitations

One strength of both studies included in this dissertation is the novelty of the data at the time of
publication: We gain specific insights into the cardiac structure of elite female athletes from selected
disciplines and learn about the effects of Covid-19 on cardiac health and strain values in elite athletes
in the mid- to long term. Another strength is the level of elitism of the included athletic population
(many Olympic and national medalists). Thus, too, the cohorts are very homogenous. One limitation is
the relatively small sample size in both studies, aggravated by drop-outs in the longitudinal strain
assessments; albeit many trials in the sports sciences include even fewer participants and numbers
were large enough in the included studies to achieve statistically significant results. Another limitation
is the inability to translate the results to the general population due to the specific selection of the
cohorts. The lack of symptom documentation in the Covid-19 trial is another limitation, as it disallows
for assessing potential correlations between heart health, strain values and symptom severity.

33



Conclusions and Outlook

In the study focusing on female elite athletes (Publication 1) exercise-specific cardiac adaptations were
documented in football and volleyball players, while left ventricular strain values were unchanged by
these adaptations and in comparison to unathletic controls. The female athlete has been somewhat
neglected regarding research of cardiac strain values, their possible alterations due to high training
volumes and their utility as a diagnostic tool. Our findings add to the very limited data available at the
time of publication regarding speckle tracking echocardiography derived left ventricular strain values
in female athletes: By demonstrating no significant differences in cardiac strain values between healthy
female athletes and unathletic controls, these data help to establish strain analysis as a useful tool in
sports cardiology. Further research focusing on cardiac strain in female athletes of different ages and
sporting disciplines is needed to establish reference values and further improve the utility of strain
analysis by speckle tracking echocardiography as a diagnostic tool across many disciplines of female
elite athleticism.

The study assessing cardiac strain in athletes after Covid-19 (Publication 2) was the first at the time of
publication to document mid- to long-term cardiac effects of Covid-19 in elite athletes assessed by
speckle tracking echocardiography. The trial showed short term changes in cardiac strain after Covid-
19, most likely as a result of temporary post-infection changes in the autonomic nervous system, while
also documenting healthy hearts and strain values within expected reference ranges. It thus
strengthens the understanding that elite athletes usually recover well after Covid-19 without cardiac
damage. Further trials in larger cohorts including symptom documentation and longer-term follow up
are needed to build on these results.

Both included studies underscore the insight that strain analysis by speckle tracking echocardiography
is a useful tool in sports cardiology and should be a standard component in sports-cardiological athlete
care. Experienced sports cardiologists should not only apply the technique in their day to day practice,
but promote its use and expertise therein amongst younger generations of sports physicians and sports
cardiologists.

While LVGLS is well established and -as just stated- ready to be fully integrated into the everyday
athlete care, other derivatives of speckle tracking echocardiography like radial and circumferential
strain, strain rate or ventricular twist are far less well established, but are diagnostic methods with
potentially highly relevant practical applications. Their better understanding and that of other
techniques should be a goal of sports cardiologists and sports physicians with an affinity for
echocardiography and future studies they conduct. Due to differences between vendors of
echocardiography machines, experiences should be compared between users of different brands and
studies conducted specifically in the athlete population to allow the use of strain analysis across the
board in everyday athlete care. Also, comparative analyses with MRI-derived strain analysis should be
placed on the agenda of sports-cardiological research, as MRl is a widely used technique, especially to
rule out or detect myocarditis. The candidate’s research team used MRI-derived strain in one such
study assessing athletes’ cardiac function after Covid-19 [50].

While interdisciplinary cardiac assessment between echocardiography- and MRI-specialists seems
relatively easily achievable under the common umbrella of cardiology (broadly) and sports cardiology
(more specifically), a transfer of the technique of speckle tracking-derived strain analysis to other fields
of sports medicine could be considered. While ultrasound is well established in sports orthopaedics
and traumatology including functional assessments like shear wave elastography (SWE) [63], to the
candidate’s knowledge ultrasound assessment of the moving muscle in a standardized fashion is not
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yet established in sports orthopaedics. Potentially, speckle tracking ultrasound in skeletal muscle like
the quadriceps femoris during contraction and relaxation could aid in the differentiation between
different types of sports-related muscle injury and assessment of muscle function.

Other interesting perspectives of cardiac strain analysis are the focus on different athletic disciplines
and on measurement time points in the micro- and macro-cycles of professional training. As different
athletic disciplines vary vastly regarding types and volumes of training, some are more prone to the
development of cardiac adaptations in the sense of athlete’s heart. Even though this dissertation has
established in small cohorts of two disciplines of female athletes that cardiac adaptations to exercise
do not seem to impact left ventricular strain values, large prospective and ideally multicenter studies
should document potential effects of cardiac adaptations on strain values in male and female athletes
of different sporting disciplines. These studies should include a focus on macro-cycle training phases
(i. e. pre-season, competition, regeneration, etc.); as mentioned above the effects of seasonal time
points have been assessed in female volleyball players [14] — this needs to be expanded for both sexes
and multiple disciplines to optimize the use of strain analysis for the sports cardiologist in the long run.
Once these data are broadly available the sports cardiologist would apply training-cycle specific
reference ranges in the day-to-day athlete care. To make things more complicated, the described
future studies should also include an assessment of potential changes in cardiac strain during micro-
cycle training phases (i. e. shortly before and after training sessions and resting periods). As elite
athletes usually train many hours of every day, it is likely that the sports cardiologist performs an acute
or routine echocardiographic assessment in close chronological proximity to a training session, which
may affect strain values. Thus, to further optimize this tool, studies will need to decipher in detail the
acute and subacute effects of different types of training and regeneration (i. e. strength, endurance,
high-intensity, yoga, autogenic training, etc.) on the different forms of cardiac strain values. Only then
will this already very useful tool be fully optimized for the sports cardiologist.

Thus, while speckle tracking echocardiography-derived left ventricular global longitudinal strain is well
established and should be used in daily athlete care, further refinement of the technique and
understanding of its influencing factors will make it even more valuable in the everyday practice of
sports cardiology.
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