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Abstract
Elite athletes can present with electrical (ECG) as well as structural and functional
(echocardiography) changes to the heart, compared to healthy controls, referred to as the
athlete’s heart (AH). In the setting of cardiac pre-participation screening (PPS), both ECG and
echocardiographic AH data are valuable to aid differential diagnosis of AH from various
cardiac pathologies that increase the risk of sudden cardiac death (SCD). At present, there are
limited data describing the AH in elite female footballers to feed into PPS. This thesis presents
four studies whose aims were to, (i) critically evaluate the 12-lead ECG in elite female
professional footballers, (ii) assess the effect of performing ECG assessments across a
competitive season in elite professional female footballers, (iii) document resting cardiac
structure and function in elite professional female footballers, and (iv) determine the
variability in resting ECG as well as cardiac structure and function across the menstrual cycle
in a healthy cohort of young women.
The first study employed a cross-sectional descriptive design with all testing and data
collection occurring in one session. 12-lead ECGs were recorded in eighty-one elite female
footballers. ECGs were interpreted using 3 published criteria used in PPS. The key findings
were that training-related ECG changes were very common in elite female footballers and
that the “Seattle” and “International” ECG Criteria significantly reduced the number of ECG
false-positives, from 16.2% to 0%. In the second study, a prospective repeated -measures
design was employed with ECG data acquired in thirteen elite female football players, at three
different time points (pre-season, mid-season, and end-season) across a single competitive
season. The key finding was that ECG data in elite female footballers were largely stable across
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a competitive season. Consequently, the time point of PPS within a comp etitive season is
unlikely to alter clinical decision making in PPS. The third study employed a cross-sectional
design to characterize cardiac structure and function in seventy-nine elite female footballers
using standard and novel echocardiography. The key findings were that absolute data for a
range of LV and RV chamber size indices as well as LV wall thicknesses and global measures
of LV function were greater in elite female footballers than in sedentary controls. This data
will contribute to our population specific knowledge of the AH and support PPS in elite female
footballers. In the fourth study, a repeated-measures design was employed that assessed
resting ECG as well as cardiac structure, and function across three different time points of the
menstrual cycle in seventeen healthy, eumenorrheic, female participants. The key findings
were that there were no major differences in ECG data as well as cardiac structural and
functional indices observed across 3 phases of the menstrual cycles. These data wil l help
inform testing plans and data analysis in cardiac PPS in elite female athletes.
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CHAPTER 1:

Introduction

1.0 INTRODUCTION

Football is the one of the fastest growing team sports in the world and there are more than
30 million women in the world participating (FIFA, 2014). Substantial growth in participation
has led to the increasing numbers of medical events and the potential for serious cardiac
events during football matches due to the presence of “silent” underlying cardiovascular
diseases (Higgins and Andino, 2013). Because of numerous case studies of sudden cardiac
death (SCD) associated with football exposure, a range of national and international football
governing bodies, including FIFA, UEFA and the FA, have mandated the application of athlete
pre-participation screening (PPS) with electrocardiography (ECG) and echocardiography prior
to competition (Kramer et al., 2015).

The ability to differentiate “silent” cardiovascular diseases in footballers during PPS depends
on a range of key factors, not least of which is knowledge of the normal cardiac phenotype
(electrical activity, structure and function) in any given footballer group.

As well as

performance and skeletal muscle adaptation in elite footballers, the cardiovascular system
adapts to the hemodynamic challenge imposed by training and performance. Training is
associated with electrical, morphological and functional changes in the heart; referred to as
the “athlete’s heart” (AH) (George et al., 2011; 2012). Thus, for PPS to provide clear and valid
differential diagnoses between the AH and pathology it must incorporate specific knowledge
of the upper limits of the AH phenotype (Wasfy et al., 2015).
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For any PPS to be undertaken in elite female footballers required an in-depth knowledge of
the electrical, structural and functional presentation of the AH in that population. Clear and
substantial normative data in this group is not currently available (George et al., 2011).

When interrogating the data available to describe the AH several issues become apparent and
relevant. The male AH is well documented (Utomi et al., 2013) with much less focus on
females (Rawlins et al., 2009) using either ECG (electrical activity) or echocardiography
(structure and function). With respect to ECG data, we do not have a good database on
training related adaptations to the ECG in elite female footballers. In addition, how the use of
different ECG interpretation criteria impact on positive and negative outcomes (specifically
false negative are greater concerns) in elite female footballers is not known and this would
help focus the choice of criteria to be employed. Of practical importance, the impact of when
PPS might occur within any given season and how this might mediate PPS outcome is not
known and requires immediate study. Furthermore, our knowledge of the structure and
function of the elite female footballers is even more restricted when wishing to understand
the adaptation to training of the right ventricle (RV) or atria, which are clearly implicated in
some disease states and are important to the differential diagnostic process. As technological
advancements permit a more detailed and comprehensive assessment of the AH, it is
pertinent to evaluate the AH phenotype of female athletes in detail using tech nologies such
as tissue-Doppler and strain imaging. PPS in female athletes can occur at any point of the
menstrual cycle. Given that variations in sex-steroid hormones across the menstrual cycle
could impact the cardiovascular system it is sensible to determine if ECG and
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echocardiographical indices assessed at different menstrual cycle phases differ in a clinically
significant fashion.

As a sub-group of female athletes, elite female footballers are interesting as less AH data is
available, yet they must submit to PPS as determined by their governing body. Consequently,
elite female footballers are a vital group to study. To the best of my knowledge, we propose
novel studies to characterise cardiac electrical activity, structure and function in elite female
footballers. I will employ 12-Lead electrocardiography, standard and novel echocardiography
and where appropriate I will compare elite footballer data to a sedentary age-matched
control group. I seek to document the impact of different stages of the competitive season
and international criteria on the elite female footballer’s ECG. Finally, there is a paucity of
data describing variability in cardiac ECG, structure, and function across different phases of
the menstrual cycle. I hope that these studies will contribute useful information to help guide
PPS and any relevant clinical decision making.

1.1 Research Aims
I propose four empirical studies, and the primary aim of each study is stated here:
1) Chapter 3: Critically evaluate the 12-lead ECG of the elite female footballer and determine
the impact of different ECG interpretation criteria used in PPS.
2) Chapter 4: Assess the effect of competitive season stage on the ECG of elite female
footballers.
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3) Chapter 5: Determine the cardiac structure and function of elite female footballers using
standard and novel echocardiographic techniques in comparison to age-matched healthy
controls.
4) Chapter 6: Assess the variability in resting ECG as well as cardiac structure and function
across three phases of the menstrual cycle in young healthy women.
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Chapter 2:

Literature review

6

2.0 Introduction

This literature review is divided into five main sections which are; 1) Sudden cardiac death
(SCD), 2) Pre-participation screening (PPS), 3) History of female football, 4) The female
athlete’s heart, and 5) The menstrual cycle and variation in cardiac electrical activity, structure
and function. This development and progression of background science and literature seeks
to underpin the 4 empirical studies and provide the rationale for the specific aims, objectives
and/or hypotheses of the studies.

Since the focus of this research is to accurately and comprehensively define the AH phenotype
of elite female footballers the literature review is used to place this knowledge in context.
Specifically, we need to understand what the AH “looks like” in these athletes as there are
recorded instances of SCD in female footballers and major football governing bodies such as
FIFA, UEFA, and the FA mandate that female footballers undertake PPS in an effort to preempt SCD. This requires a background of knowledge and research in both SCD and PPS. The
third section of the literature review discusses the history and development of research in
female footballers to place the growth and development of elite female football in some
social and scientific/medical context. The literature review than draws previous content
together with a focus on the AH, firstly in males, then generally in female athletes and finally
in elite female footballers. This provides the direct rationale for the focus of the empirical
data collection in the thesis. Finally, yet importantly, this chapter also discusses the potential
impact of the menstrual cycle, and cyclic variation in circulating levels of female sex-steroid
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hormones, upon cardiovascular physiology. This data, along, with all the studies of the thesis
will provide useful information to feed into and develop PPS in this athlete group.

2.1 Sudden Cardiac Death (SCD)
SCD was defined by The World Health Organization (WHO) as an unexpected cardiovascular
death within 1 hour of symptom onset, if witnessed, or within 24 hours of having been
observed alive and symptom free if unwitnessed (Church et al., 2004). According to numerous
studies (Maron et al., 2009; Holst et al., 2010), SCD is “sport related” when it occurs during,
or within 1 hour of, moderate-to high-intensity exercise.
When SCD occurs in young athletes it is nearly always a manifestation of the presence of
congenital or hereditary cardiovascular disease(s), such as cardiomyopathies or ionchannelopathies. The word ‘young’ in this context refers to an individual who is aged < 35
years. SCD events in athletes aged > 35 years are usually due to early onset coronary artery
disease (Maron et al., 1980; Maron et al., 1986; Maron, 2003). Studies indicate that 56-80%
of SCD in young athletes occurs during or after exercise with the remainder considered nonexertional (i.e. at rest or during sleep; Maron et al., 1980; Maron et al., 2014; Harmon et al.,
2015).
SCD in a young athlete (or indeed sudden cardiac arrest with recovery as seen in Christian
Eriksen at UEFA 2020 recently) is a devastating tragedy and receives much public and media
attention (Harmon et al., 2011). Fortunately, these events are very rare, but the exact
prevalence is hotly debated and likely mediated by a significant number of athlete and sportrelated characteristics. A stated prevalence of 1–3 per 100 000 athletes (Harmon et al., 2011)

8

may be too simplistic. For example, the incidence of SCD in Division 1 male basketball athletes
in USA colleges was 1 in 5200 athlete per year, with the most common findings at autopsy
being autopsy-negative sudden unexplained death in 16 (25%), and definitive evidence for
hypertrophic cardiomyopathy in 5 (8%) (Harmon et al., 2014).
Personal or sporting characteristics associated with SCD in young athletes include gender,
ethnicity, and sport-type. Numerous studies (Corrado et al., 2003; Marijon et al., 2015) have
shown up to a 30-fold increase of SCD in males compared to females (10-75 years). This
difference was consistent whether the focus was sports related SCD or non -sports related
SCD (Marijon et al., 2015). The greater prevalence of SCD in male athletes is likely a
multifactorial issue. A greater predominance of male athletes competing in elite sport,
potentially longer history and greater volume of more intensive training, greater intensity of
activity during sports, and inherent sex differences in disease substrates (structu ral and
electrophysiological) that act as a trigger for SCD are likely factors (Corrado et al., 2003). Data
from Italy suggest SCD rates in females are recognised to be 2-25 times lower than in men
(Corrado et al., 2003). This difference in SCD prevalence seems to be apparent in the specific
sport of football (Mont et al., 2016) but this does not mean that elite female footballers are
afforded complete protection against SCD (Maron et al., 2014). Despite this, a consequence
of the greater absolute numbers of male SCD and unbalanced participation data has meant
that athletes SCD risk and screening data are largely focussed on men, even though we know
from the case studies and research papers that SCD does occur in young female athletes as
well. This omission must be addressed.
Whilst high profile SCD in young athletes seem to be associated with team sports, there is no
clear connection between types of sports and SCD, as participation rates vary and it is likely
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that sporting exposure is also complicated by differences in gender and ethnicity (Mont et al.,
2016).
In the UK, available data suggests that SCD may occur in approximately 12 seemingly healthy
people aged 35 or under every week (Cardiac Risk in Young, 2015). A female athlete SCD is as
devastating as a male athlete SCD. As such, every effort to prevent these events (such as PPS)
should be applied to both male and female athletes and at the same time incorporating good
science and clinical decision making to prevent any athlete from unnecessary disqua lification
from any competition.

2.1.1 Causes of SCD
It is widely stated that 80% of non-traumatic sudden deaths in young athletes (under the age
of 35) are caused by inherited or congenital structural and functional cardiovascular
abnormalities, which provide a substrate for arrhythmias predisposing to SCD (Maron et al.,
1986). SCD in individuals with normal hearts who are healthy, free from drug or other
environmental stressors is exceptionally rare, but commotio cordis (blunt trauma to the chest
wall that results in ventricular fibrillation) has been reported in some SCD registry studies
(Sharma et al., 1997; Borjesson and Pellicia, 2009; Corrado et al., 2011). In nearly all other
circumstances, SCD is associated (or suspected) with the presence of und erlying pathology
that interacts with environmental circumstances (including the sport exposure) to produce a
cardiovascular “event”. Examples of inherited diseases include cardiomyopathies, notably
hypertrophic cardiomyopathy (HCM) and arrhymogenic right ventricular cardiomyopathy
(ARVC) (Maron, 2003; Maron et al., 1986), ion channelopathies (long and short QT syndrome,
Brugada syndrome, Wolff–Parkinson–White syndrome) and Marfan Syndrome (Sharma et al.,
10

1997; Borjesson and Pellicia, 2009; Corrado et al., 2011). A small number of SCD in young
athletes may be due to acquired CV disease such as myocarditis and early onset coronary
artery disease (which may of course have a genetic component).
In the UK, the underpinning pathology associated with SCD in various athletic populations has
been established in several small “pathology registry” studies (see Figure 2.1; Oxborough et
al., 2018; Finocchiaro et al., 2016). Finocchiaro’s review detailed hereditary heart muscle and
electrical conditions underpinning SCD but also notated some congenital conditions such as
anomalous coronary arteries.

Figure 2.1: Causes of sudden cardiac death in the athletic population in UK registry of young
athletes: sudden arrhythmic death syndrome (SADS), Hypertrophic cardiomyopath y (HCM),
Left ventricular hypertrophy (LVH), Arrhythmogenic right ventricular cardiomyopathy (ARVC)
and Dilated cardiomyopathy (DCM) (adapted from Oxborough et al., 2018)
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2.1.1.1 Hypertrophic Cardiomyopathy (HCM)
HCM is an inherited genetic disorder of sarcomeric contractile proteins characterized by
inexplicable left ventricular hypertrophy (LVH) and myofibre disarray (Wigle et al., 1995;
Maron et al., 2000; Maron, 2002). HCM is a diverse genetic disease and, therefore, presents
with a varied phenotypic expression including myocardial hypertrophy (symmetric,
asymmetrical, apical), histopathological evidence of myocyte disarray (Varnava et al., 2001),
anomalies of the intramyocardial small vessels (Maron et al., 1988), and fibrosis (Sutton et al.,
1980; Ferrans et al., 1972). It is likely that this combination of phenotypical factors in HCM
may predispose to cardiac arrhythmia during periods of stress, such as exercise, but the exact
mechanism by which sarcomere mutations lead to the above-mentioned phenotypical
appearance is still not completely understood (Keren et al., 2008). The prevalence of HCM is
commonly reported as 1 in 500 persons (0.2%) which was originally based on the CARDIA
(Coronary Artery Risk Development in Young Adults) cohort study that used standard
echocardiography in 5115 unrelated people who ranged from 23 to 35 years of age (Maron
et al., 1995). Prevalence data in different cohorts, countries and ethnicities have not been
determined. HCM has been reported as the commonest cause of SCD in young athletes
(Maron, 2002), accounting for one-third of fatal deaths (Maron 2002; Vakrou and Abraham,
2014). In contrast, however, in Veneto region of Italy, ARVC has been reported as the leading
cause of SCD, possibly because of screening programs successfully detecting HCM (Corrado
et al., 1998; Corrado et al., 2005).
Most cases of SCD attributed to HCM have been seen among athletes who were engaged in
dynamic, intermittent sports such as basketball and football (Sheppard, 2012). For example,
a well-documented case was the SCD of Mark Vivien Foe, an elite Cameroonian footballer,
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which occurred during a televised international match and was attributed to ventricular
fibrillation due to HCM.
Abnormalities on ECG are present in >90% of patients with HCM, although no specific ECG
pattern is pathognomonic. Due to the diverse presentation of the disease, the detection of
increased LV wall thickness, which is unexplained by loading conditions, should prompt a
systematic search for its underlying cause. In many patients, this work-up should include
specialized laboratory testing and, in some circumstances, genetic analysis.

2.1.1.2 Arrhythmogenic Right Ventricular Cardiomyopathy (ARVC)
ARVC is a genetic disease that affects desmosome function within the cardiomyocyte
characterised by fibro-fatty replacement of myocardial tissue that can lead to ventricular
arrhythmias (Basso et al., 1996). It is believed that fibro-fatty replacement disrupts normal
electrical conduction, more commonly in the right ventricle, causing epsilon waves, right
bundle branch block (RBBB), late potentials, and re-entrant ventricular arrhythmias which
may predispose to fatal cardiac arrhythmias (Corrado et al., 1997; Basso and Thiene, 2005).
Previous studies (Basso et al., 1996; Nava et al., 2000; Basso et al., 2009; Bauce et al., 2011)
have determined that despite having a genetic base for the disease, there is no notable
phenotypic expression at birth and ARVC is often diagnosed after maturation when the clinical
signs are apparent. Cardiac arrest is often the first presenting manifestation (as with HCM).
Sports participation has been shown to increase the risk of SCD by 5-fold in people with ARVC,
since acute volume overload and stretching of the RV (Thiene et al., 2007) and sympathetic
stimulation during exercise are major triggers of life-threatening arrhythmias (Corrado et al.,
2003; Basso et al., 2007). In a 20-year prospective study of young people in the Veneto region
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of Italy, ARVC presented in 22% of SCD cases in athletes and in 10% of SCD cases in nonathletes (Corrado et al., 2003).
The prevalence of ARVC is very difficult to determine because of the absence of symptoms in
most cases and the late phenotypical presentation. This complexity has also meant there is
no single gold standard test for ARVC. The current diagnosis of ARVC is based on the presence
of major and minor characteristics set out in a report from a Task Force Criteria (TFC; Marcus
et al., 2010). The TFC is a multivariate model that assesses data from ECG, echocardiography,
cardiac MRI, and tissue characterisation. Based on TFC, it is required that 2 major criteria or
1 major criterion and 2 minor criteria or 4 minor criteria from different categories in order to
give a definitive ARVC diagnosis (see Table 2.1).
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Table 2.1: Modified Task Force Criteria 2010 (adapted from Marcus et al., 2010)
I. Global or regional dysfunction and structural alterations
Major
Original task force criteria



Minor


Severe dilatation and reduction of RV ejection fraction with no
(or only mild) LV impairment




reduction with normal LV

Localized RV aneurysms (akinetic or dyskinetic areas with



Mild segmental dilatation of the RV

diastolic bulging)



Regional RV hypokinesia

Severe segmental dilatation of the RV

By 2D echo:

By RV angiography:

• Regional RV akinesia, dyskinesia, or aneurysm

• Regional RV akinesia, dyskinesia, or aneurysm

• and 1 of the following (end diastole):

By 2D echo:

• — PLAX RVOT ≥32 mm (corrected for body size [PLAX/BSA] ≥19



mm/m2)

 and 1 of the following (end diastole):

• — PSAX RVOT ≥36 mm (corrected for body size [PSAX/BSA] ≥21
mm/m2)

Regional RV akinesia or dyskinesia



— PLAX RVOT ≥29 to <32 mm (corrected for body
size [PLAX/BSA] ≥16 to <19 mm/m2)

• — or fractional area change ≤33%



— PSAX RVOT ≥32 to <36 mm (corrected for body
size [PSAX/BSA] ≥18 to <21 mm/m 2)

By MRI:
Revised task force criteria

Mild global RV dilatation and/or ejection fraction

• Regional RV akinesia or dyskinesia or dyssynchronous RV contraction



— or fractional area change >33% to ≤40%

By MRI:

• and 1 of the following:
• — Ratio of RV end-diastolic volume to BSA ≥110 mL/m2 (male) or

•Regional RV akinesia or dyskinesia or dyssynchronous RV
contraction

≥100 mL/m2 (female)

15

• — or RV ejection fraction ≤40%

•and 1 of the following:
•—Ratio of RV end-diastolic volume to BSA ≥100 to <110
mL/m2 (male) or ≥90 to <100 mL/m2 (female)
•

— or RV ejection fraction >40% to ≤45%

2. Tissue characterization of wall
Major
Original task force criteria

Revised task force criteria

Minor

Fibrofatty replacement of myocardium on endomyocardial biopsy
• Residual myocytes <60% by morphometric analysis (or <50% if

• Residual myocytes 60% to 75% by morphometric analysis (or

estimated), with fibrous replacement of the RV free wall myocardium in

50% to 65% if estimated), with fibrous replacement of the RV

≥1 sample, with or without fatty replacement of tissue on

free wall myocardium in ≥1 sample, with or without fatty

endomyocardial biopsy

replacement of tissue on endomyocardial biopsy
3. Repolarization abnormalities
Inverted T waves in right precordial leads (V2 and V3) (people age

Original task force criteria

>12 years, in absence of right bundle-branch block)
Inverted T waves in right precordial leads (V 1, V2, and V3) or beyond in

 Inverted T waves in leads V1 and V2 in individuals >14 years of

individuals >14 years of age (in the absence of complete right bundle-

age (in the absence of complete right bundle-branch block) or

branch block QRS ≥120 ms)

in V4, V5, or V6

Revised task force criteria

 Inverted T waves in leads V1, V2, V3, and V4 in individuals >14
years of age in the presence of complete right bundle-branch
block
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4. Depolarization/conduction abnormalities Major
Major

Original task force criteria

Minor

Epsilon waves or localized prolongation (>110 ms) of the QRS complex in

Late potentials (SAECG)

right precordial leads (V 1 to V3)
Epsilon wave (reproducible low-amplitude signals between end of QRS

 Late potentials by SAECG in ≥1 of 3 parameters in the absence

complex to onset of the T wave) in the right precordial leads (V 1 to V3)

of a QRS duration of ≥110 ms on the standard ECG
 Filtered QRS duration (fQRS) ≥114 ms
 Duration of terminal QRS <40 µV (low-amplitude signal
duration) ≥38 ms

Revised task force criteria

 Root-mean-square voltage of terminal 40 ms ≤20 µV
 Terminal activation duration of QRS ≥55 ms measured from the
nadir of the S wave to the end of the QRS, including R′, in V1,
V2, or V3, in the absence of complete right bundle-branch block.

5.Arrhythmias
Major

Minor
•

Left

bundle-branch block-type ventricular tachycardia

(sustained and no sustained) (ECG, Holter, exercise)

Original task force criteria
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• Frequent ventricular extrasystoles (>1000 per 24 hours) (Holter)

Revised task force criteria

Non-sustained or sustained ventricular tachycardia of left bundle-branch

Non-sustained or sustained ventricular tachycardia of RV outflow

morphology with superior axis (negative or indeterminate QRS in leads II,

configuration, left bundle-branch block morphology with inferior

III, and aVF and positive in lead aVL)

axis (positive QRS in leads II, III, and aVF and negative in lead aVL)
or of unknown axis
• > 500 ventricular extrasystoles per 24 hours (Holter)

PLAX indicates parasternal long-axis view; RVOT, RV outflow tract; BSA, body surface area; PSAX, parasternal short-axis view; aVF, augmented
voltage unipolar left foot lead; and aVL, augmented voltage unipolar left arm
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2.1.1.3 Long QT syndrome
Long-QT syndrome (LQTS) is a genetically mediated condition that potentially predisposes to
ventricular arrhythmias and has been associated with SCD without structural heart disease.
The incidence of cases of SCD due to LQTS in young athletes is estimated to be from 0.5% to
8% (Puranik et al., 2005; Corrado et al., 2006). The prevalence of LQTS itself, has been
estimated to be 1 in 2500 (Moss et al. 1991; Schwartz 1997) and is characterized by delayed
repolarization of the myocardium and QT internal prolongation on the ECG (see Figure 2.2).
LQTS was recognized, alongside the discovery of various attributable genetic mutations, in
the early 1990s (Wang et al., 1996; Wang et al., 1995). Since this breakthrough, mutations in
3 genes (KCNQ1, KCNQ2 and SCN5A) comprise the majority of LQTS cases (80-90%) (Schwartz
et al. 1975; Schwartz 1985; Napolitano et al., 2012).
The gene mutations in LQTS prolong the QT interval (>440 ms in men and >460 ms in women)
possibly due to an excess of late inward sodium current or a reduced outward potassium
current (Moss et al. 1991; Schwartz 1997; Roden 2008). Despite this data, there has been on going discussion as to what absolute level of QT interval duration constitutes the upper limit
of normal in healthy adults as well as elite sportspeople. In general, a heart rate corrected
(Bazet; QTc) of >470 ms in males and >480 ms in females requires further investigation
(Sharma et al., 2017). A patient with a resting QTc of >500 ms is generally considered at
increased clinical risk for a significant arrhythmia (Pellicia et al., 2005).
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Figure 2.2: A. Normal and prolonged QT interval B. Prolonged QT on sample ECG.

2.1.1.4 Brugada syndrome
Brugada syndrome is characterised by right bundle branch block (RBBB), primarily in leads V1
through V3, with ST-segment elevation (Brugada and Brugada 1992; see Figure 2.3). Brugada
syndrome can lead to ventricular fibrillation (VF) and SCD, typically occurring with mild activity
or during sleep (Brugada and Brugada 1992; Brugada et al., 2003). Although the disease is
recognized worldwide, the prevalence of events seems much higher during sleeping time in
some areas, especially in Southeast Asia (Baron et al., 1983; Tungsanga and Sriboonlue, 1993;
Nademanee et al., 1997). This ECG phenomenon was identified in the majority of sudden and
unexpected death syndrome (SUDS) of patients in Thailand, with 17 out of 27 victims of either
aborted sudden death or syncope having a dynamic pattern of ST segment elevation in
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precordial leads V1to V3. Brugada syndrome in these cases was often accompanied by
apparent conduction block in the right ventricle (Nademanee et al., 1997) and all were in
young men with a strong family history of unexpected and unexplained death.
The diagnosis of patients with Brugada syndrome is complex and still being debated. Brugada
and Brugada (1992) reported that the clinical presentation of Brugada syndrome is
distinguished by a male predominance (8:1 ratio of male: female) and the appearance of
arrhythmic events at an average age of 40 years (range: 1 to 77 years) (Brugada and Brugada
1992; Priori et al., 2000).

Figure 2.3: Brugada type 1 ECG (left) should be distinguished from early repolarisation with
‘convex’ ST segment elevation in a trained athlete (right). Vertical lines mark the J-point (STJ)
and the point 80 ms after the J-point (ST80), where the amplitudes of the ST segment
elevation are calculated. The ‘downsloping’ ST segment elevation in Brugada pattern is
characterised by a STJ/ST80 ratio >1. Early repolarisation patterns in an athlete show an initial
‘upsloping’ ST segment elevation with STJ/ST80 ratio <1.
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The prevalence of Brugada Syndrome remains to be fully determined. The frequency of
incidents has ranged from 5 to 66 per 10 000 and a few candidate genes have been considered
as plausible. So far, the syndrome has been linked to mutations in SCN5A, the gene encoding
for the α and β subunits of the calcium channel (Brugada et al., 2003; Antzelevitch et al., 2007)
and the gene that encodes glycerol-3-phosphate dehydrogenase 1-like enzyme (GPD1L)
(London et al., 2007). Although a clear relation between exercise and SCD in Brugada
Syndrome patients has not been fully recognized, the restriction of athletes from participation
in sports with low static and dynamic intensity seems advisable (Zipes et al., 2005).

2.1.1.5 Wolf-Parkinson-White syndrome
Wolff–Parkinson–White syndrome (WPW) syndrome is a pre-excitation electrical disorder of
the cardiac conduction system, where an abnormality of supplementary electrical pathways
can lead to re-entrant supraventricular tachyarrhythmias, which may trigger VF (Sharma et
al., 1997; Basilico 1999; see Figure 2.4). WPW syndrome can be inherited (Timmermans et al.,
1995). Normally the atria and ventricle are isolated chambers with electrical conductance only
linked through a single passage, via the AV node. A pre-excitation pattern is caused by an
additional electrical connection (accessory pathway) between the atria and ventricles that
predisposes to arrhythmia (Rao et al., 2013). This anomaly presents itself on the ECG as a
shortened PR interval (<120 ms) (Surawicz et al., 2009) and a delta wave overlapping the initial
portion of the QRS complex (Drezner et al., 2013). The prevalence of pre-excitation in athletes
is estimated to be 0.1–0.3%, parallel to that of the general population (Timmermans et al.,
1995). It is estimated that WPW occurs in approximately 1:1000 of the athletic population
(Pelliccia et al., 2007), and has been shown to account for 1% of SCD (Maron et al., 2009)
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Figure 2.4: ECG demonstrating the classic findings of Wolf-Parkinson-White pattern with a
short PR interval (<120 ms), delta wave (slurred QRS upstroke) and prolonged QRS (>120 ms).
(Sharma et al., 2017)

As is obvious from the above example, the development of electrocardiogram (ECG) criteria
(Sharma et al., 2017) in PPS, has contributed to a detailed understanding of cardiac electrical
activity in highly trained athletes with a focus of reducing the false positive rates without
compromising the sensitivity (Hyde et al., 2019).
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2.2 Pre-participation screening (PPS)
2.2.1 History
The fact that SCD occurs at all in athletes, and that the diseases associated with a SCD risk can
be identified and to some extent treated (or at least the risk reduced), underlines th e role and
potential importance of a systematic (PPS) scheme (Bohm et al., 2013). The American College
of Cardiology (ACC), the American Heart Association (AHA) and the European Society of
Cardiology (ESC) recommend screening for occult cardiovascular disease before athletic
participation, but their screening protocols are not entirely aligned (Baggish and Thompson
2009). Since 1996, the proposal by AHA is a PPS that includes a focused personal history
(assessed by means of a health questionnaire particularly concerned with cardiac symptoms
and family history of cardiac disease) and a clinical examination (Maron et al., 2007). The AHA
approach does not advocate the inclusion of a resting 12-lead ECG, reflecting that the cost
effectiveness and high false-positive rate are the primary reasons for this viewpoint
(Myerburg and Vetter, 2007).
Contrary to what happens in the USA and other countries, cardiac PPS in Italy has been
mandatory for every athlete since 1982 (Pelliccia and Maron, 1995). It consists of a medical
history, physical examination, spirometry, urine analysis plus basal and post-step test 12-lead
ECG (Italian Ministry of Health, 1982). The addition of the ECG to the PPS protocol has
increased both the sensitivity and specificity of the screening process (Corrado et al., 2004).
It helps the identification of cardiomyopathies (identified as key pathologies responsible for
an increased risk of SCD in young athletes in Section 2.1), in that 95% of individuals with HCM,
and 80% of individuals with ARVC present with electrocardiographic abnormalities (Marcus,
2002; Maron 2002). A 12-lead ECG is also a powerful tool to identify ionchannelopathies
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although the diagnosis can be challenging. Despite this background knowledge, there remains
an on-going debate about if, and how, to perform PPS as screening does not pick up all
hereditary and congenital CV diseases with 100% sensitivity and specificity. What remains is
a mixed picture of PPS that ranges from legally mandated requirements in Italy (Corrado et
al., 2006; Pelliccia et al., 2000), through limited technical approaches in the USA (Maron et
al., 2007) to the UK where no state sponsored PPS exist and other organizations like Cardiac
Risk in the Young fill the void and provide charity supported PPS (establishing a cardiac
screening program for young individuals in 1997; Cardiac Risk in the Young, 2015). Layered
on top of this national/international sports governing bodies, including IOC, FIFA, UEFA, and
the FA, have mandated the application of athlete pre-participation screening (PPS) with
electrocardiography (ECG) and echocardiography prior to national and international
competitions (Kramer et al., 2015).

2.2.2 Efficacy
Accurate and evidence-based evaluation of a 12-lead ECG in any given athlete, and
appropriate subsequent action, has the potential to increase efficacy, accuracy, and cost effectiveness of PPS (Corrado et al., 2008; Corrado and Mckenna, 2007; Drezner, 2008;
Myerburg and Vetter, 2007; Papadakis et al., 2008). According to McGrew (2003), the purpose
of PPS is to provide medical clearance for participation in sport through routine systematic
evaluations intended to identify pre-existing cardiovascular pathology or abnormality and
thereby reduce the potential for adverse events and loss of life. It is clear from both caseseries and case study data that the identification of cardiac disorders in an athlete can prevent
SCD (Basavarajaiah et al., 2007), although there is still continuing debate on this issue as
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running a randomized control trial is virtually impossible for practical and ethical reasons
(George et al., 2012).
The efficacy of ECG as a diagnostic tool during PPS has been supported in one of the largest
and most significant retrospective studies to date (Corrado et al., 2006). This study in Italy,
where PPS is legally mandated, demonstrated that the annual incidence of SCD in young (1235 years) competitive athletes decreased by 89% in Veneto region of Italy from 1979 to 2004
after the introduction of PPS. Specifically, SCD prevalence was 3.6 per 100000 athletes per
year during the pre-PPS period (before 1979). Once PPS, with ECG, was started there was a
slow decline in SCD prevalence year-on-year to a low of 0.4 per 100000 athletes per year in
2004. Over the same period the incidence of SCD among the unscreened non-athletic
population did not change significantly at around 1.0 per 100000 per year (see Figure 2.5)

Figure 2.5: Annual Incidence Rates of Sudden Cardiovascular Death in Screened Competitive
Athletes and Unscreened Non-athletes Aged 12 to 35 Years in the Veneto Region of Italy
(1979-2004) (adopted from Corrado et al., 2006).
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Corrado et al., (1998; 2006) confirmed the efficacy of ECG in their PPS for identifying cases of
HCM and postulated this helped reduce the prevalence of SCD. This also saw HCM replaced
by ARVC as the most common cause of SCD in young athletes. During the Italian study 879
athletes (2.0%) were disqualified from competition due to cardiovascular causes; 455 (1.04%)
in the early screening period and 424 (0.96%) in the late screening period. The proportion of
athletes who were disqualified for cardiomyopathies increased from 20 (4.4%) of 455 in the
early screening period to 40 (9.4%) of 424 in the late screening period (p = 0.005).
Interestingly, no deaths occurred during long-term follow-up among athletes with HCM who
were disqualified from competitive sports, suggesting that screening may have prevented
significant SCD related loss of life (Wasfy et al., 2016). The strength and impact of the Italian
data led to the International Olympic Committee (IOC) recommending that ECG be included
in the PPS of Olympic athletes in 2004 (Lausanne Recommendations, 2004). The US Olympic
Committee continue to follow the 1996/2007 AHA PPS recommendations (Maron et al., 1996;
Maron et al., 2007) which does not include routine ECG screening.
Other studies provide both supporting and contrasting data to the Italian model. A range of
studies that have screened athletes from various sporting disciplines have confirmed the
efficacy of resting 12-lead ECG in addition to personal/family history and physical examination
in identifying disease and SCD risk. Specifically, this was the case within a cohort elite junior
athletes and physically active schoolchildren (Wilson et al., 2007). This study demonstrated
that 12-lead ECG was essential when screening for diseases that have potential to cause SCD,
as the personal symptoms/family history data alone were inadequate in disease
identification.
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In 1997, a mandatory PPS program was implemented in Israel (Israel Sport Law 5748-1988
and The Sport Medical Tests Regulations 5757-1997). The obligatory screening, mandated PPS
for all athletes, that included a medical questionnaire, physical examination, resting ECG and
Bruce-protocol exercise testing on a yearly basis (Israel Ministry of Health Athlete PreParticipation Medical Screening Guidelines: Ministry of Health website). Only certified
physicians who had participated in a specialized accreditation course could perform this
screening. A retrospective observational study of SCD from 1985 to 2009, determined if ECG
mandated in the PPS resulted in fewer SCD. Mandatory ECG screening of athletes had no
apparent effect on the risk for cardiac arrest (Steinvil et al., 2011). However, it is fair to suggest
that certain methodological limitations could hinder the apparent strength of their
conclusions; for example, the number of SCD was derived only from 2 Israel newspaper
articles and not from a national (prospective) registry. Primarily, both the number of cardiac
events and the population of competitive athletes at risk were only roughly estimated.
In 1996, the AHA recommended a 12-element preparticipation screening history and physical
exam for high school athletes (Maron et al., 1996). An update in 2007 recommended no
substantive changes but raised concerns regarding adding an ECG to the screening process,
and did not recommend its use (Maron et al., 2007). The AHA continues to support a less
specific method of screening and could ultimately endanger athletes at risk of SCD (Wilson et
al., 2008). It is interesting to note that many professional sports in the USA do indeed use an
ECG in PPS. In summary, no study monitoring SCD has shown that PPS via personal symptom
and family history questionnaire and physical examination alone can detect the majority of
athletes at risk of SCD (Drezner and Khan, 2008).
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2.2.3 Current guidelines and Consensus
After consideration of the available evidence around the globe, in 2004 and 2005, the IOC
Medical Commission and ESC, respectively, recommended a screening program for young
athletes based on the 12-lead ECG in addition to the physical exam (Corrado et al., 2005; Bille
et al., 2006).

2.2.3.1 ECG Criteria
Despite the adoption of ECG in PPS in some places, there has been widespread concern about
the false positive rates, largely because of the broad spectrum of physiological ECG
adaptations to exercise training that mirror those observed in cardiovascular pathologies. To
provide clear professional guidelines for ECG interpretation in athletes, the 2010 European
Society of Cardiology (ESC) recommendations for “ECG interpretation in Athletes” (see Table
2.2) attempted to facilitate the differentiation between physiological ECG patterns (likely
training-related; Group 1) and those indicative of cardiac disease (likely non-training related;
Group 2) (Corrado et al., 2010). This sought to make differential diagnosis much simpler and
systematic.
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Table 2.2: ECG Criteria in Athletes
Group 1: Common training-related ECG

Group 2: Uncommon likely not training-

changes

related ECG changes

Sinus bradycardia

T-wave inversion

First-degree Av block

ST-segment depression

Incomplete RBBB

Pathological Q-waves

Early repolarization

Left atrial enlargement

Isolated QRS voltage criteria for left ventricular Left-axis deviation/left anterior hemiblock
hypertrophy
Right-axis deviation/left posterior hemiblock
Right ventricular hypertrophy
Ventricular pre-excitation
Complete LBBB or RBBB
Long or short-QT interval
Brugada-like early repolarization
European Society of Cardiology recommendations (Corrado et al; 2010)
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Although the IOC (Ljungqvist et al., 2009) endorsed the ESC ECG criteria in their PPS program,
high false positive rates continued to be reported with a worry over subsequent costs (and
psychological stress) generated by additional investigations to confirm or refute cardiac
disease (Corrado et al., 2011; Papadakis and Sharma, 2009). The 2010 ESC recommendations
for ECG interpretation in athletes have been associated with a false positive rate ranging from
9% to 22% (Corrado et al., 2006; Corrado et al., 2010; Brosnan et al., 2013; Sheikh et al., 2014)
and as a consequence athlete PPS ECG criterion have continued to be revisited and updated.
The Seattle criteria were the result of consensus reached among a group of experts in
cardiology and sports medicine who gathered for the first time in February 2015 in Seattle
USA (see Table 2.3). The Seattle Criteria significantly improved the specificity of ECG screening
criteria by having fewer abnormal variants than ESC criteria, including benign repolarization
anomalies associated with black ethnicity and giving less conservative limits for an abnormal
QT interval (Drezner et al., 2013; Sheikh et al., 2014). Despite these alterations there was no
change in sensitivity of the criteria (Wilson et al., 2008).

Table 2.3: Seattle Criteria for Abnormal ECG findings in athletes that would suggest further
investigation.

Abnormal Finding
T wave inversion >1 mm in 2 or more leads
ST-segment depression
Complete Left bundle brunch block (LBBB)
Intraventricular conduction delay at any QRS >140 ms
Left axis deviation -30 to -90
Left atrial enlargement
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Right ventricular hypertrophy pattern
Right atrial enlargement
Ventricular pre-excitation
Long QT interval QTc >470 ms (male)/ QTc > 480 ms (female) QTc
Short QT interval QTc <320 ms
Brugada-like ECG pattern
Atrial tachyarrhythmias
Premature ventricular contractions
Ventricular arrhythmias
WA – “white” athletes; BA – “black” athletes (Drezner et al., 2013)

Sheikh et al. (2014) published a new ‘Refined Criteria’ for ECG interpretation, based upon
their experience of screening 4297 white and 1208 black elite athletes, and 103 athletes
diagnosed with HCM using both the ESC recommendations and the Seattle Criteria. The
findings of this study demonstrated that the “Refined Criteria” had a lower false-positive rate
in both white and black athletes (6.1% and 15.8%) as compared to the ESC criteria (26.5% and
59.9%) and Seattle criteria (7.9% and 20.7%) (Sheikh et al., 2014). The Refined criteria are
described in Figure 2.6. Borderline findings (yellow) do not constitute findings that require
further follow-up if found in isolation and include 1) left atrial enlargement (LAE), 2) right
atrial enlargement (RAE), 3) left axis deviation (LAD), 4) right axis deviation (RAD) and 5)
Sokolow-Lyon voltage criteria for right ventricular hypertrophy (RVH) (Sheikh et al., 2014). In
line with the Seattle Criteria, a corrected (Bazett‟s formula) QT interval (QTc) ≥470 ms in
males and ≥480 ms in females, and T-wave inversion preceded by convex ST-segment
elevation in leads V1-V4 in asymptomatic Black athletes do not require further investigation.
Riding et al., (2014) compared the 3 ECG criteria in a large cohort (2491) of male Arabic, Black
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and Caucasian athletes undergoing PPS. Application of the ESC, Seattle and Refined criteria
led to abnormal ECG rates of 22.3%, 11.6% and 5.3%, respectively, all with 100% sensitivity
for the pathological conditions detected when undertaking PPS. Both Riding et al., (2014) and
Sheikh et al., (2014) demonstrated a lower false positive rate with the Refined Criteria
compared to ESC and Seattle without losing diagnostic specificity.

Figure 2.6: The “Refined” ECG Criteria for athlete PPS (Sheikh et al., 2014).

International Consensus Standards for Electrocardiographic Interpretation in Athletes AVatrioventricular block; LBBB - left bundle branch block; LVH - left ventricular hypertrophy;
RBBB - right bundle branch block; PVC - premature ventricular contraction.

In 2017, the International Criteria adopted the “Refined Criteria” and was released by the
same expert panel used for the Seattle Criteria with a goal to further improve accuracy based
on new and emerging research (Drezner et al., 2017; Sharma et al., 2017) and to surpass
preceding guidelines as the current standard for ECG interpretation in athletes. In developing
this progressive improvement in ECG criteria, the ECG of athletes of different ethnicity,
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gender and intensity of sports participation have been of great value (Drezner et al., 2017).
This contemporary revision of ECG criteria has enhanced specificity without compromising
sensitivity for the ECG to detect pathological conditions associated with SCD (Zorzi et al.,
2018; Hyde et al., 2019). The updated criteria (see Figure 2.7) further define and provides a
clear link between specific ECG abnormalities and the recommended next steps for secondary
testing (Hyde et al., 2019). In a cohort study (Malhotra et al., 2020) of 11168 adolescent soccer
players from the UK, the total number of athletes with an abnormal ECG was reduced 57% by
moving from the Seattle Criteria (4.3%) to the International Criteria (1.8%). The International
Criteria for ECG interpretation improved specificity and significantly reduced the total falsepositive ECG rates compared to the Seattle Criteria without compromising sensitivity (Hyde
et al., 2019).

Figure 2.7: International guidelines for electrocardiographic interpretation in athletes
(Sharma et al., 2017).

International Consensus Standards for Electrocardiographic Interpretation in Athletes AVatrioventricular block; LBBB - left bundle branch block; LVH - left ventricular hypertrophy;
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RBBB - right bundle branch block; RVH - right ventricular hypertrophy; PVC - premature
ventricular contraction; SCD - sudden cardiac death.

2.2.3.2 Sex-based differences in PPS
Sex-based differences in the electrical activity of the heart have been noted for nearly 100
years, for example, women tend to have longer QT intervals than men (Bazett, 1920). In large
heterogenous male and female non-athletic populations (with no overt cardiovascular
disease) Mason et al., (2007) (n=80,000) and Ramirez et al., (2011) (n=30,000),found no
significant differences were observed in heart rate, QRS-axis, QRS duration, QTc interval and
PR interval between men and women. Mandic et al., (2009) assessed the effect of sex on the
ECG of 658 college athletes (54% male athletes) and noted a larger QRS duration, PR interval,
Q wave duration and J point amplitude in male athletes, while female athletes had higher QTc
intervals. Although women have a, potentially proarrhythmic, longer QTc than men, women
are less likely than men to suffer SCD in their reproductive years (Kannel et a., 1998). Wasfy
et al., (2015), in a small cohort of 330 competitive rowers (56% male), observed that the ECG
in male athletes had more frequent early repolarisation patterns and more isolated QRS
voltage criteria for LVH compared to female athletes. They also noted a similar prevalence of
sinus bradycardia and incomplete RBBB pattern, which has implications for PPS. A recent
study by Bessem et al., (2017) in 1436 athletes (72% were male) noted that male athletes had
significantly more sinus bradycardia, longer QRS duration, and more isolated QRS voltage
criteria for LVH, whereas female athletes had a significantly higher resting heart rate. Corici
et al., (2018) added that sinus arrhythmia was more common in female athletes.
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Although there have been studies that have described the ECG in elite male footballers
(Somauroo et al., 2001; Malhotra et al., 2018), there are very few data available that describes
the ECG of elite female footballers, even though elite female footballers must undergo PPS.
Recent data from Churchill et al., (2020) reported that normal training-related ECG changes
are highly prevalent in USA male football players but are less common among female athletes.
This study noted that female footballers had a shorter PR intervals (154[149-159] ms)
compared with male footballer’s PR intervals (166[162-171] ms; P<0.01), but longer corrected
QT intervals (415[411-419] ms) vs (403[399-407] ms; P<0.01). The limited dataset presented
in female footballers drives the rationale for the study of the ECG phenotype in elite female
footballers and the impact of different criteria for ECG interpretation in athlete screening.
Understanding the normal limits of the ECG in elite female footballers is vital since FIFA/UEFA
have mandated screening in elite female footballers using the ESC model (screening health
questionnaire, a 12-lead ECG, and an echocardiogram). Ultimately, the results will facilitate
cardiologists in the interpretation of ECG in female footballers. How this data impacts upon
PPS in female footballers and whether it leads to an increase in specificity and a reduced false
positive rate requires further investigation.

A final point regarding PPS is the varied use of cardiac imaging to directly estimate structure
and function of the heart. This is relevant to the study of the AH and to rationale for the
descriptive study of cardiac structure and function in Chapter 5 of this thesis. Different
countries, often within Europe, apply different regulations regarding the methods of PPS.
There are several sporting organisations that advocate echocardiography as a primary
investigation (Corrado et al., 2011; Mont et al., 2016). Specific sporting/screening

36

organisation will decide whether athletes require a routine transthoracic echocardiogram
(TTE) as a first line investigation within the standard screening protocol (Mont et al., 2016;
Oxborough et al., 2018). The utilisation of the echocardiogram within PPS is challenged,
predominantly because of the increased cost and the need for qualified personnel to conduct
the test. Nevertheless, FIFA is one of the sporting bodies, which mandates all players
competing in one of their affiliated competitions to undergo screening with an
echocardiogram (Dvorak et al., 2009). This, obviously, includes female footballers. The
reasoning for this was to target their pre-competition medical assessment (PCMA) to be all
encompassing, achieving maximal probability to detect SCD risk factors. Citing a low pre-test
probability of exercise induced myocardial ischemia, FIFA also advocated the use of ECG
exercise testing, via bicycle ergometer; to establish a truly comprehensive screening process.
Regardless of this approach, a zero risk at PPS is likely unattainable. Indeed, following the
initial application of these tests at the 2006 FIFA World Cup, the use of the ECG exercise test
was questioned and subsequently removed from the screening protocol of the authors
(Thünenkötter et al., 2009). Echocardiography does remain as a mandatory inclusion in FIFA
PCMA screening.

2.3 Female Football
2.3.1 History and Development
Female participation in Olympic Games sport has increased over time, and women now
participate in almost equal numbers as men, including team sports like football (International
Olympic Committee, 2016). The first recorded UK women's football match took place in
Scotland at the end of nineteenth century, and in 1894, the British Ladies Football league was
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founded (Williams and Woodhouse, 1991). Female football then became popular 20 years
later during World War I, when games were organised by factory workers in England to raise
money for charity (Williamson, 1991). Historically, however, the movement of women and
girls into this traditionally male-dominated sport has been challenging, and discourses
surrounding the sport, particularly in the UK, are powerful in reproducing a male-preserve
(Mangan, 1987; Williamson, 1991; Brus and Trangbaek, 2004).
In 2003, football surpassed netball as the most popular female team sport in the UK for girls
with recent estimations suggesting that 1.6 million play regularly (Randhawa, 2003). Today,
female football is one of the fastest growing team sports globally, with 30 million participants
(FIFA, 2014). The number of participants in FIFA Women’s World Cup qualifiers has almost
tripled from 45 teams in 1991 to 128 in 2015, while the number of qualification matches has
risen from 110 to 398 (FIFA, 2013). With the support of its members, FIFA aspired to see the
number of female players increase to 45 million by 2019, when France hosted the eighth
edition of the FIFA Women’s World Cup. Although the popularity of female football is
increasing (Olson, 2008) there still exists a large gap in the volume of medical and
physiological research supporting female football players (Milanović et al., 2017). Because of
the limited research in female football, the female player, and their needs, remains less well
understood than the male counterpart.

2.3.2 Physiological profile of the female footballer
The general physical characteristics of female football players have been described in a small
number of studies over the past 20-30 years as the popularity of the sport has grown (Tumilty
and Darby 1992; Davis and Brewer 1993; Tamer et al., 1997; Todd et al., 2002; Stølen et al.,
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2005). This remains at a fraction of the level of research into male footballers. Studies of
female footballers have demonstrated that average maximal oxygen uptake (VO 2max: 47-58
mL.min-1.kg-1), vertical jump performance (31-44 cm) and 20-m sprint time (3.00-3.31 s) vary
among players due to position of play and level of competition (Tumilty and Darby, 1992;
Siegler et al., 2003; Polman et al., 2004; Krustrup et al., 2005; Stølen et al., 2005; Mohr et al.,
2008).

Matković et al., (2003) advocated that care is required when making direct

comparisons between male and female players, as males tend to have a higher ratio of lean
body mass to body fat than female players. Present research considering morphological
characteristics of female football players (Can et al., 2004; Ingebrigtsen et al., 2011; Milanovic
et al., 2012) concluded that elite female football players were of average height (160 to 169
cm) and weight (52 to 65 kg), which did not differ from the unselected population of healthy
women.
Data on physiological and performance parameters associated with game play is growing but
in some cases contradictory. Mean heart rate (HR), blood lactate levels and distance covered
during game play in elite female players are like those described in males (Reilly and Thomas
1979; Bangsbo et al., 1991; Reilly et al., 1990). Other research has suggested that competitive
female matches were categorised by less distance covered (nearly 33% less), although at
higher intensity levels (maximum speeds greater than 15 km/h) than typically found in the
male game (Krustrup et al., 2005). Some studies (Andersson et al., 2010; Krustrup et al., 2005;
Mohr et al., 2008) have reported that female football players typically cover 9000-11000 m
during a match. Gabbett and Mulvey (2008) suggested that the level of competition
influences this value in female matches and suggested that the training exposure in elite
women’s football is similar to that in men’s football.
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2.4 The female athletes’ heart
As well as performance and skeletal muscle adaptation to training in elite footballers there
are well-recognised electrical, morphological, and functional changes in the heart, referred to
as the AH (George et al., 2011; George et al., 2012). Work related to the cardiovascular
consequences of female football training and game play (independently or in comparison to
men) is limited but if the sport/work exposure of the male and female players is similar, you
may expect a comparable qualitative and quantitative cardiovascular adaptation to training
in male and female footballers. This would suggest that a female AH should be observed as
frequently in elite female footballers compared to male footballers. Understanding the
physiological adaptation of the AH has become an important part of monitoring player health
and is required to support PPS in females as well as males (George et al., 2011).
There remains a need to describe in detail the AH in elite female athletes, and footballers
specifically, that will allow differentiation from pathological adaptation that can predispose
to SCD events (Finocchiaro and Sharma, 2016). A recent meta-analysis has pointed to a limited
evidence base regarding the female AH in a broad range of sports, including football (Utomi,
et al., 2013). The FA report in 2004 stated that 2.6 million women aged 16 and over play
football in England. This means the imperative to develop this scientific information is clear.
It also means that the absolute number of SCD cases related to football participation is
expected to be higher as compared to less popular sporting disciplines (Corrado et al., 2003;
Shurlock, 2009) as despite a lower prevalence of SCD in females they are not immune from
such events (Corrado et al., 2003). Consequently, understanding the upper normal limits of
the female AH in elite footballers is important to aid PPS and the differential diagnosis of
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physiological or pathological adaptation. It is pertinent to describe the cardiovascular
phenotype associated with the AH in elite athletes, including female footballers.
Although research over the last 50 years has extensively described the phenotype (electrical
conduction, structure and function) of the male AH, limited data is available for the female
AH (Pelliccia et al., 1995).

Some female athletes have been included in largely male

populations, but data has rarely been sex disaggregated (Fagard, 2003). Here, we will
document the available evidence in relation to the female AH that can be broken down into
an electrical (ECG) focus or a structural/functional (largely echocardiography) focus before a
specific focus on the AH in elite female footballers.

2.4.1 The Electrical (ECG) Phenotype in the Female AH
As discussed to some extent in the previous PPS sub-section, ECG modifications in athletes
due to long-term physical trainings are common and are considered as a fundamental
component of the AH (Sharma et al., 2002; Fagard, 2003; Barbier et al., 2006; Maron and
Pelliccia, 2006). In general, long term high-intensity endurance exercise is associated with ECG
alterations including resting bradycardia, repolarisation changes and increased voltages
suggestive of left ventricular hypertrophy (LVH) (Pluim et al., 2000; Pelliccia et al., 2002;
Whyte et al., 2004; Pelliccia et al., 2008).
Latest research from the USA (Churchill et al., 2020), detailed normal training–related and
some limited abnormal ECG data in male and female footballers, using the International
Recommendation (Sharma et al., 2017). They demonstrated that female footballers (n=122)
were more likely to have abnormal ECG patterns (14 of 122[11%]) compared to male football
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players (0 of 116; P<0.01). It is largely accounted for by abnormal T-wave inversions (9 of 14
[69%]), and additional abnormal ECG findings included septal Q waves (2 of 14 [14.3%]),
inferior ST-segment depressions (1 of 14 [7.1%]), and a mildly prolonged corrected QT interval
(481 ms; 1 of 14 [7.1%]).
It is crucial to have a substantial database of the ECG phenotype in elite female footballers,
as well as assessing these data against various international criteria. This information could
be used by clinicians, physicians, sporting organizations and allied health professionals who
work with elite professional footballers.

2.4.2 The Cardiac Structural and Functional Phenotype in the Female AH
2.4.2.1 Left ventricle (LV) structure and function
A large body of evidence suggests a range of structural and functional characteristics of the
AH that are mediated by multiple factors in any individual (Brown et al., 2017). Two key
elements that influence or mediate the appearance of the AH are sex and sporting (training)
discipline (Brown et al. 2017). This does suggest that population-specific data in elite female
footballers is both needed and potentially different from males and females engaging in other
sports.
Initially it is valuable to look at the broader AH literature before focussing on an elite female
footballer population. Athletes participating in cycling, rowing, canoeing, and swimming are
associated with the biggest left ventricular (LV) cavity size and mass in both male and female
athletes (Pelliccia et al., 1991; Gajda et al., 2019), with bigger absolute data in the male
athletes. Data that directly compares LV structure and function in elite male and fema le
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athletes is rare, but Pelliccia et al., (1996) observed 23% lower LV wall thickness (WT) and 11%
smaller LV cavity size in female compared to male athletes with similar age and training
intensity. In this study, no female had an LVWT >12 mm. Sharma et al., (2002) reported similar
findings in adolescent athletes (11% lower LVWT and 6% smaller LV size in female athletes).
Almost 5% of male athletes had an LVWT ≥12 mm, but no females had an LVWT >11 mm.
Again, consistent with earlier work, recent data from Finocchiaro et al., (2017) noted that no
female athlete had an LVWT >12 mm (vs. 2.5% of males) and comparatively few females (7%)
had an LV end-diastolic dimension >54 mm (vs. 47% of males). Despite AH parameters being
quantitatively smaller in female, other evidence suggests that female athletes present with
an enlarged LV cavity dimension (average, +6%), increased WT (average, +14%), larger relative
WT (average, +9%), and elevated LV mass normalized to body size (average, +25%) compared
to sedentary female controls (Fagard, 2003), documenting that a female AH does exist. In
summary, data suggests similar qualitative changes in LV structure and function with athletic
training in male and females’ athletes, but that a quantitative sex-differences may still exist
(George et al., 2011; Oxborough et al., 2012).
Data pertaining to LV structure in female footballers is limited. Randers et al., (2013)
examined the intermittent exercise performance and cardiovascular health profile in elite
female football players in comparison to untrained young women. They observed that cardiac
ventricular dimensions were larger in female footballers compared to untrained women, as
shown by a higher left ventricular diastolic diameter (51 ± 3 vs. 45 ± 4 mm; P < 0.001).
Churchill et al., (2020) reported limited pathologic findings, meeting the criteria for sport
restriction or further investigation, but noted some individual data that exceeded normal
ranges for structural cardiac parameters (1 athlete had an LV-end- diastolic dimension more
than 60 mm; 61 mm), suggestive of exercise-induced remodelling.
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Mean wall thickness was greater in male athletes compared to female football players (10.0
[9.8-10.3] vs 8.9 [8.7-9.1] mm; P < .001).
George et al., (1999) pointed out that although LV mass data are larger in female athletes
than controls, resting diastolic and systolic functional indices (apart from stroke volume) were
within normal limits in female athletes and not different to controls. Randers et al., (2013)
reported that left ventricular diastolic function was better in elite female footballers
compared to untrained women, as measured by the E/A ratio (2.4 ± 0.6 vs. 1.7 ± 0.4; P < 0.001;
d = 1.25) and by a lower A (0.43 ± 0.09 vs. 0.53 ± 0.15 m · s −1; P = 0.026; d = 0.87). They
summarised that elite female footballers have a superior cardiovascular health profile
compared to untrained controls. Again, Churchill et at., (2020) reported the E/A ratio was
higher in female footballers (2.5[1.3-5.6] vs 2.3[1.3-6.0]; P<0.001) than their male
counterparts, but no comparison was made to untrained controls.

2.4.2.2 Right ventricle (RV) structure and function
Zaidi et al., (2013) demonstrated that 61% of male and 46% of female athletes exhibited RV
dimensions that fulfil the minor diagnostic criterion for ARVC. Assessment of the RV is,
therefore, a vital component of the PPS process in athletes, as it is vital to differentiate the
AH from ARVC (La Gerche et al., 2010; see Table 2.1; Marcus et al., 2010). Randers et al.,
(2013) reported that RV diastolic diameter was larger in elite female footballers compared to
untrained women (31 ± 5 vs. 26 ± 5 mm; P = 0.010) and RV systolic function, determined by
TAPSE, was higher in elite female footballers than untrained women (28 ± 5 vs. 22 ± 3 mm; P
< 0.001). Interestingly, increased RV basal diameter data are less common in female
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footballers than male footballers (16 of 118 [14%] vs. (60 of 112 [54%]; P<0.001) (Churchill et
al., 2020,).
At present, there are limited data defining the normal RV echocardiogram in elite female
footballers, and more data is needed in extended echocardiographic mo dalities as well as
focussed data for the left and right atria.

2.5 Menstrual cycle
Current PPS directives in female athletes takes no account of the menstrual cycle phase or
health (or oral contraceptive use) when planning and timetabling events. This may be a
relevant consideration given the cardiovascular impacts of female sex-steroid hormone
levels, that vary throughout the menstrual cycle. Consequently, we briefly review basic
menstrual cycle physiology here and assess the rationale for a study of cardiac electrical
activity, structure and function that may vary with a change in menstrual cycle phase.

2.5.1 Basic regulatory physiology of the menstrual cycle
The physiology of the menstrual cycle is a complex, coordinated sequence of events involving
the hypothalamus, anterior pituitary, ovaries, and endometrium (Janse de Jonge, 2003;
Martin and Elliott-Sale, 2016). Hormones are secreted in a negative and positive feedback
manner to control the menstrual cycle. Figure 2.8 gives a general overview of the key
regulatory factors in the menstrual cycle.
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Figure 2.8: Schematic representation of the hypothalamus-pituitary endocrine axis.
Gonadotropin-releasing hormone (GnRH), follicle-stimulating hormone (FSH), luteinizing
hormone (LH)

Hormone secretion begins in the hypothalamus where gonadotropin releasing hormone
(GnRH), is secreted in a pulsatile manner at around one pulse per hour. GnRH initiates the
start of the follicular phase of the menstrual cycle as it stimulates the anterior pituitary to
secrete both follicle stimulating hormone (FSH) and luteinising hormone (LH). FSH and LH
have a direct impact on the ovaries, which results in the production of oestrogens,
progesterone, and inhibin as well as the maturation of the follicle (Speroff and Fritz, 2005;
Barbieri, 2014). In the middle of the menstrual cycle when the follicle has matured, oestrogen
concentrations reach a threshold and a surge in LH concentration occurs. The developing
follicle releases an oocyte into the fallopian tube, a process called ovulation, and this oocyte
is now known as an ovum (Silberstein and Merriam, 2000; Pan and Li, 2019). After the release
of the ovum, the granulosa cells of the ovulated follicle form the corpus luteum, which
becomes a source of progesterone secretion (Silberstein and Merriam, 2000). Progesterone
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secretions target the hypothalamus to reduce the frequency of the GnRH pulse. Both
progesterone and oestrogen target the uterus in the modification and development of the
endometrium (Figure 2.8). The withdrawal of progesterone following ineffective fertilization
of the ovum in the womb at the end of the luteal phase results in a spasm of the spiral arteries
within the developed endometrium and as a result menstrual bleeding (menses) happens
(Lenton et al., 1984; Buffenstein et al., 1995; Silberstein and Merriam, 2000). The length of
the menstrual cycle differs between individuals, but normally last between 21 to 35 days, with
an average span of 28 days (Reed et al., 2018). The concentrations of reproductive hormones
throughout a typical menstrual cycle are presented in Figure 2.9

Figure 2.9: Schematic changes in the plasma concentrations of FSH, LH, Oestradiol and
Progesterone during a ‘standard’ menstrual cycle. Follicle Stimulating Hormone (FSH,
mIU/ml), Luteinizing Hormone (LH, mIU/ml), Oestrogen (µg/ml) and Progesterone (ng/ml).
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With specific emphasis on the variation of sex-steroid hormones during the menstrual cycle
(as seen in Figure 2.9), oestradiol concentrations peak before ovulation and sharply decline
in the early luteal phase before a more modest rise in the mid-luteal phase following the
formation of the corpus luteum (Ferin, 1999; Stricker, 2006). Progesterone concentrations
remain low throughout the FP and OP, increasing during LP (Silberstein and Merriam, 2000)
again due to release from the corpus luteum.

2.5.2 The impact of the menstrual cycle phase on cardiovascular physiology
The intersex differences in body size, body composition, and hormonal profile present
challenges in PPS (Rowland and Roti, 2010). One challenging factor in the PPS of female
athletes is whether consideration should be given to the phase of the menstrual cycle when
PPS take place (and/or presence of menstrual cycle dysfunction; use of oral contraceptives).
Fluctuations in sex-steroid hormones throughout the menstrual cycle (as described above)
have been linked to changes in both central and peripheral cardiovascular factors including
blood volume and total peripheral resistance. The lack of data describing normal biological
variation in cardiac electrical activity, structure, and function in female athletes during
menstrual cycle, presents a challenge to clinicians (Datson et al., 2014; Bruinvels et al., 2016).
To date, available evidence related to ECG and echocardiography assessments across the
menstrual cycle is limited and confounding (McKinley et al., 2009). Fuenmayor et al., (2000)
observed a significant difference in mitral valve E/A ratio between FP and LP. Conversely,
George et al., (2000) reported no meaningful differences in functional parameters between
these time points. Burke et al., (1997), Hulot et al., (2003) and Khan et al., (2016) reported
that there were no significant changes in ECG across the menstrual cycle. Rosano et al.,
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(1996), however, conducted a study on 26 premenopausal women and noted a correlation
between plasma progesterone concentration and the number and duration of episodes of
supraventricular tachycardia during the FP and LP of the menstrual cycle. Nonetheless, this is
an uncommon finding in young, healthy females and may be of limited relevance in athlete
cardiac PPS. Nevertheless, the increasing amount of scientific work surrounding female
footballer, gender-specific aspects of physiology, and the impact of hormonal variations
during the menstrual cycle upon cardiovascular physiology requires more attention
(Martınez-Lagunas et al., 2014).

This review has defined, described and critically appraised the complex, controversial and
highly important topics of the AH, SCD and PPS in the light of developing databases, evolving
techniques and awareness of key issues in elite female athletes. The main issue of concern in
this thesis is the development of new data, in elite female footballers, related to the AH. The
rationale for this is the development of information to support/guide PPS assessment in elite
female footballers.
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Chapter 4

Seasonal variation of the
electrocardiogram in elite female
footballers
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4.1 Introduction
Sudden cardiac death (SCD) is a tragic event that may be especially impactful in football due
to high participation rates and the global nature of the sport (Corrado et al., 2005). Incidents
of SCD affects players, coaches, fans, and receives substantial media attention. In most cases,
SCD occurs in people with underlying cardiac pathology (Maron et al., 1996) but in many
instances the first evidence of the presence of any disease is when the SCD event occurs. To
prevent SCD, and reduce the risks of cardiac pathology, many sports have adopted cardiac
PPS as a systematic process to identify individuals with cardiac pathology and at an elevated
risk of SCD (Shmied and Borjesson, 2014). To improve prevention of football related SCD, the
Medical Assessment and Research Centre of FIFA have mandated comprehensive precompetition medical screening in professional footballers (Thünenkötter et al., 2010). Other
football governing bodies such as UEFA and the FA now include PPS as a standard medical
tool (Dvorak et al., 2004).
PPS involves several assessment tools and processes (health questionnaire, assessment o f
personal and family history of disease, physical exam etc.) but the “European Model” of PPS,
adopted by FIFA and UEFA, includes a resting 12-lead ECG (Mont et al., 2016). The presence
of a 12-lead ECG within PPS has been hotly debated within the clinical and scientific literature
(Drezner et al., 2012; Pelliccia et al., 1991; Corrado et al. 2010). The 12-lead ECG is, however,
viewed by many sports organizations as vital when screening for disease as the assessment
of personal symptoms/family history data alone has been determined as inadequate for the
identification of common inherited cardiac pathologies associated with SCD (Wilson et al.,
2007). The ECG is now largely accepted as a vital component of PPS, particularly in its ability
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to diagnose cardiomyopathies and ion-channelopathies, the commonest causes of SCD in
young athletes (Sharma et al., 1997). The acceptance of ECG is also growing due to the recent
developments in the assessment criteria for athlete ECGs with the recent International
Criteria significantly reducing false positive rates (Sharma et al., 2017; Riding et al ., 2017;
Drezner et al., 2017). Specifically, we documented a reduction in false positive rates for ECGs
in elite female footballers from 16.2% (ESC Criteria) to 0% (International Criteria) in the
previous Chapter and thus the current study will utilise the International Criteria.
One specific issue that has received scant attention in the PPS literature is “when” the
screening events should take place. It is clear from cross-sectional and longitudinal research
that cardiovascular adaptation to training can occur quickly (George et al., 2011). Data
assessing changes in cardiac structure and function across training cycles demonstrated
increased LV wall thickness in cyclists during a competitive season with small decreases in LV
function observed in the off-season (Fagard et al., 1983). Similarly, Weiner and Baggish,
(2012) noted changes in LV mass, volumes as well as thickening of the LV walls with changes
in training exposure in rowers. Data in male football players have demonstrated increased
LV mass during periods of high training volume (D’Ascenzi et al., 2015; Cabanelas et al., 2013).
Whether changes in cardiac structure and function that occur with short-term variations in
game and training load (and thus hemodynamic challenge) also results in changes in the
athlete’s ECG is not as clear. This data is vital to inform PPS outcomes. Data relating to cardiac
adaptation over competitive seasons in female athletes are relatively limited with no data
describing changes in 12-lead ECG in repeated assessments at times of different training
volume exposure (acute or accumulated) in elite female footballers. Therefore, the aim of
this study was to assess 12-lead ECG data in elite female footballers at different stages of the
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competitive season. This data could then feed into sex-specific guidance for PPS in elite
female footballers.
4.2 Methods
4.2.1 Study population and design
Thirteen elite female footballers were recruited after approval from the Ethics Committee of
Liverpool John Moores University (IRAS169429). Players were recruited through direct
contact from the supervisory team with a single professional football club, as part of the need
to complete PPS as per FA and FIFA guidelines (including a resting 12-lead ECG). The elite
female footballers were aged 26±4 years (range 16-35) and provided written informed
consent to participate in the study.
The footballers had all been participating in elite or international level training and game play,
with structured training as defined by the club, for a minimum of 6 months. The exclusion
criteria included athletes who were currently experiencing symptoms suggestive of
cardiovascular diseases or had an early family history of SCD as well as those athletes that
had undergone significant restriction (>4 weeks loss of exposure) of training and game play in
the last 6 months due to injury. All athletes presented either at Liverpool John Moores
University or at their own club facilities for testing.
PPS screening data were acquired prospectively in a repeated measures design. Specifically,
resting 12-lead ECG were collected during three separate testing sessions at the following
time points across the 2018/2019 season; 1) pre-season (PRE) defined as the beginning of
preparation training before the start of pre-season training and just after player return from
off-season; 2) mid-season (MID) defined as an assessment that occurred after 50% of

54

competitive league games had been completed, and; 3) end-season (END) defined as an
assessment after the completion of competitive league matches.
Training and game exposure/load varied in the 4 weeks prior to PRE, MID and END testing
points. At the start of pre-season training the athletes, (PRE) players’ self-reported activity
that was highly variable and lacking in detail related to intensity, duration, frequency and thus
volume. Players then went into pre-season training and were taking part in 4 field training
sessions (endurance, skills and football specific training) each of 60 minutes duration, 2 gym
sessions (strength and conditioning) each of 60 minutes duration. During a typical in -season
week, athletes were taking part in 5 field sessions each of 60 minutes duration and 2 gym
sessions each of 90 minutes duration as well as 1 competitive match per week. This weekly
exposure did not change significantly for the cohort between MID and END but clearly END
represented a longitudinal accumulation of more training/game exposure.
Match exposure differed across participants related to selection and/or substitution in game.
Those not selected to play in any given fixture performed an extra training (field) session
lasting up to 60 minutes. All athletes refrained from exercise training or recreationa l activity
for at least 6 hours prior to each data collection session. Alcohol and caffeine consumption
were restricted for the 12 hours prior to testing. Every effort was made to timetable repeat
tests at the same time of day (morning or afternoon) but we did not control testing within
menstrual cycle phase or oral contraceptive use of the athletes across screening sessions.
4.2.2 Procedures
After a detailed explanation of the testing protocol and at each testing point, the athletes
completed a medical questionnaire to document any cardiovascular signs and symptoms as
well as any data related to an early family history of SCD.
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A standard anthropometric assessment included height (Seca 217, Hannover, Germany) and
body mass (Seca supra 719, Hannover, Germany) measurements with body surface area (BSA)
calculated (Mosteller, 1987). Blood Pressure (BP) was measured with an automated
sphygmomanometer (Dinamap 300, GE Medical systems, USA) from the upper left arm after
5 min of seated rest.
A standard 12-lead ECG was attained using commercially available equipment (CardioExpress
SL6, Spacelabs Healthcare, Washington US). Each ECG was interpreted using current
International recommendations for ECG interpretation in athletes (Sharma et al., 2017; see
Figure 2.1 and Chapter 2).
4.2.3 Data Analysis
All continuous ECG data were presented as mean ± SD, with ranges. Statistical analyses were
performed using commercially available software package SPSS Version 23.0 for Windows
(SPSS, Illinois, USA). Variables were analysed using repetitive ANOVA with post-hoc
Bonferroni assessment. P<0.05 was considered statistically significant. All clinical data (ECG
Criteria) were determined as absent or present as assessed by an experienced consultant
sports cardiologist (Professor John Somauroo). If indicated by questionnaire or ECG, followup testing was organised and evaluated by the consultant cardiologist as required. At the end
of testing all participants were deemed free of cardiac pathology and included in the study.

4.3 Results
There were no significant differences (P>0.05) in height, weight, BSA, systolic blood pressure
and average training hours per week across the testing sessions (Table 4.1). There was a
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significant difference in diastolic blood pressure (P<0.01) across the testing period.
Specifically, diastolic blood pressure was lower at PRE compared to MID and END. The
number of training days was significantly different across testing (P<0.01) with PRE and END
lower than MID (Table 4.1).
Table 4.1: Participant’s demographic, blood pressure and training data
PRE
MID
END
Mean ± SD
Mean ± SD
Mean ± SD
(Range) [n]
(Range) [n]
(Range) [n]
Age (yrs)
25±4
25±4
25±4
(16-35) [13]
(16-35) [13]
(16-35) [13]
Height (m)
170±6
170±6
170±6
(156-179) [13]
(156-179) [13]
(156-179) [13]
Weight (kg)
61±9
63±5
64±6
(43-77) [13]
(51-75) [13]
(54-75) [13]
BSA (m2)
1.69±0.15
1.72±0.09
1.73±0.10
(1.43-1.92) [13]
(1.53-1.90)
(1.53-1.90) [13]
Systolic BP (mmHg)
109±12
117±11
123±13
(88-126) [13]
(103-135) [13]
(93-142) [13]
Diastolic BP (mmHg)
60±7 #
67±5
67±7
(48-71) [13]
(55-73) [13]
(48-74) [13]
Average Training (Sessions
6±1
8±2
6±0
per Week)
(6-7) [13]
(6-9) [13]
(6) [13]
Average Training (Hours per
18±6
18±1
16±1
Week)
(12-30) [13]
(16-18) [13]
(16-18) [13]
BSA- Body Surface Area; BP- Blood Pressure; Pre- Pre-season; Mid- Mid-season, End- End
season. # PRE lower than MID and END (P<0.01).

There was no significant difference in heart rate and other quantitative ECG data across
testing sessions (P>0.05; Table 4.2).
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Table 4.2: Quantitative ECG data at three seasonal assessment points
PRE
MID
END
Mean ± SD
Mean ± SD
Mean ± SD
(Range) [n]
(Range) [n]
(Range) [n]
Heart rate (beats.min -1)
54±7
53±10
57±9
(43-61) [13]
(40-71) [13]
(49-71) [13]
P Duration (ms)
100±8
99±10
99±19
(90-112) [13]
(76-118) [13]
(80-154) [13]
PR Interval (ms)
164±29
149±18
157±37
(128-186) [13]
(120-178) [13]
(118-266) [13]
QRS Duration (ms)
87±6
89±6
89±6
(82-96) [13]
(80-98) [13]
(82-94)[13]
QT Interval (ms)
444±29
436±25
[14]432±22
(402-468) [13]
(398-488) [13]
(390-468) [13]
QTc (Bazett) (ms)
420±22
407±27
420±24
(386-459) [13]
(375-459) [13]
(373-457) [13]
P Axis (o) (degree)
35±35
39±36
29±70
(-10-79) [13]
(24-108) [13]
(-114-79) [13]
QRS Axis (degree)
66±12
67±17
47±51
(31-96)[13]
(39-99) [13]
(-45-129) [13]
T Axis (degree)
29±9
31±13
21±62
(12-46) [13]
(2-53) [13]
(-85-164) [13]
Voltage: RV1 + SV5 (mV)
2.1±0.7
2.3±0.7
1.8±0.6
(0.1-0.3) [13]
(0.1-0.3) [13]
(0.1-0.3) [13]
Voltage: SV1 +RV5 (mV)
2.0±0.6
2.0±0.5
2.0±0.6
(1.3.-2.9) [13]
(1.4-3.0) [13]
(1.1-3.2) [13]
BP- Blood Pressure; R- R wave height; S – wave depth; V1- Chest lead 1; V5- Chest lead 5

The presence (or absence) of training related changes in the athlete ECGs at all testing points
are detailed in Table 4.3. Early repolarisation and sinus bradycardia were the most common
training related changes, and these were largely consistent across PRE, MID and END. First
degree atrioventricular block was observed in one athlete at both PRE and END assessments
although this was not apparent in this athlete at MID assessment.
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Table 4.3: Training related changes in the athlete ECG at three different times of the season International standard ECG criteria interpretation in athletes (Sharma et al., 2017).

Increased QRS voltage
Incomplete right bundle branch block
Early repolarisation
Black athlete repolarisation variant
Juvenile T wave pattern
Sinus bradycardia
Sinus arrhythmia
Ectopic atrial rhythm
Junctional escape rhythm
1° atrioventricular block
Mobitz type 1 (Wenkebach) 2° atrioventricular

Training-Related ECG Findings n (%)
PRE
MID
END
0
0
0
0
0
0
11(85%)
11(85%)
11(85%)
0
0
0
0
0
0
10 (77%)
10 (77%)
7(54%)
0
0
0
0
0
0
0
0
0
1(8%)
0
1(8%)
0
0
0

Although there was one example of a borderline ECG finding (right axis deviation; Table 4.4)
this was observed only at the END testing session. All ECG recordings were considered normal
across the season, with no abnormal findings at any point (Table 4.5), using current
International Criteria guidelines for the athlete (Sharma et al., 2017).

Table 4.4: Borderline ECG findings at three different times of the season - International
standard ECG criteria interpretation in athletes (Sharma et al., 2017)
Borderline ECG Findings n (%),
PRE

MID

END

Left axis deviation

0

0

0

Left atrial enlargement

0

0

0
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Right axis deviation

0

0

1(8%)

Complete right bundle branch block

0

0

0

Table 4.5: Abnormal ECG findings at three different times of the season - International
Abnormal ECG Findings (n)
PRE

MID

END

T wave Inversion

0

0

0

ST segment depression

0

0

0

Pathological Q waves

0

0

0

Complete left bundle branch block

0

0

0

Profound non-specific intraventricular

0

0

0

Epsilon wave

0

0

0

Ventricular pre-excitation

0

0

0

Prolonged QT interval

0

0

0

Brugada type 1 pattern

0

0

0

Profound sinus bradycardia

0

0

0

Profound 1° atrioventricular block

0

0

0

Mobitz type II 2° atrioventricular block

0

0

0

3° atrioventricular block

0

0

0

Atrial tachyarrhythmias

0

0

0

Premature ventricular contractions

0

0

0

Ventricular arrhythmias

0

0

0

conduction delay

standard ECG criteria interpretation in athletes (Sharma et al., 2017).
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4.4 Discussion
The main findings of this study were; (1) there were only small changes in participant
demographics across testing time points, (2) there were no changes in continuous ECG data
across testing time points, and (3) there were only small changes in “training-related” and
“borderline” ECG with no presentation of “abnormal” ECG patterns at any point during
repeated testing across a competitive season in elite female footballers. Taken together
these data suggesting that moving the time of PPS across a competitive season in elite female
footballers is unlikely to alter any relevant clinical outcome.
The key finding of the study was the lack of significant change in the ECG of elite female
footballers assessed at three time points in a competitive season. This type of ECG data has
not been studied in elite male or female footballers previously so direct data comparisons are
not possible. The lack of change in ECG parameters is, however, somewhat at odds with a
database suggested seasonal changes in measures of LV structure and function in athletes
(Fagard et al., 1983; Weiner and Baggish, 2012; D’Ascenzi et al., 2015; Cabanelas et al., 2013).
This past data suggests the heart of highly trained athletes is still malleable to training load
changes and would raise the issue of the potential for the ECG to be mediated in the same
way. The lack of change in all continuous ECG data as well as incidence of training-related
ECG patterns in this cohort suggests one of two things; (1) that the athletes ECG is not as
sensitive to training load as measures of LV structure and function, or (2) the three
assessment points employed in the current study did not represent large changes in training
and match-play exposure.
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Whilst we made the a-priori assumption that the assessment at PRE would come after a
relatively “inactive” off-season period this is not well documented and may not be the case
in most elite professional female footballers and the “old” notion of an off-season “rest or
recovery period”, with limited training, may not be apparent to the same extent in the current
professional football world. We were not able to collect accurate training and physical activity
data for players in the off-season but although the PRE session came after an “off-season”
the players adjusted to a highly structured training demand with few problems. There were
few training exposure differences noted between MID and END other than a slight rise in
number of training sessions per week at MID compared to END although total hours training
exposure was quite consistent between assessment times. Consequently, it may be that in
the modern age of elite, professional female footballers training exposure is likely maintained
almost continuously and thus acute changes in load due to small changes in exercise
frequency, intensity and volume do not represent a large enough alteration in physiological
stimuli to mediate changes in the ECG.
Whilst the cohort ECG data was consistent, it is useful to briefly discuss the most common
training related changes in the ECG as well as the small number of individual changes in
“training-related” and “borderline” ECG patterns. By using current International ECG
interpretation guidelines for the athlete (Sharma et al., 2017) we identified 11/13 athletes
(85%) had a consistent finding of early repolarisation (an elevated ST segment). This is similar
to previous study by Drezner et al., (2013) and suggests that early repolarisation is a common
finding in young, healthy, competitive athletes that is a direct result of exercise training
(Noseworthy et al., 2011). Similarly, in a recent study by Churchill et al., (2021), early
repolarisation was a very common finding reported in 35/122 (29%) of USA females
footballers. We cannot determine from this, or previous, work whether exercise-related early
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repolarisation may be an electrical phenomenon that is or is not developed in parallel with
structural myocardial remodelling.
Further comments from Aagard et al., (2016) stated that most asymptomatic athletes with
early repolarisation, even those with inferolateral J waves followed by a horizontal or
downsloping ST segment, are at low risk of SCD.
Resting sinus bradycardia was the next most common training related ECG pattern (10/13,
77%) in PRE. This prevalence is common in trained athletes (Sharma et al., 1999; Boyett et
al., 2013). Maron and Pelliccia, (2006) reported that a reduced heart rate in athletes at rest
has been largely ascribed to an increase in vagal tone. Interestingly despite a similar cohort
heart rate at the END season assessment the prevalence of sinus bradycardia had dropped
(7/13, 54%). Whether this reflects a subtle lack of control of activity prior to the assessment
of ECG at END or potentially a cumulating fatigue or over-reaching, which can alter sympathovagal balance (Driscoll and Dicicco, 2000), is not possible to determine. Only 1 athlete (8%)
presented with a 1° atrioventricular block at PRE and END although this was not present at
MID. The PR interval > 200 (PRE and END) for this individual athlete is likely, at least partially,
associated with high vagal tone as the heart rates at PRE (43 bpm) and END (40bpm) were
lower than at MID (49 bpm).
The latest ECG criteria include a borderline category comprising axis deviation, voltage criteria
for atrial enlargement, and complete right bundle branch block. Athletes with more than one
of these abnormalities require further investigation. In our cohort only one athlete had right
axis deviation at END. The presence of axis deviation or voltage criteria for atrial enlargement
on the 12-lead ECG rarely predicts pathology in young athletes (Gati et al., 2013). Exclusion of
these abnormalities from the abnormal category in asymptomatic athletes without a family
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history of premature cardiac disease, or abnormal physical findings is appropriate in the
absence of other signs, symptoms, or ECG changes.
The only other measured variable to change over the season was a small but significant
increase in diastolic blood pressure at MID and END compared to PRE (P<0.01). We can only
speculate why this might have occurred but it is unlikely to be mediated by alterations in vagal
tone with training accumulation, as this is not supported by cohort resting HR data.

4.5 Study implications, limitations, and future research
The major practical implication from this study, gathered in a small cohort of elite professional
female footballers, is that PPS could occur at any time during the competitive season without
altering clinical decision making. It is reassuring that few borderline and no abnormal ECG
patterns were present in this cohort and the absence of abnormal patterns were consistent.
The common appearance of sinus bradycardia and early repolarisation is, perhaps,
predictable given past work in male and female athletes (Drezner et al., 2013) but is useful to
inform PPS in elite female footballers.
There are several factors that may limit the external validity of our data. Firstly, the sample
size was small, and a larger study of female footballers would be informative. The ethnicity
of the group was uniform, and we know ethnicity can affect ECG outcomes in male and female
athletes (Wilson et al., 2012; Sharma et al., 1999). It would be interesting to make more ECG
observations across one or maybe multiple seasons and potentially collect data during
periods of injury to assess the impact of acute detaining. We did not control for menstrual
cycle phase or oral contraceptive use and this might be informative in future research. Finally,
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more detailed, and individual assessment of training and game exposure should be used
rather than more “blunt” assessments of hours and days employed in this study.
Whilst we have provided novel insight into the ECG of elite female footballers, from the
perspective of informing the approach to, and content of, PPS it would now seem sensible to
study cardiac structure and function in these athletes, using standard and novel
echocardiography including assessment of all chambers as well as regional and global data.
This would add further specific data to inform cardiac PPS in elite female footballers. This is
the focus for data presented in the next chapter.

4.6 Conclusions
There was no significant difference in continuous ECG data measured at 3 time points across
a competitive season. Only small changes were noted in the presence of “training related”
and “borderline” ECG patterns with no “abnormal” ECG observed at across testing points.
Taken together there was no clinically relevant difference in the ECG of a small cohort of elite
female footballers assessed at 3 time points across a competitive season (PRE, MID, END).
These findings suggest that PPS could occur at any point of the athlete’s competitive season
with limited impact upon clinical outcome, although future studies should confirm this finding
in bigger and more diverse athlete groups.
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Chapter 5:

Cardiac structure and function
in elite female footballers:
What are the upper limits of
adaptation to long-term
physiological sport-specific training?
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5.1 Introduction
In 2014 a FIFA survey indicated that there were more than 30 million women participating in
football worldwide (FIFA, 2014). The Women’s Football World Cup, run by FIFA, is the largest
sporting event in the world for women. In England, in 2008 Sport England’s “Active People
Survey” estimated that 260,000 women and 1.1 million girls played football in England (Active
people survey, 2008). Football is clearly a mass participation sport for women.

One

consequence of increasing participation rates has been a professionalization of the game at
the elite level in many countries around the globe, including the UK. With professionalization
came a drive for more co-ordinated scientific, technical, and medical activity to support
increasing training loads and playing demands in elite female footballers.

Many physical and physiological adaptations are likely to be associated with the greater
training loads associated with preparation for elite level football competition. One element
of this adaptation occurs in the cardiovascular system and has been labelled the AH (George
et al., 2011). Defining the nature of any physiological cardiac adaptation to training is
essential for many reasons, not least of which is the desire to differentiate the AH, adequately
and rapidly, from any form of pathological adaptation in the heart that may pre-dispose to an
increased risk of SCD (Harmon et al., 2014). The incidence of SCD is low in the general
population as well as in elite athletes but there is some suggestion that risk rises in the
presence of a disease substrate when undertaking moderate to intense exercise (Corrado et
al., 2006). Whilst SCD in footballers is uncommon (Harmon et al., 2014), when it does occur,
it is a tragedy that can have a powerful effect on those that play and watch sports. Because
of the nature of SCD events and the increased risk associated with sports participation; as
sports governing body, including the IOC and FIFA, now provide guidance on mandatory pre67

participation cardiac screening (PPS) of players (Dvorak et al., 2006). PPS requires that every
player in the Premier League or any UEFA competition must have at least one
electrocardiogram (ECG) and echocardiogram in their medical folder (normally at the
beginning of their professional playing career). Consequently, knowledge of the upper limits
of the structural and functional phenotype of the AH in elite footballers is essential to aid PPS
and associated differential diagnostic processes. Whilst PPS was originally adopted in male
football, it is now mandatory for elite female footballers in the UK.

The most reported cardiac structural adaptation to training is an increase in LV mass and this
has been reported in meta-analyses in male (Pluim et al., 2000; Utomi et al., 2014) and female
(Whyte et al., 2004) general athlete populations. What is apparent from the plethora of AH
research is that individual cardiac adaptations to training are heterogeneous and depend on
a complex interaction of factors including age, body size, sex, ethnicity, training status and
sports discipline (Brown et al., 2017). The specific impact of sex has been the focus of some
research attention in this field in recent years. Rowland et al., (2010) and Churchill et al.,
(2020) demonstrated that male athletes were characterised by greater cardiac volume and
mass than comparably trained females. Male-female differences in relative wall thickness,
however, were not evident suggesting that the qualitative nature of cardiac adaption may be
similar in both sexes (Rowland et al., 2010). This work was supported by a recent large sample
comparison of mixed groups of male and female athletes (Giraldeau et al., 2015) although it
seems that LV wall thickening beyond 11 mm is very rare in female athletes (Whyte et al.,
2004).
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The assessment of the AH phenotype in elite footballers is largely limited to male players
across a broad age range (Pelliccia et al., 1991; Rawlins et al., 2009; Scharf et al., 2010).
Overall, this body of work suggests an AH phenotype that includes moderately enlarged
chamber dimensions and only small changes in wall thickness (Rawlins et al., 2009). This data
is helpful to support PPS in male footballers. A similar database in elite female footballers is
not as well developed. Randers et al. (2013) examined the cardiovascular health profile in a
small (n=27) cohort of elite Danish female football players in comparison to untrained young
women. LV dimensions were larger (51 ± 3 vs 45 ± 4 mm; P<0.001) and LV systolic and diastolic
functional parameters were improved in elite female football players when compared to
untrained women. Recent data from Churchill et al., (2020), in a larger cohort of USA female
footballers, reported that female footballers have lower diastolic function compared to male
footballers (Peak E’ 18 [17-19] vs 21 [20-22] cm/s; P < .001) although no control group was
assessed so a “training” impact in the female footballers is unclear. Whilst a useful initial
insight this work needs to be developed with assessment of other cardiac chambers and the
employment of new imaging technologies such as speckle tracking to assess cardiac
mechanics (Oxborough et al., 2016). A recent addition to echocardiographic imaging tools,
speckle tracking echocardiography can determine regional and global strain (ε), strain rate
(SR) and twist data, and has recently been explored in general AH data (Utomi et al., 2014;
Basavarajah et al., 2008; Smiseth et al., 2006). The application of this technique may aid
conventional assessment of the AH and contribute to differential diagnostic decision making
in cardiac PPS (George et al., 2011).

In summary, we sought to describe the structural and functional phenotype of the AH in elite
female footballers and compared their data to that obtained from a sedentary control group
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matched for age and sex. We employed standard 2D, Doppler, tissue Doppler as well as
longitudinal ε to describe structure and function of the elite female footballer’s heart. We
hypothesise that the AH in elite female footballers will present with larger chamber
dimensions, than healthy controls, but resting cardiac function and mechanics will not be
different between groups. This data will contribute to a very small database on the AH
phenotype in female footballers that will support sex-specific PPS in elite female footballers.

5.2 Methods
Seventy-nine elite female footballers and thirty sex and age-matched sedentary controls were
recruited into the study. Athletes were recruited via Football club and Football Association
requirements for cardiac PPS with an experienced sports cardiologist (JS). Controls were
recruited by advertisement at the University. All athletes were classified as elite as they
performed at national or international level and had been in training with a professional
women’s football club for a minimum of 6 months. Sedentary controls were undertaking less
than 3 hr of physical activity per week in the 6 months prior to assessment and had not been
in any formal training program for sports participation in the last 12 months. Other general
inclusion criteria included: aged between 16 and 35 years old, not currently taking any
medication (except for oral contraceptives) and being free from self-reported cardiovascular
disease. General exclusion criteria included a personal or early family history of known
cardiovascular disease, current illness and/or prescription medication con sumption and
periods of recent (last month) injury of greater than 7 days, that would disrupt training and
competition play and thus the hemodynamic stress on the heart. The Ethics Committee of
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Liverpool John Moores University (IRAS169429) granted approval for this research and all
participants provided written informed consent.

5.2.1Design and Procedures
This study employed a cross-sectional design where all participants presented at a testing
location (players club or University cardiovascular labs) for data collection at a single time
point. Participants were requested to have eaten their normal meal and taken adequate
hydration (breakfast or lunch) prior to morning or afternoon testing sessions. We requested
all participants to attend PPS having avoided alcohol and caffeinated drink intake as well as
strenuous exercise for 12 hours prior to the examination. We could not control time-of-day
for all screening tests as these were arranged by the club to fit with training and or other
elements of their professional contract (travel, game play etc.), but this reflects an element
of ecological validity to the testing process. Prior to the single testing session, all participants
were provided with health questionnaire to detail cardiovascular symptoms, family history of
sudden cardiac death and any other cardiovascular disease history.

All participants had body mass assessed using standard scales (Seca 217, Hannover, Germany)
and height measured using a stadiometer (Seca Supra 719, Hannaover, Germany). Body
surface area (BSA) was calculated by using a standardised formula (Mosteller, 1987). Systolic
and diastolic blood pressure were measured using an automated sphygmomanometer
(DINAMAP 300, GE medical system, Milwaukee, Wisconsin, USA). Blood pressure data were
recorded as the lowest values from a minimum of two repeat blood pressure assessment after
5 minutes of quiet seated rest.
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All participants then undertook a standard resting 12-lead electrocardiogram (CardioExpress
SL6, Spacelab Health care, Washington, US). Electrode placement was undertaken by a
trained cardiac physiologist. This exam and data analysis were carried out in accordance with
the International Criteria (Sharma et al., 2017). The ECG was analysed by an experienced
sports cardiologist who confirmed, in accordance with International Criteria, the presence or
absence of (likely) training, borderline and non-training related ECG changes. This data has
been presented in Chapter 2. If either the questionnaire or ECG (following guideline
assessment) raised any concerns in relation to the potential presence of cardiovascular
disease, a bespoke approach to follow-up studies was undertaken and overseen by an
experienced sports cardiologist.

5.2.2 Echocardiography assessment.

A full echocardiographic assessment was undertaken by a single experienced sonographer
using a commercially available ultrasound system (Vivid Q, GE Healthcare, Horten, Norway)
and a 1.5-4 MHz phased array transducer. All images were acquired with the participant in
the left lateral decubitus position and in accordance with American Society of
Echocardiography (ASE; Lang et al., 2015). Images were stored in a raw DICOM format and
exported to an offline workstation (EchoPac version 6.0, GE Healthcare, Horten, Norway) for
subsequent analysis. All data was analysed by the researcher under the supervision of a single
accredited sonographer.
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5.2.3 Left ventricle
Standard measurements of LV structure and function were made in accordance with ASE
guidelines (Lang et al., 2015). LV linear dimensions included LV diameter in systole and
diastole (LVDs; LVDd) assessed from the parasternal long-axis view (Figure 4.1). Wall
thickness dimensions (WT) were measured from the parasternal short axis view. In order to
provide a comprehensive assessment of LV WT, eight measurements were made at basal and
mid-levels from the antero-septum, infero-septum, posterior wall and lateral wall (Wigle et
al., 1985; Figure 5.2). Mean WT (MeanWT) was calculated as an average of all eight measures
and the maximum value of WT (MaxWT) was reported. Relative wall thickness (RWT) was
determined using the equation: LVDd divided by 2 times the posterior wall thickness
(LVDd/2*WT). LV mass was calculated from linear data using the ASE corrected equation
(Lang et al., 2015). LV end diastolic volume (LVEDV), LV end systolic volume (LVESV), stroke
volume (SV) and ejection fraction (EF) were calculated using the Simpson’s biplane method
utilising both apical four- and two-chamber orientations (Figure 5.3). Structural data are
presented as absolute values and then indexed for individual differences in BSA using an
allometric approach (Batterham et al., 1999).
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Figure 5.1: Linear method for measurements of LVDd. (Lang et al., 2015)

Figure 5.2: Parasternal short axis
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Figure 5.3: LV volume measurement using Biplane Method of Discs (modified Simpson’s
rule). (Lang et al., 2015)

Doppler and tissue-Doppler (TDI) scanning were also performed using an apical 4-chamber
view. A 4 mm sample volume placed at the tips of the mitral valve leaflet determined pulsedwave Doppler assessment of mitral inflow. This led to the quantification of peak early (E) and
late/atrial (A) transmitral diastolic flow velocities.
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The ratio E/A was then calculated (Figure 5.4). The deceleration time of the E wave was also
determined via standard techniques (Lang et al., 2015). After adjustment of filters and range,
the sample volume was placed at the level of the mitral annulus in the septal wall and lateral
wall to determine peak tissue velocities in systole (S’) as well as early (E’) and late/atrial (A’)
diastole (Figure 5.5). The ratio E/E’ was then calculated as an estimate of left atrial driving
pressure (Nagueh et al., 1997).

Figure 5.4: Peak mitral inflow velocity during early diastole (E wave), peak mitral inflow
velocity at atrial contraction (A wave), mitral deceleration time (DT), duration of A wave
(Adur), and interval between aortic valve closure (Ac).
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Figure 5.5: Mitral annulus in the septal wall and lateral wall peak tissue velocities in systole
(S’) as well as early (E’) and late/atrial (A’) diastole. (Echocardiography textbook).

Images for the assessment of peak longitudinal myocardial strain (ε) and strain rate (SR), via
myocardial speckle tracking, were acquired from an apical 4-chamber view. During the offline
analysis (EchoPac, version 6.0, GE Healthcare, Horten, Norway) a region of interest was placed
around the LV from basal septum through the basal lateral wall ensuring the whole of the
myocardium was included (Figure 5.6). Automated ε analysis provided peak ε data for six
myocardial segments and an average of these provided a global index of LV longitudinal ε and
the same occurred for SR. Peak SR was determined in systole (SRS), early diastole (ESR) and
late/atrial diastole (ASR). Time (ms) to peak ℇ and SR were also determined automatically.
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Figure 5.6: Peak values of global longitudinal ℇ were calculated using post-hoc speckle
tracking of apical 4 chamber views. (Lang et al., 2015)

5.2.4 Right ventricle
A range of RV dimensions were recorded given the complex anatomy and geometry compared
to the LV (Rudski et al., 2010). The RV outflow tract (RVOT) was measured at three places in
views from the parasternal long and short axis orientation (RVOTplax, RVOT1 and RVOT2;
Figure 5.7 and 5.8).
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Figure 5.7: RV outflow tract diameter from the parasternal long-axis view (RVOT-PLAX) (Rudski
et al., 2010)

Figure 5.8: RV outflow tract diameter at the short axis region (RVOT1 or RVOT Prox) and RV

outflow tract diameter at the pulmonic valve annulus (RVOT2 or RVOT distal). (Rudski et al.,
2010)
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RV inflow dimensions were assessed at the base (RVD1), mid-cavity (RVD2) and the length
from base to apex (RVD3) from a modified apical four-chamber orientation (Figure 5.9).

Figure 5.9: Basal RV diameter (RVD1), mid RV diameter (RVD2) and base-to-apex length
(RVD3) (Rudski et al., 2010)

RV end-diastolic area (RVDa) and RV end-systolic area (RVSa) were measured from the same
adjusted 4-chamber orientation and fractional area change (RVFAC) was calculated: RVFAC
(%) = (RVDA – RVSA) / RVDA (Figure 4.10). RV dimensional data were presented as absolute
values and then indexed for individual differences in BSA using an allometric approach
(Batterham et al., 1999).
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Figure 5.10: RV end-diastolic area (RVDA) and RV end-systolic area (RVSA). (Rudski et al.,
2010)

RV longitudinal function was determined using M-Mode via the tricuspid annular plane
systolic excursion method (TAPSE; Figure 5.11) and pulsed-wave TDI (Figure 5.12) which
permitted measurements of peak RV lateral wall systolic (S’), and early diastole (E’) and late
diastole(A’) myocardial velocities.

Figure 5.11: Visualisation of the TAPSE assessment. (Rudski et al., 2010)
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Figure 5.12: Pulse wave TDI of the RV free wall assessment of peak S’, E’ and A’. (Rudski et al.,
2010)

5.2.5 Data Analysis
Data were collected and managed using REDCAP electronic data capture tools hosted at
Liverpool John Moores University (Harris et al., 2009). For both cohorts all echocardiographic
study data were presented as mean ± SD as well as range. Statistical analysis were
accomplished using commercially accessible software package SPSS Version 25.0 for Windows
(SPSS, Illinois, USA). All variables were analysed between groups using independent T-tests.
A P<0.05 was adopted to determine statistical significance.
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5.3 Results
5.3.1 Demographic Data
Table 5.1 summarizes the demographic data from both groups. Age was not different
between groups (P>0.05). The footballers had significantly lower body mass, resting heart
rate as well as systolic and diastolic blood pressure compared with the sedentary control
group (P<0.05).
Table 5.1: Participant demographic data in athletes and controls
Variable

Age(years)
Height (m)
Body mass (kg)
Body Surface Area (m2)
Systolic BP (mmHg)
Diastolic BP (mmHg)
Heart Rate (beats/min)
Training Duration (years)
Training (days per week)
Training (hours per week)

Elite Footballers
Mean ± SD
(Range) [n]

Controls
Mean ± SD
(Range) [n]

21±4
(14-35) [79]
1.66±0.06
(1.58-1.79) [79]
63±7 #
(52-75) [79]
1.7±0.1
(1.5-1.9) [79]
117±13 #
(98-143) [78]
67±8 #
(50-85) [78]
58±10 #
(42-87) [79]
14±4
(5-25) [79]
6±1
(3-7) [79]
14±5
(7-30) [79]

21±2
(18-22) [29]
1.65±0.06
(1.53-1.78) [30]
69±11
(49-94) [30]
1.8±0.2
(1.5-2.0) [30]
125±10
(100-138) [26]
73±9
(55-91) [26]
76±14
(49-101) [27]
NA
NA
NA

BP – Blood Pressure; NA- Non-Applicable; # significant difference between the groups (P<0.05)
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5.3.2 Left Ventricle
Various parameters of LV structure (Table 5.2) and function (Table 5.3) are presented. LV
chamber dimensions in diastole and systole were larger in elite female footballers even after
adjusting for body size (P<0.05). Absolute LVEDV and LVESV were not different between
groups, although BSA indexed LVEDV was significantly larger in the elite footballers. Between
group differences in individual WT measurements were limited but both MeanWT and
MaxWT were significantly greater in elite female footballers before and after body size
adjustment (P<0.05). RWT was not different between group but both absolute and indexed
LV mass was greater in elite female footballers (P<0.05).
2D, Doppler, tissue-Doppler (TDI) and speckle-tracking LV functional data are presented in
Table 5.3. In systole EF, SV and peak longitudinal Ɛ were higher in the elite female footballers
(P<0.05). In diastole transmitral E deceleration time was longer in elite female footballers
(P<0.05). Peak transmitral A velocity as well as peak lateral and average A’ tissue velocities
were higher in the sedentary control group (P<0.05).
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Table 5.2: Left ventricular structural data in athletes and controls
Elite Footballers
Mean ± SD
(Range) [n]
49±3 #
(42-58) [78]
38±2 #
(33-41) [78]
33±3 #
(25-40) [78]
25±2 #
(19-31) [78]
100±23
(54-160) [79]

Controls
Mean ± SD
(Range) [n]
45±3
(40-49) [27]
34±2
(30-37) [30]
30±3
(26-39) [30]
23±3
(19-31) [30]
94±17
(66-134) [30]

LVEDV index (ml/(m2)1.5)

45±9#
(25-77) [79]

40±7
(29-59) [30]

LVESV (ml)

38±9
(22-71) [79]

39±9
(27-68) [30]

LVESV index (ml/(m2)1.5)

17±4
(13-34) [79]

17±4
(11-25) [30]

Basal anterior WT (mm)

8±1 #
(6-9) [78]

6±1
(6-7) [30]

Basal inferior WT (mm)

7±1
(5-9) [78]

7±1
(5-8) [30]

Basal septal WT (mm)

7±1
(5-9) [78]

7±1
(6-7) [30]

Basal posterior WT (mm)

7±1
(5-10) [78]
7±1 #
(6-9) [78]
7±1 #
(5-10) [78]

7±1
(6-8) [30]
6±1
(6-7) [30]
6±1
(5-7) [30]

Mid septal WT (mm)

7±1
(5-9) [78]

7±1
(6-8) [30]

Mid posterior WT (mm)

7±1
(5-10) [78]

7±1
(6-8) [30]

Variable
LVDd (mm)
LVDd index (mm/(m2)0.5)
LVDs (mm)
LVDs index (mm/(m2)0.5)
LVEDV (ml)

Mid anterior WT (mm)
Mid inferior WT (mm)
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MeanWT (mm)

7±1 #
(6-9) [78]

7±1
(6-7) [30]

MeanWT index (mm/(m2)0.50)

6±1#
(5-7) [78]

5±1
(4-6) [30]

MaxWT (mm)

8±1#
7±1
(7-10) [79]
(7-8) [30]
0.50
MaxWT index (mm/(m2) )
6±1#
5±1
(5-7) [79]
(5-6) [30]
Relative Wall Thickness
0.31±0.04
0.29±0.02
(0.21-0.40) [78]
(0.25-0.33) [30]
LV Mass (g)
123±22 #
89±11
(85-164) [78]
(69-100) [30]
2 2.7
LV Mass index (g/(m ) )
31±5 #
23±3
(22-43) [78]
(17-29) [30]
LVDd- Left ventricular dimension in diastole; LVDs- Left ventricular dimension in systole; WT
– wall thickness, # significant difference between the groups (P<0.05).
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Table 5.3: Left ventricular functional data in athletes and controls
Elite Footballers
Mean ± SD
(Range) [n]

Variable

Controls
Mean ± SD
(Range) [n]

Systolic indices
Ejection Fraction (%)

62±5 #
(51-72) [79]
63±14 #
(32-94) [79]
9±2
(7-15) [77]
11±2
(6-16) [77]
10±2
(7-14) [77]
-20±2 #
(-16 -25) [79]
40±9
(30-70) [79]
-0.98±0.20
(-0.75--1.29)
190±30
(110-260)

58±5
(49-68) [30]
55±11
(38-91) [30]
10±2
(7-16) [29]
12±3
(6-23) [29]
11±2
(8-20) [29]
-17±1
(-14 -20) [29]
40±3
(29-41) [29]
-0.93±0.10
(-0.65—1.45)
170±20
(100-220)

100±20
(54-124) [77]
40±12 #
(20-80) [77]
2.42±0.72
(1.24-4.20) [77]
166±32 #
(105-220) [75]
14±3
(6-23) [77]
19±4
(13-24) [77]
17±3
(10-22) [77]
6±1
(3-9) [77]
1.62±0.26 #
(1.27-2.12)
690±120 #
(520-860)
7±2
(4-15) [77]

91±16
(66-127) [29]
51±15
(27-76) [29]
1.96±0.78
(1.23-4.33) [29]
133±37
(74-195) [26]
14±3
(6-18) [ 29]
20±5
(6-28) [29]
17±3
(8-21) [29]
6±2
(4-10) [29]
1.47±0.13
(1.05-1.99)
510±30
(420-650)
8±2
(3-12) [29]

Stroke Volume (ml)
Medial S' (cm/s)
Lateral S' (cm/s)
Average S' (cm/s)
Peak Longitudinal Ɛ (%)
Time to Peak Longitudinal Ɛ (ms)
Peak Systolic SR (s-1)
Time to Peak Systolic SR (ms)
Diastolic indices
Transmitral E Velocity (cm/s)
Transmitral A Velocity (cm/s)
Transmitral E: A Ratio
Transmitral E Deceleration Time (ms)
Medial E' (cm/s)
Lateral E' (cm/s)
Average E' (cm/s)
Average E/E'
Peak Early diastolic SR (s-1)
Time to Peak Early Diastolic SR (ms)
Medial A' (cm/s)
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Lateral A' (cm/s)

7±3 #
(3-19) [77]
7±2 #
(4-20) [77]
0.54±0.11
(0.36-0.97)
620±150 #
(350-1170)

Average A' (cm/s)
Peak Late/Atrial diastolic SR (s-1)
Time to Peak Late/Atrial diastolic SR (ms)

9±4
(4-23) [29]
8±2
(4-13) [29]
0.60±0.07
(0.40-0.89)
400±30
(200-740)

S’- Peak velocity of systolic mitral annular motion as determined by pulsed wave Doppler; E’Peak velocity of early diastolic mitral annular motion as determined by pulsed wave Doppler;
A’ - Peak velocity of diastolic mitral annular motion as determined by pulsed wave Doppler;
E- Peak velocity of early diastolic transmitral flow; A- Peak velocity of late transmitral flow;
E:A- Ratio of E to A; E:E- Ratio of E to E; ; ℇ- strain; SR strain rate # significant difference
between the groups (P<0.05)

5.3.3 Right Ventricle
Parameters of RV structure (Table 5.4) and function (Table 5.5) are presented. Absolute onedimensional RV structural data were all greater in the elite female footballers (P<0.05). This
difference was only maintained in RVD1 and RVD3 after indexing for body size. Absolute and
body size adjusted RV areas were not different between groups. No RV systolic functional
index (TAPSE, FAC, S’) was different between groups. In diastole RV peak lateral wall E’ tissue
velocity was significantly lower in elite female footballers (P<0.05).
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Table 5.4: Right ventricular structural data in athletes and controls
Elite Footballers
Mean ± SD
(range) [n]
28±5
(15-36) [79]

Controls
Mean ± SD
(range) [n]
26±4
(20-34) [29]

RVOT PLAX (mm/(m2)0.5)

21±3
(12-29) [79]

20±3
(15-24) [29]

RVOT 1 (mm)

28±4
(19-41) [79]
21±3
(15-30) [79]
22±3
(14-29) [79]
17±2
(11-23) [79]

26±4
(21-34) [29]
20±3
(10-18) [29]
22±3
(11-24) [29]
16±2
(11-24) [29]

38±5 #
(29-49) [79]
29±3 #
(22-34) [79]
25±3
(19-32) [79]
19±3
(14-24) [79]

30±4
(24-37) [29]
23±3
(18-29) [29]
24±3
(19-31) [29]
18±2
(15-21) [29]

82±7 #
(67-98) [79]
63±5 #
(53-76) [79]
9±2
(5-14) [62]
5±1
(3-8) [62]
18±3
(14-28) [62]
11±2
(8-13) [62]

76±6
(59-90) [29]
57±4
(47-66) [29]
10±3
(7-16) [29]
6±1
(4-9) [29]
19±4
(12-28) [29]
11±2
(7-15) [29]

Variable
RVOT PLAX (mm)

RVOT1 (mm/(m2)0.5)
RVOT 2 (mm)
RVOT2 (mm/(m2)0.5)
RVD1 (mm)
RVD1 (mm/(m2)0.5)
RVD2 (mm)
RVD2 (mm/(m2)0.5)
RVD3 (mm)
RVD3 (mm/(m2)0.5)
RV Systolic Area (cm2)
RV Systolic Area (cm2/m2)
RV Diastolic Area (cm2)
RV Diastolic Area (cm2/m2)

RVOT – Right ventricular outflow tract; PLAX – parasternal long axis; RV- Right Ventricle; RVDRight ventricular in diastole; # significant difference between the groups (P<0.05)

89

Table 5.5: Right ventricular functional data in athletes and controls

Variable
TAPSE (mm)
RVFAC (%)
RV S' (cm/s)

Elite Footballers
Mean ± SD
(range) [n]
23±3
(17-29) [79]

Controls
Mean ± SD
(range) [n]
21±4
(12-29) [29]

50±6
(33-59) [62]
14±2
(9-21) [65]

45±9
(31-68) [29]
14±3
(9-19) [27]

RV E' (cm/s)

15±3 #
17±4
(7-21) [65]
(12-25) [27]
RV A' (cm/s)
10±3
11±3
(6-16) [65]
(6-21) [27]
TAPSE- Tricuspid annular plane systolic excursion; RVFAC- Right ventricular fractional area
change; RV S’- Peak velocity of systolic mitral annular motion as determined by pulsed wave
Doppler; RV E’- Peak velocity of early diastolic mitral annular motion as determined by pulsed
wave Doppler; RV A’ - Peak velocity of diastolic mitral annular motion as determined by pulsed
wave Doppler; # significant difference between the groups (P<0.05)

5.4 Discussion
The key findings of this study were; (1) elite footballers had lower resting HR and BP as well
as a smaller body mass; (2) absolute data for a range of LV and RV chamber size indices as
well as LV wall thickness’ were greater in elite female footballers; (3) global measures of LV
function were greater in footballers; and (4) there were only sporadic differences in Doppler,
tissue-Doppler and ℇ indices of LV and RV function. These findings are important to provide
insight into the upper normal limits of cardiac structure and function in elite female
footballers that can be considered during population specific cardiac PPS.
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5.4.1 General training adaptation
Elite female footballers presented with significantly lower resting heart and resting blood
pressure compared to sedentary controls. The lower resting heart rate reflected a relatively
high proportion of female footballer’s demonstrating resting snus bradycardia (Chapter 2)
that is a common adaptation to training (George et al., 2011) that has been reported in
previous studies of elite male footballers (Spatoro et al., 1985) and recently reported in elite
female footballers (Churchill et at., 2020). A reduction in resting heart rate with training likely
reflects an enhanced vagal tone (George et al., 2011). A lower systolic and diastolic blood
pressure at rest in the footballers is also a common finding with prolonged periods of training
(George et al., 2011) and is a likely consequence of training induced changes in vasculature
structure and tone (Baggish and Wood, 2011). The lower body mass in footballers could
reflect the adaptation to prolonged periods of training or some level of selection bias. Taken
together with reported training data, elite female footballers are exposed to physiological
stress that could alter cardiac structure and function. Likewise, the subtle differences in body
size between groups emphasise the need to appropriately scale cardiac data to aid
interpretation (Batterham et al., 1999).
5.4.2 Left ventricular adaptation
To the best of our knowledge this is the first study to compare the AH in elite UK-based female
footballers with sedentary controls using comprehensive echocardiographic imaging. Using
2D, Doppler, tissue-Doppler and strain imaging we present extensive evidence of cardiac
adaptation that moves on from the information presented in Danish female footballers
(Randers et al., 2013) and provides significant additional insight to a recent study in USA
female footballers (Churchill et al., 2020).
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5.4.2.1 Left ventricular structure
As expected, elite female footballers presented with higher values for LVDd. This difference
persisted after body size scaling, and indexed LVEDV was also higher in the footballers. This
data supports the difference in LVDd reported by Randles et al. (2013) although the mean
LVDd in the current study was 49 mm compared to 51 mm (Randles et al., 2013). The
difference in LVEDV sits alongside data from Churchill et al., (2020) who reported that 77% of
their female footballers had higher than normal chamber volume data. The between group
differences are comparable to previous studies in general male and female athletic
populations (Whyte et al., 2004; Utomi et al., 2014) and previous data in elite male footballers
(Somauroo et al., 2012). The LV chamber remodelling is thought to be the consequence of
the hemodynamic volume overload stress placed on the heart during sustained period o f
training in a sport with a significant aerobic component to training and game play (Reilly et
al., 2002). Other factors that could influence LV dimensions are the lower heart rate at rest
in the female footballers and a likely greater blood volume (George et al., 2011) which would
both promote greater diastolic filling and thus a larger LV volume at the end of diastole. The
upper limit of LV chamber dimension in our elite female footballers was 58 mm. This is similar
to data reported in previous empirical studies (Rawlins et al., 2008) and meta-analyses (Whyte
et al., 2004) in general female athletes, and is a useful guide when interpreting cardiac PPS in
elite female footballers. It should be noted that the absolute values of LV chamber size varied
considerably across individuals (42 – 58 mm) likely reflecting individual differences in body
size, training exposure and the interaction between genetics and training exposure, such that
some athletes will “respond” more to any given stimulus (Kusunose et al., 2013; Doronina et
al., 2018).
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Data for LV wall thickness was collected across multiple sites to help develop a more extensive
database compared to most of the previous male and female AH literature (Whyte et al.,
2004; Utomi et al., 2014). In addition, we reported both mean and maximal LVWT because of
their relevance to cardiac PPS. Overall, both absolute and scaled LV wall thicknesses were
greater in the elite female footballers when compared to controls and this reached statistical
significance for the basal anterior septum and the mid anterior septum. The combination of
data also led to significantly greater mean WT and maximal WT in elite female footballers
(both absolute and body size scaled). The absolute upper limit in this study was 10 mm for LV
WT and is very similar to that reported in a general population of elite female athletes (Whyte
et al., 2004) and elite female footballers (Randers et al., 2013; Churchill et al., 2020). This
again helps inform cardiac PPS in this specific population group. The differences though are
important to reflect upon mechanistically even though in descriptive cross-sectional study we
can only speculate at the cause(s). Clearly, a larger body size in female footballers cannot be
an explanation. Classic AH theory has suggested that increased LV WT is likely to reflect
periods of resistance, strength or power training that place a hemodynamic pressure overload
on the LV (Morganroth et al., 1975; George et al., 1991). Two points are important to make;
(1) the absolute values of WT reported here are substantially smaller than those reported in
some resistance trained male athletes (Morganroth et al., 1975), and (2) the existence of a
pressure overload physiological adaptation in the AH has been significantly challe nged
recently (Utomi et al., 2013) largely due to the limited and highly intermittent nature of this
hemodynamic stress that is also modulated by Valsalva (Haykowsky et al., 2000). Indeed, the
relative WT data in the current study, reflecting the balance between WT and chamber size
was not different between athletes and controls. This suggests a normal LV geometry with a
lack of concentric adaptation that seems to support recent data in male athletes (Utomi et
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al., 2013; Utomi et al., 2014). Finally, the combination of larger LV chamber and wall
dimensions contributed to a significantly greater absolute and scaled LV mass in the elite
female footballers. This is a very common feature of the AH (George et al., 2011) and has
been reported in multiple studies of general male and female athletes (Whyte et al., 2004;
Utomi et al., 2014). Again, the upper limit of LV mass in this study (164 g) is within previously
published ranges for elite female athletes (Whyte et al., 2004) and contribute to the
knowledge base underpinning cardiac PPS in elite female footballers (Randers et al., 2013;
Churchill et al., 2021).
5.4.2.2 Left ventricular function
Randers et al. (2013) noted that global measures of LV function tended to be higher in Danish
female football players in comparison to untrained young women. The current study
confirmed this with a larger SV in the elite female footballers compared to sedentary controls.
This is another common AH finding in general populations of, largely aerobically trained, male
and female athletes (Whyte et al., 2004; Utomi et al., 2014). The small but significant
difference in the footballer’s EF (62 cs. 58%) is not a common finding in studies of the AH at
rest (Utomi et al., 2012). This difference is, however, close to the day-to-day variability of this
index and may simply reflect great contractile activity during systole in a LV that is receiving
greater venous return and thus is relatively “stretched”. In line with the Frank-Starling laws
of the heart, increased filling will then result in increased contractility (independent of any
other internal or external effector of cardiac contractile activity).
In developing this topic and building on the work of Randers’ we sought to determine other
measures of LV systolic and diastolic function to augment global indices of function like SV
and EF. Some of this new data provides indices of regional function in the LV. Tissue-Doppler
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derived, peak systolic myocardial velocities at the basal septal wall and the basal lateral wall
were not different between groups, whereas peak longitudinal Ɛ was higher in the elite
footballers (20 vs. 17%). Recent data from Churchill et al., (2020) reported that diastolic
function was normal in all athletes, but female footballers had lower lateral LV earl y tissue
Doppler velocity (E′), (18 [17-19] vs 21 [20-22] cm/s; P < .001) than their male footballers.
The lack of difference in tissue Doppler data during systole between groups is novel in this
group of female athletes but does mirror data reported in mixed groups of male athletes
(Utomi et al., 2012). Peak global longitudinal Ɛ, that occurs during systole has been reported
less frequently but in those few studies to employ this technique small or no differences have
been reported in the AH (Utomi et al., 2014; Forsythe, et al., 2018; Beaumont et al., 2017).
The fact that a small difference is seen in global longitudinal Ɛ but no change is observed in
peak longitudinal tissue velocities, both in systole, is likely a consequence of the former
measure reflecting functional change across the length of the septum or lateral wall whilst
tissue-Doppler velocities are regional measures limited to a small region of interest in the
wall. It is also the case that tissue-Doppler data tends to have greater variability, and thus
small differences are associated with low statistical “power” in the data.
The most common index of global diastolic function, the ratio of the peak flow velocities
during the early and late phases of the left ventricular filling (E/A ratio), was higher in the elite
female footballers (2.42 vs. 1.96). This difference was not significant due to the large SD (large
inter-individual variability) in this index. This outcome is commonly seen in the AH literature
(George et al., 2013) and supports the recent data presented by Churchill et al., (2020). The
lack of significant difference between athletes and control in E/A is often attributed to the
fact that this measure occurs at rest where an augmentation in diastolic function is not
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required to meet filling or ejections demands. Changes in diastolic function during exercise
may be more pertinent to performance and the full realisation of the diastolic capacities of
the AH (George et al., 2013). Overall, global (Doppler) and regional (tissue-Doppler) indices
of early diastolic function were similar between the two groups. Peak E and E’ myocardial
velocities were not different between groups.
This would suggest that early relaxation is not augmented at rest. This is like data in other
athletes (George et al., 1991; Utomi et al., 2012) although some studies have reported
enhanced diastolic function at rest (Pavlik et al., 2013; Kasikcioglu et al., 2006; D’Andrea et
al., 2007). The lack of difference in the current study, again, likely reflects the lack of need to
augment function at rest. The slightly longer deceleration time (of the E wave) is likely
attributable to the lower HR in the elite footballers. The ratio E/E’, an index of left atrial driving
pressure, was not different between groups and likely contributes to the lack of difference in
flow and tissue-Doppler indices in early diastole.
Some sporadic differences were noted between groups in indices of atrial (A, A’) flow and
tissue velocities. Peak A (flow because of atrial contraction) and peak A’ (tissue velocities
during atrial contraction) were higher in the controls compared to the elite female footballers.
This has been reported in previous AH studies (George et al., 2013) but is not a consistent
finding. In essence, it is suggested that higher flow and tissue velocities during atrial
contraction in the sedentary controls is seen as a compensatory response to reduced early
filling seen in some sedentary group, so as to meet overall filling demands of the LV. As
Doppler and tissue-Doppler data do not reflect volumes of flow, this is hard to substantiate.
We do know that A and A’ increase with heart rate (Giannaki et al., 2008) and thus the higher
values in the controls could simply reflect the higher resting heart rate in this group .
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5.4.3 Right Ventricular structure
Randers et al., (2013) and Churchill et al., (2020) only reported structural and functional data
related to the LV of elite female footballers. Consequently, this chapter builds on available
knowledge in this group of athletes. In recent years, more data have been reported referring
to the structural and functional adaptation of the RV in the general AH literature. This is
because the RV should be involved in any athletic adaptation (acute or chronic) and can be
the site for pathology development (George et al., 2011). Because of geometric differences,
compared to the LV, and potential challenges in non-invasive imaging, the database of the RV
in the AH is smaller than the LV. Despite this there is evidence that the RV chamber is larger
in male athletes compared to controls (Metaxas et al., 2000; D’Andrea et al., 2007; D’Andrea
et al., 2013; Forsythe et al., 2019) and this has been extended in a limited number of studies
in female athletes (Rawlins et al., 2009). The current study adds new and unique data related
to RV structure in elite female footballers. Apart from RV areas, where data reflects a smaller
sample size and greater variability in measurement, all RV dimensions were significantly
higher in the elite footballers, compared to sedentary controls. Some of these differences
were maintained after scaling for body size differences. Increased RV dimensions in the
athletes (e.g., RVOTPLAX) suggests a proportional enlargement of the RV alongside LV
adaptation. This global hypertrophy of both the RV and LV is commonly reported in male
athletes (Utomi et al., 2012; Utomi et al., 2013) and likely reflects that both ventricles are
subject to a hemodynamic volume overload stimulus during training exposure. Although
some suggest the RV may develop, further with training than the LV (La Gerche et al., 2012)
this is not obvious in the current data set. The upper limits recorded for absolute RV
dimensions again provides insight and information that will be useful in cardiac PPS in this
specific group (Oxborough et al., 2012).
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5.4.4 Right ventricular function
Assessment of RV function, like structural measurement, is complex and different to the LV
as geometry and mechanics are unique, and imaging is more complex. Despite this, elements
of RV function can be determined and contribute to a broader understanding of the AH
phenotype in these athletes (Oxborough et al., 2012) as well as when attempting to
differentiate physiological RV remodelling from diseases such as ARVC (Marcus et al., 2010)
that can predispose to SCD. Previous research suggests that a multi-factorial approach to RV
functional assessment should include global indices such as TAPSE and RVFAC as well as
regional tissue-Doppler myocardial velocities in the free wall (Qasem et al. 2016). In the
current study no between group differences were noted for TAPSE, RVFAC and peak S’. This
is similar to previous work in general male (Oxborough et al., 2012) and female (Rawlins et
al., 2009) athletic populations.
Diastolic data were also similar between groups. Even A and A’ were not different despite a
higher heart rate in sedentary controls. This suggests that the RV functional data at rest are
potentially less sensitive to training stimuli than the LV, although it is n ot uncommon to see
similar peak A’ velocities in groups of different training status in the literature (George et al.,
2013). Also, of interest, and somewhat counterintuitively, was a lower RV peak E’ in the
footballers compared to the controls. This did not match data in the LV and is less common
than augmented (or no change) in early diastolic function seen in previous athlete-control
studies (George et al., 2013). The explanation for these findings is unclear although we are
aware that small, negative changes in RV function may occur associated with recent bouts of
acute exercise (Lord et al., 2014). This data requires follow-up confirmation and further
investigation.
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5.5 Implications, limitations and future research
The findings from the current study provide confirmatory as well as new/novel data
pertaining to the AH in elite female footballers that may contribute to cardiac PPS, specifically
to the differential diagnosis of AH and cardiomyopathies in elite female athletes. The upper
limit of structural and functional data presented in 79 elite female footballers is a valuable
indicator of the range of physiological adaptation to intensive sport-specific training.
Despite a moderately large sample size of 79, this is still lower than some multi-sports studies
in the literature (Rawlins et al., 2008). Thus, the current sample size of elite female footballers
represents something of a limitation. Specifically, AH data in elite female footballers of
different ages, ethnicities and/or geographic regions will be useful future additions to the
literature. Despite novel data on RV structure and function as well as the use of tissue Doppler and Ɛ imaging, further development or technical insights might be useful, including
3D structural assessment and looking at twist mechanics in the LV. Further assessment of the
atria in elite female footballers would provide a more complete cardiac assessment that can
feed through to cardiac PPS.
Further investigations are warranted to characterize cardiac function of elite female
footballer’s during exercise. We must take into consideration as well, that several other
factors than the character of sports activity determine the development of the AH and its
assessment in PPS, such as hormonal variation in female athletes due to menstrual cycle
phase or oral contraceptive use. Understanding cardiac structural and functional variation
during different phases of the menstrual cycle could not be deduced in the current study, as
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these issues could not practically be controlled during testing. This provides the specific
rationale for the research undertaken in the next chapter.

5.6 Conclusions
The findings obtained in the current study suggest that long-term training resulted in
myocardial adaptation in both the LV and RV of elite professional female footballers that
constitute a specific AH phenotype and upper limits that will feed into cardiac PPS. The
structural presentation of the AH in elite female footballers suggests an eccentric remodelling
within an overall normal geometry. To the best of our knowledge, this is the first study to
comprehensively assess the AH in elite female footballers and thus this work should serve as
a springboard for ongoing study in these areas.
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Chapter 6

Variability in resting cardiac structure
and function across the menstrual cycle
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6.1 Introduction
Historically, women’s participation in competitive sport has lagged behind that of men with
female athletes subjected to a variety of inequitable practices (Costello et al., 2014). Part of
this inequality was a long-held belief that competitive sport could negatively affect female
reproductive health (De Souza et al., 2010). Whilst there is some concern about the impact
of elite athletic participation on menstrual cycle function (O’Donnell et al., 2011), it is now the
consensus that women should have the same sporting opportunities as men. Whilst
prejudices and problems still exist, there is a narrowing of gender inequality in terms of sports
participation, elite competitive opportunities, financial rewards, media coverage and
audience make up (Smith et al., 2013; Capranica et al., 2001; 2002; 2013). For example, the
2012 Summer Olympics in London were the first games in which every participating country
included a female competitor (Kian et al., 2013).
With growing elite level participation in female sports, such as in women’s professional
association football, there has been a concomitant development in research and clinical
enquiry into relevant topics (Lopez, 1997; Pfister, 2003; Bruinvels et al., 2016). One specific
issue of interest is related to the impact of exercise participation on menstrual cycle function
(Datson et al., 2014,) and the parallel issue of the effect of menstrual cycle phase or status on
athlete performance or physiology (Bailey et al., 2000; Constantini et al., 2005). Interest in
the association between menstrual cycle phase and cardiovascular physiology is based on
knowledge that there are oestrogen receptors in cardiovascular organs/tissues (Christensen
et al., 2012) and that epidemiological data would suggest oestrogen exerts a substantial
cardio-protective effect in adult women (Owen et al., 2005; Wake et al., 2009) that is lost
after menopause. Consequently, several observational studies have demonstrated that
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oestrogen could be involved in the regulation of cardiac structure and function in animal
(Gorodeski et al., 1990; Magness & Rosenfeld, 1989; Malhotra et al., 1990) and human models
(Garavaglia et al., 1989; Paterni et al., 2014). This interest has, however, not been extended
to the potential for menstrual cycle phase to mediate cardiovascular assessments
incorporated in cardiac PPS.
Our understanding of the impact of menstrual cycle phase on cardiovascular structure and
function is complicated by contradictory data. Fuenmayor et al., (2000) observed a significant
increase in the E/A ratio, as an index of LV diastolic function, during the LP of the menstrual
cycle in 20 healthy eumennorheic women. In addition, Zengin et al., (2007) reported an
increase in peak early diastolic filling flow velocity during the LP in 27 healthy eumenorrheic
women. Conversely, George et al., (2000) reported no significant differences in multiple
indices of LV function between the FP and LP. Likewise, Hirose et al., (2017) reported no
significant differences in either conventional or 2D-STE parameters of diastolic function
between the FP and LP. Whilst these data provide a useful initial insight into this topic, early
research has been limited by; (1) a focus on just 2 phases of the menstrual cycle (no data
associated with ovulation), (2) a focus on LV function with no RV data, and (3) a focus on
standard 2D or Doppler functional data (no tissue-Doppler data). Of interest to PPS there is
limited data related to the impact of menstrual cycle phase on ECG parameters outside of the
clinical setting (Rosano et al., 1996; Burke et al., 1997; Hulot et al., 2003).
Thus, the aim of this study was to: (1) identify the impact of menstrual cycle phase (mid -luteal,
ovulation, mid-follicular) on cardiac electrical activity (12 lead ECG) in eumenorrheic, healthy
women, and (2) document variability in cardiac structure and function (comprehensive
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echocardiographic assessment) across menstrual cycle phases in the same cohort. These data
will help inform testing plans and data analysis in cardiac PPS in elite female athletes.

6.2 Methods
6.2.1 Participants and Design
Seventeen healthy, eumenorrheic, female participants volunteered to participate in the
study. The mean (± SD) age for the cohort was 20 (± 2) years. Inclusion criteria required all
participants to self-report regular, consistent and pain free menstrual cycles for the previous
12 months, no oral contraceptive use in the previous 2 years, no other current prescription
drug use, that they were non-smokers, that they had maintained a consistent level of physical
activity (<3 hrs per week) for the previous 12 months and that they had no personal or early
family history of cardiovascular disease. Participants were provided with full deta ils of all
experimental procedures and provided written informed consent to participate in the study.
Liverpool John Moores University Ethical Committee approved experimental procedures and
protocols for this research.
This study employed a repeated measures design where all participants presented at the
Cardiovascular Laboratory for data collection at all-time points. These occurred with a
random (menstrual cycle phase) initial test based upon when participants were recruited,
followed by the other two test points in time order. Tests took place in; (a) the follicular phase
(FP) 1-5 days after cessation of menses when circulating oestrogen and progesterone
concentrations are both low (Vollman, 1977; Fehring et al., 2006; Reed and Carr, 2018); (b)
during ovulation (OP) 12-14 days after the cessation of menses, when circulating oestrogen
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concentration is high and progesterone concentration is low (Su et al., 2017; Hilgers and
Bailey, 1980) and finally; (c) in the luteal phase (LP) 21-24 days after the previous menses,
when both circulating oestrogen and progesterone concentrations are high (Ecochard et al.,
2001; Fraser et al., 2011). These selected time periods have previously been shown to identify
time points when oestrogen and progesterone levels vary (Minson et al., 2000; Nielsen et al.,
2001; Kim et al., 2012; Hartwich et al., 2013, Bull et al., 2019). The time for testing in the OP
was also confirmed using ovulation kits (Clearblue®; SPD Swiss Precision Diagnostics GmbH,
Petit Lancy, Switzerland). This product detects the rise in the luteinising hormone (LH) during
ovulation.
Participants were requested to have eaten their normal meal prior to testing but to refrain
from caffeinated beverages, alcohol consumption and strenuous physical activity for at least
12 hours before any testing. We could not control time-of-day of testing between subjects
due to participant availability but within subject, all tests occurred in either morning or
afternoon testing slots.
6.2.2 Procedures
At each visit to the laboratory, the same testing procedures were employed in the same test
order. Anthropometry: All participants had body mass assessed using standard scales (Seca
217, Hannover, Germany) and height measured using a stadiometer (Seca Supra 719,
Hannover, Germany). Body surface area (BSA) was calculated by using a standardised formula
(Mosteller, 1987). This facilitated within and between participant data comparison by
facilitating the scaling of data for individual differences in body size.
Blood pressure: Systolic and diastolic brachial artery blood pressure were measured using an
automated sphygmomanometer (DINAMAP 300, GE medical system, Milwaukee, Wisconsin,
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USA). Blood pressure data were recorded as the lowest values from a minimum of two repeat
blood pressure assessment after 5 minutes of quiet, seated rest.
Electrocardiography: All participants undertook a standard resting 12-lead electrocardiogram
(CardioExpress SL6, Spacelab Health care, Washington, US).

Electrode placement was

undertaken by a trained cardiac physiologist. Data analysis was carried out in accordance
with International Criteria (Sharma et al., 2017) for ECG interpretation. The ECG was analysed
by an experienced sports cardiologist who confirmed the presence or absence of (likely)
training, borderline, and non-training related ECG changes, as in previous chapters.
Echocardiography: A full echocardiographic assessment was undertaken by a single
experienced sonographer using a commercially available ultrasound system (Vivid Q, GE
Healthcare, Horten, Norway) and a 1.5-4 MHz phased array transducer. All image acquisition
occurred with the participant in the left lateral decubitus position and in accordance with
American Society of Echocardiography (ASE; Lang et al., 2015) guidelines. Images were stored
in a raw DICOM format and exported to an offline workstation (EchoPac version 6.0, GE
Healthcare, Horten, Norway) for subsequent analysis. All data was analysed by the researcher
under the supervision of a single experienced sonographer.
Standard measurements of LV structure and function were in accordance with ASE guidelines
(Lang et al., 2015) and followed previous protocols detailed in study 3. Strain and strain data
were not recorded in this study. Measures of RV structure and function are also adopted the
protocols outlined in study 3.

106

6.2.3 Data Analysis
All data were managed using REDCAP electronic data capture tools hosted at Liverpool John
Moores University (Harris et al., 2009). Cohort data are presented as mean ± SD, as well as
ranges. Analysis of data between menstrual cycle phases was undertaken using repeated‐
measures ANOVAs and pairwise Bonferroni post-hoc testing where a significant main effect
for cycle phase was present. Statistical analysis was completed using a commercially a vailable
software package, SPSS Version 25.0 for Windows (IBM Corporation, Somers, NY, USA). For
all analyses, a probability value <0.05 was considered statistically significant.

6.3 Results
6.3.1 Anthropometric and Blood Pressure Data
There were no significant differences (P>0.05) in height, weight, BSA and BP across the three
menstrual phases (Table 6.1)
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Table 6.1: Cohort anthropometric and cardiovascular data across menstrual cycle phases

FP
Mean ± SD
(Range) [n]
1.66±0.08
(1.53 - 1.78) [17]

OP
Mean ± SD
(Range) [n]
1.66±0.08
(1.53 - 1.78) [17]

LP
Mean ± SD
(Range) [n]
1.66±0.08
(1.53 - 1.78) [17]

Body mass (kg)

70±12
(49 - 94) [17]

70±12
(49 - 94) [17]

70±12
(49 - 94) [17]

BSA (m2)

1.8±0.2
(1.5-2.0) [17]

1.8±0.2
(1.5-2.0) [17]

1.8±0.2
(1.5-2.0) [17]

Heart Rate (beats/min)

76±13
(50 - 99) [17]

76±13
(52 - 102) [17]

75±13
(49 - 101) [17]

Systolic BP (mmHg)

122±10
(100-137) [13]

120±6
(110-132) [13]

123± 12
(108-150) [13]

Diastolic BP (mmHg)

71±8
(55-85) [13]

69±9
(55-82) [13]

68±9
(56-85) [13]

Variable
Height (m)

FP – Follicular phase; OP –Ovulation phase; LP – Luteal phase; BSA–Body Surface Area; BPBlood Pressure

ECG data, for continuous variables, are detailed in Table 6.2. There was no significant main
effect of menstrual cycle phase on this data and all durations, axes and amplitudes were
within normal limits. ECG data pertinent to the International Criteria are contained in Tables
6.3 and 6.4. Early repolarisation and sinus bradycardia were the most common “training
related” changes and were relatively consistent across FP, OP and LP (Table 6.3). Sinus
arrhythmia was observed in one participant at the OP assessment but was not apparent at
either the FP or LP assessment. There were no borderline or abnormal findings in any
participant during any phase of the menstrual cycle.
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Table 6.2: Cohort ECG data, continuous variables, across three menstrual cycle phases
FP
Mean ± SD
(Range) [n]

OP
Mean ± SD
(Range) [n]

LP
Mean ± SD
(Range) [n]

Heart rate
(beats.min-1)

73±17
(38-107) [17]

74±17
(44-103) [17]

76±17
(44-101) [17]

P Duration (ms)

95±26
(0-118) [17]

98±9
(83-112) [17]

97±14
(74-110) [17]

PR Interval (ms)

147±42
(0-194) [17]

149±21
(97-180) [17]

149±24
(98-182) [17]

QRS Duration (ms)

87±8
(74-105) [17]

87±8
(73-105) [17]

89±10
(71-110) [17]

QT Interval (ms)

383±47
(324-526) [17]

380±51
(312-516) [17]

378±44
(325-484) [17]

QT Corrected
(Bazett) (ms)

414±14
(400-451) [17]

417±15
(399-454) [17]

411±22
(343-454) [17]

40±27
(-19-77) [17]
68±20
(26-97) [17]

38±32
(-27-74) [17]
65±25
(26-98) [17]

34±42
(-90-76) [17]
67±21
(31-99) [17]

T Axis (o )

38±21
(-19-68) [17]

37±21
(-20-70) [17]

39±20
(-19-66) [17]

Voltage: RV1 + SV5
(mV)

2.3±0.8
(1.0-3.0) [17]

2.3±0.8
(1.0-4.0) [17]

2.4±0.7
(1.0-4.0) [17]

Voltage: SV1 +RV5
(mV)

9.9±4.0
(5.0-17.0) [17]

10.0±3.6
(5.0-18.0) [17]

9.5±4.0
(5.0-15.0) [17]

Variable

P Axis (o )
QRS Axis (o )

P- Duration; PR- Interval; QRS- Duration; QT- Interval; QT- Corrected; P, QRS, T – Axis; R - R
wave; S – wave; V1- Chest lead 1; V5- Chest lead 5
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Table 6.3: Prevalence of training-related ECG changes in the cohort across the menstrual cycle
– International standard ECG criteria interpretation (Sharma et al., 2017).
Training-Related ECG Findings
FP

OP

LP

Increased QRS voltage

0

0

0

Incomplete right bundle branch block

0

0

0

1(6%)

1(6%)

1(6%)

Black athlete repolarisation variant

0

0

0

Juvenile T wave pattern

0

0

0

Sinus bradycardia

4(24%)

5(29%)

4(24%)

Sinus arrhythmia

0

1(6%)

0

Ectopic atrial rhythm

0

0

0

Junctional escape rhythm

0

0

0

1° atrioventricular block

0

0

0

Mobitz type 1 (Wenkebach) 2°

0

0

0

Early repolarisation

atrioventricular

Table 6.4: Prevalence of borderline and abnormal ECG findings across the menstrual cycle International standard ECG criteria interpretation (Sharma et al., 2017).
Borderline ECG Findings
FP

OP

LP

Left axis deviation

0

0

0

Left atrial enlargement

0

0

0

Right axis deviation

0

0

0

Complete right bundle branch block

0

0

0
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Table 6.5: Prevalence of abnormal non-training-related ECG changes in the cohort across the
menstrual cycle – International standard ECG criteria interpretation (Sharma et al., 2017).

Abnormal ECG Findings
FP

OP

LP

T wave Inversion

0

0

0

ST segment depression

0

0

0

Pathological Q waves

0

0

0

Complete left bundle branch block

0

0

0

Profound non-specific intraventricular

0

0

0

Epsilon wave

0

0

0

Ventricular pre-excitation

0

0

0

Prolonged QT interval

0

0

0

Brugada type 1 pattern

0

0

0

Profound sinus bradycardia

0

0

0

Profound 1° atrioventricular block

0

0

0

Mobitz type II 2° atrioventricular block

0

0

0

3° atrioventricular block

0

0

0

Atrial tachyarrhythmias

0

0

0

Premature ventricular contractions

0

0

0

Ventricular arrhythmias

0

0

0

conduction delay
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6.3.2 Echocardiography: Left Ventricle
Numerous parameters of LV structure are presented in Table 6.6. LV chamber dimensions in
diastole and systole were marginally larger in OP and LP compared to FP, even after adjusting
for body size (P<0.0.5). Whilst there was a significant main effect for menstrual cycle phase
for the measurement of mean wall thickness (with values in OP higher than both FP and LP)
the absolute difference is very small and is lost when data is appropriately rounded up
(decimal places). Absolute and indexed LV mass was higher in the OP phase compared to FP
and LP (P<0.05).

Table 6.6: Left ventricular structural data across the menstrual cycle

FP
Mean ± SD
(Range) [n]
44±2 #
(40-48) [17]

OP
Mean ± SD
(Range) [n]
45±2
(42 - 50) [17]

LP
Mean ± SD
(Range) [n]
46±2
(42 - 49) [17]

LVDd index (mm/(m2)0.5)

33±2 #
(30-38) [17]

34±2
(31-39) [17]

34±2
(31-38) [17]

LVDs (mm)

29±4 #
(23-38) [17]

30±4
(24 - 39) [17]

30±4
(26-39) [17]

LVDs index (mm/(m2)0.5)

21±3 #
(16-30) [17]

22±3
(17-30) [17]

22±3
(19-31) [17]

LVEDV (ml)

101±16
(75-130) [17]

101±17
(31-62) [17]

100±18
(73-139) [17]

LVEDV index (ml/(m2)1.5)

42±6
(33-57) [17]

42±7
(32-59) [17]

42±7
(30-59) [17]

Variable
LVDd (mm)
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LVESV (ml)

41±8
(30-63) [17]

41±9
(31-62) [17]

41±10
(27-68) [17]

LVESV index (ml/(m2)1.5)

17±3
(13-23) [17]

17±3
(12-23) [17]

17±4
(11-24) [17]

Basal anterior WT (mm)

6±1
(6-7) [17]

6±1
(6-7) [17]

6±1
(6-7) [17]

Basal inferior WT (mm)

7±1
(5-7) [17]

7±1
(6-7) [17]

7±1
(5-7) [17]

Basal septal WT (mm)

7±1
(6-7) [17]

7±1
(6-8) [17]

7±1
(6-7) [17]

Basal posterior WT (mm)

7±1
(6-8) [17]

7±1
(6-8) [17]

7±1
(6-8) [17]

Mid anterior WT (mm)

7±1
(6-7) [17]

7±1
(6-8) [17]

7±1
(6-7) [17]

LVDd- Left ventricular dimension in diastole; LVDs- Left ventricular dimension in systole;
LVEDV; Left ventricular end-diastolic volume; LVESV; Left ventricular End-Systolic Volume WT
– wall thickness, # significant difference between the groups (P<0.05).

Table 6.7: Left Ventricular functional data across the menstrual cycle
Variable

FP
Mean ± SD
(Range) [n]

OP
Mean ± SD
(Range) [n]

LP
Mean ± SD
(Range) [n]

Systolic Indices
Ejection Fraction (%)

59±5
(52-69) [17]

59±5
(51-68) [17]

58±5
(49-68) [17]

Stroke Volume (ml)

59±11
(41-90) [17]

60±12
(41-91) [17]

58±12
(38-91) [17]

tissue

9±2 #
(6-15) [17]

10±2
(7-15) [17]

10±2
(7-16) [17]

Lateral wall peak S’ tissue velocity
(cm/s)

12±3
(7-22) [17]

13±3
(8-21) [17]

13±3
(8-23) [17]

Medial wall peak
velocity(cm/s)

S’
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Average S’ (cm/s)

8±2 #
(6-11) [17]

11±2
(8-18) [17]

11±3
(8-20) [17]

Diastolic Indices
Transmitral peak E flow velocity
(cm/s)

0.9±0.2
(0.7-1.2) [17]

1.0±0.2
(0.8-1.2) [17]

1.0±0.2
(0.7-1.2) [17]

Transmitral peak A flow velocity
(cm/s)

0.5±0.1
(0.3-0.8) [17]

0.5±0.1
(0.3-0.7) [17]

0.5±0.1
(0.3-0.8) [17]

Transmitral E: A Ratio

2.0±0.9
(1.3-4.3) [17]

2.0±0.9
(1.3-4.3) [17]

2.0±0.9
(1.3-4.3) [17]

Transmitral E Deceleration Time
(ms)

129±38
(76-195) [17]

130±36
(79-193) [17]

130±39
(74-195) [17]

Medial wall peak E’ tissue velocity
(cm/s)

13±3 #
(7-17) [17]

13±3
(8-18) [17]

14±3
(6-18) [17]

Lateral wall peak E’ tissue velocity
(cm/s)

20±4
(10-26) [17]

19±4
(10-27) [17]

21±4
(10-28) [17]

Average E’ (cm/s)

16±3 #
(9-20) [17]

16±3
(9-21) [17}

17±3
(8-21) [17]

Medial wall peak A’ tissue velocity
(cm/s)

8±2
(5-12) [17]

8±2
(6-13) [17]

8±2
(5-12) [17]

Lateral wall peak A’ tissue velocity
(cm/s)

8±2
(5-13) [17]

8±2
(5-13) [17]

8±2
(5-13) [17]

Average A’ (cm/s)

8±2
(6-11) [17]

8±2
(6-11) [17]

8±2
(6-11) [17]

Average E/E’

6±2
(4-12) [17]

6±2
(4-12) [17]

6±2
(4-13) [17]

S’- systolic velocity; E’- early diastolic velocity; A’ – late/atrial diastolic velocity; E- early
diastolic transmitral flow; A- late/atrial transmitral flow; # significant difference between the
groups (P<0.05)
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6.3.3 Echocardiography: Right Ventricle
Parameters of RV structure are presented in Table 6.8 with RV functional data in Table 6.9.
Absolute RVOT PLAX and RVOT 1 were lower in FP compared to both OP and LP (P<0.05).
Absolute RVD2 was larger in OP than FP and LP (P<0.05), whereas RVD3 was larger in LP
compared to OP and FP (P<0.05). No RV functional index was significantly mediated by
menstrual cycle phase.

Table 6.8: Right ventricular structural data across the menstrual cycle
Variable

FP
Mean ± SD
(Range) [n]
26±4 #
(20-32) [16]

OP
Mean ± SD
(Range) [n]
27±4
(21-33) [16]

LP
Mean ± SD
(Range) [n]
27±4
(21-34) [16]

RVOT PLAX
(mm/(m2)0.5)

19±3
(15-23) [16]

20±2
(16-24) [16]

15±2
(11-18) [16]

RVOT 1 (mm)

26±4 #
(20-32) [16]

27±4
(21-33) [16]

27±4
(21-34) [16]

RVOT1 (mm/(m2)0.5)

19±3
(14-24) [16]

20±2
(15-22) [16]

20±3
(15-25) [16]

RVOT 2 (mm)

22±4
(15-33) [16]

23±4
(15-33) [16]

23±4
(15-33) [16]

RVOT2 (mm/(m2)0.5)

16±3
(11-24) [16

17±3
(11-24) [16]

17±3
(11-24) [16)

RVD1 (mm)

30±3
(23-35) [16]

30±4
(21-25) [16]

31±3
(24-37) [16)

RVD1 (mm/(m2)0.5)

23±2
(17-26) [16]

23±3
(17-26) [16]

24±2
(18-27) [16]

RVD2 (mm)

24±3 #
(19-31) [16]

25±4
(19-33) [16]

24±4
(19-31) [16]

RVOT PLAX (mm)
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RVD2 (mm/(m2)0.5)

18±3
(15-23) [16]

19±3
(15-24) 16]

18±3
(15-23) [16]

RVD3 (mm)

75±5 #
(66-82) [16]

75±5
(69-85) [16]

77±5
(69-85) [16]

RVD3 (mm/(m2)0.5)

56±4
(47-63) [16]

57±4
(48-64) [16]

57±4
(49-66) [16]

RV Diastolic Area
(cm2)

19±3
(15-25) [17]

20±3
(14-26) [17]

20±4
(14-25) [17]

RV Diastolic Area
(cm2/m2)

11±2
(8-14) [17]

11±2
(8-15) [17]

11±2
(8-15) [17]

RV Systolic Area
(cm2)

10±3
(6-15) [17]

10±3
(7-16) [17]

10±3
(7-16) [17]

RV Systolic Area
(cm2/m2)

6±2
(3-9) [17]

6±2
(4-10) [17]

6±2
(4-10] [17]

RVOT – Right ventricular outflow tract; PLAX – parasternal long axis view; RVD- Right
ventricular dimension in diastole; # significant difference between the groups (P<0.05)

Table 6.9: Right ventricular functional data across the menstrual cycle

Variable

FP
Mean ± SD
(Range) [n]
20±4
(12-25) [16]

OP
Mean ± SD
(Range) [n]
20±3
(12-25) [16]

LP
Mean ± SD
(Range) [n]
21±4
(12-27) [16]

RVFAC (%)

50±11
(30-70) [16]

49±10
(27-65) [17]

48±9
(32-68) [17]

RV S' (cm/s)

13±2
(8-17) [16]

13±3
(8-17) [16]

13±3
(9-18) [16]

RV E' (cm/s)

17±4
(8-17) [16]

17±4
(13-23) [16]

17±4
(13-24) [16]

RV A' (cm/s)

11±3
(6-17) [16]

11±3
(5-17) [16)

11±3
(6-17) [16]

TAPSE (mm)

TAPSE- Tricuspid annular plane systolic excursion; FAC- fractional area change; S’- Peak
velocity of systolic mitral annular motion as determined by pulsed wave Doppler; E’- Peak
velocity of early diastolic mitral annular motion as determined by pulsed wave Doppler; A’ Peak velocity of diastolic mitral annular motion as determined by pulsed wave Doppler;
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6.4 Discussion
The key findings from this study were (1) there were no meaningful differences in continuous
and International Criteria ECG data across different phases of the menstrual cycle, and (2)
whilst there were some significant differences in cohort data for LV/RV structural and
functional data across the menstrual cycle, these differences were small and likely within the
normal variation of specific indices (and within resolution limits of measurement tools), and
suggesting this likely has no significant clinical impact. Overall, performing ECG and
echocardiographic screening assessments at different stages of the menstrual cycle will likely
have little or no impact on decision making in cardiac PPS.
6.4.1 ECG data
The lack of change in ECG parameters across the menstrual cycle supports two specific studies
of QT interval duration that did not vary across menstrual cycle phases (Burke et al., 1997;
Hulot et al., 2003). In a clinical setting, Rosano et al., (1996) observed a significant positive
correlation between plasma progesterone concentration and the number and duration of
episodes of supraventricular tachycardia during the FP and LP of the menstrual cycle, but this
is an uncommon finding in young, healthy females and thus of limited relevance in athlete
cardiac PPS. It is highly likely that in young, active, healthy women with normal menstrual
cycles, the variation in concentrations of circulating female sex hormones has a limited effect
on cardiac electrical activity. This means that there is likely a negligible effect of physiological
reproductive hormone variation on the ECG component of cardiac PPS in female participants
although the current study should be replicated in elite athletes. After repeating this study
in an elite athlete female cohort, cardiac PPS could be undertaken at any time point in the
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menstrual cycle with no great concern that menstrual cycle phase would mediate the
outcome of ECG testing.
Of interest, we observed several normal or likely “training-related” ECG patterns in young,
healthy eumenorrheic women who are not highly trained elite athletes. The prevalence was,
however, lower than that observed in female athlete groups (Rawlings et al., 2008; Chapter
3). The absence of borderline or abnormal ECG findings in the current cohort reflects a
healthy group with no silent or family history of early cardiovascular disease.
6.4.2 LV structure and function
The results of this study demonstrated some small but statistically significant differences in
LV structure and function at different phases of the menstrual cycle. Initially, this seems to
be in direct opposition to the earlier work of George et al., (2000) and Hirose et al., (2016)
who reported no significant variation in global measures of LV structure and function between
the FP and LP. These authors suggested that the influence of variations in oestrogen and
progesterone on LV structure and function were of minimal significance (George et al., 2000).
Differences in sample sizes, development of testing quality and guidelines, the use of various
methods to define testing times within the menstrual cycle may partially explain the disparate
findings between studies. On reflection, however, the statistically significant differences
reported in the current study were of a limited absolute and relative magnitude. Specifically,
whilst there is a pattern of larger LV dimension (chamber size) during the OP and LP compared
to the FP, it should be noted that these differences, in absolute terms, are small, within the
likely daily biological variation of the indices and the measurement error of the
tools/protocols, and thus likely of no significant scientific or clinical impact (Lang et al., 2015).
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The overall conclusions of the present study are, therefore, largely in line with the previous
work of George et al., (2000) and Hirose et al., (2016).
It is important to note that some previous work has reported isolated differences in LV
structure and function across the menstrual cycle. Feunmayor et al., (2000) and Zengin et al.,
(2007) both reported that the mitral E/A ratio was significantly increased during the LP,
suggesting enhanced cardiac diastolic function. It was speculated in both studies that the
increase in oestrogen levels during the LP could mediate an increase in LV diastolic function
though an indirect vasodilator effect on the vascular system alth ough no evidence was
produced to support this supposition. We did not observe any change in E/A ratio across the
menstrual cycle and it is likely that the high variability of this index could lead to sporadic
findings of significance in some studies but not others. It is surprising to note previous work
highlighted diastolic functional changes independent of any effect on HR.
Although likely to be physiologically and clinically of little relevance or impact, the small rise
in chamber dimensions at OP and LP could be linked to increases in oestrogen that could be
associated with an increase in blood volume (Colau et al., 1983; Cardoso et al., 1997). Small
differences were also noted in medial wall peak S’ and average S’ across the menstrual cycle
with lower values in the FP. In diastole, we observed a slightly higher peak E’ in the OP and
LP compared to the FP that may simply reflect the structural variation in LV dimensions. These
differences, like those in LV structure, this would not likely impact in any meaningful way on
cardiac PPS outcomes.
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6.4.3 RV structure and function
In the present study, small variations in RV structure were noted across menstrual cycle phase
that mirrored the small changes seen in the LV (minor increase in values in the LP). This data
adds to previous LV focussed studies (George et al., 2000; Hirose et al., 2016) and suggests
that despite minor variations in mean cohort data this would likely have minimal impact on
clinical decision making, especially in the context of a cardiac PPS. In a similar vein to the LV,
the minor alterations in RV structure in the LP could be explained by small blood volume shifts
due to the influence of estrogen (Colau et al., 1983; Cardoso et al., 1997). This should be
confirmed in future studies.
Most previous studies of cardiac function across the menstrual cycle have also focused on the
LV (George et al., 2000; Hirose et al., 2016) with only Zengin et al., (2007) documenting
measures of RV function in 27 healthy women in the FP and LP. They reported that RV tissueDoppler-derived peak myocardial velocities during systole and diastole were higher in the LP.
This difference may be explained by small differences in sample size, demographics or the
development of technical measurement but should be confirmed with further research. The
lack of change in RV function across the menstrual cycle is largely in line with small and
clinically irrelevant changes in LV function during FP, OP and LP. This would suggest that RV
functional indices are not influenced by physiological variation in female reproductive
hormones that occur in a normal healthy menstrual cycle. Again, this has important
implications for data interpretation and the practicalities of cardiac PPS in females.
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6.5 Limitations
A small sample of healthy but relatively inactive females was studied and this data may not
to be representative of female athlete groups presenting for cardiac PPS. Future work should
look at larger samples of female athletes in different sporting disciplines where menstrual
cycle irregularities, due to high level training volumes, have been commonly reported.
A further limitation of this study is that it recruited Caucasian participants only. Given the
importance of ethnicity in both female participation in elite sport and as a key issue in cardiac
PPS (Sharma et al., 2017), the current work should be developed in diverse ethnic samples.
In this research, an imprecise method of predicting menstrual cycle phase by counting days
from the onset of menses was employed and no plasma or whole blood hormone
concentrations were measured (Janse de Jonge, 2003). Day counting errors, from researcher
or participant, could have affected the results if any miscalculation of dates occurred. From
the perspective of technical echocardiographic measurement, whilst images for post-hoc
strain analysis were recorded data corruption during storage prevented this analysis. Strain
and SR imaging using speckle tracking echocardiography (STE) would provide a more
complete and regional description of cardiac mechanics across the menstrual cycle and
should be included in future research.
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6.6 Conclusions
This study identified; (1) no significant impact of menstrual cycle phase (FP, OP and LP) on 12
lead ECG data in eumenorrheic, healthy women, and (2) only small variations (within day-today biological variability and technical resolution limits) in LV/RV structure and function
across menstrual cycle phases in the same cohort. These data will help inform testing plans
and data analysis in cardiac PPS in elite female athletes. Performing cardiac PPS does not
need to be consistently performed in any specific phase of the menstrual cycle if the female
participants are young, healthy and eumenorrheic.
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CHAPTER 7

GENERAL DISCUSSION
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7.1 Summary of the findings
Due to limited literature regarding the AH in elite female footballers, this thesis represents
novel data related using comprehensive ECG and echocardiographic imaging. A short
summary finding of each study is presented below.
Study 1: I described the 12-lead ECG of elite female football players and then interpreted the
data in relation to different criteria used in PPS. Eighty-one elite female footballers (21±4 yrs)
completed a medical assessment form, anthropometrics, blood pressure, and a resting 12lead ECG. Each 12-lead ECG was interpreted in accordance with; 1) European Society of
Cardiology (ESC) 2) Seattle, and 3) International Criteria to determine training-related and
non-training related ECG patterns. Eighty percent (80%) had training-related ECG patterns.
Sinus bradycardia (65%) and early repolarization (42%) were the most common. Using the ESC
Criteria, 25% (20/81) of the athletes were considered to have an abnormal ECG, compared to
0% using the Seattle and International Criteria. Training-related ECG changes are very
common in elite female footballers and The Seattle and Refined/International ECG Criteria
significantly reduced the number of ECG false-positives. Both points are relevant for PPS.
Study 2: I determined the seasonal variation in the 12-lead ECG of elite female footballers.
Thirteen elite female footballers (26±4 yrs) had a standard 12-lead ECG interpreted at three
different time points (pre-season, mid-season, and end-season) across a single competitive
season. Minimal changes were observed in numerical or waveform pattern ECG data across
a competitive season in elite female footballers. This suggests that the acute and/or transient
changes in (as well as accumulation off) exercise frequency, intensity, and volume across a
competitive season in elite female footballers do not represent a large enough physiological
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stimuli to mediate changes in the athletes’ ECG. The time point of PPS within a competitive
season in elite female footballers is unlikely to alter any clinical outcome.
Study 3: I investigated cardiac structure and function in elite female footballers, to determine
the sport-specific upper limits of adaptation to long-term training. Seventy-nine elite female
footballers (21±4 yrs) and thirty sex and age-matched sedentary controls (22±4 yrs) were
recruited. Standard measurements of LV and RV structure and function was made in
accordance with ASE guidelines (Lang et al., 2015; Rudski et al., 2010). LV and RV structures
tended to be bigger in elite female footballers compared to controls with some functional
data higher in the athletes. The AH phenotype upper limits in female footballers will feed into
PPS in this group.
Study 4: I assessed cardiac structure and function across the menstrual cycle in healthy
females. Seventeen healthy, eumenorrheic, female participants (20 ± 2 yrs) volunteered to
participate and completed a medical assessment form, anthropometrics, blood pressure, a
resting 12-lead ECG and a standard echocardiographic at three different time points of
menstrual cycle: (1) the follicular phase, (2) during ovulation and (3) in the luteal phase. No
significant differences in International Criteria ECG data were observed across different
phases of the menstrual cycle. Small variations in LV and RV structure and function were
detected (within day-to-day biological variability and technical resolution limits) across
menstrual cycle phases in the same cohort. These data will inform testing plans and data
analysis in cardiac PPS in elite female athletes, but it is likely thar menstrual cycle phase is not
an important consideration in the timing of PPS events.
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7.2 General issues across studies
The novel findings of this thesis are the predominance of a normal ECG, normal LV/RV
geometry and normal LV/RV function (at rest) in elite female footballers. The limited
expression of “abnormalities” in the cardiac phenotype of elite female footballers is
reassuring from the perspective of PPS and SCD.
Several relevant issues have emerged from the combination of individual studies that are
worth raising here before we address the clinical implications, limitations and future research
issues that have emerged. The issue of research design (cross-sectional versus prospective or
interventional studies) is important to reflect upon. Most of the data feeding into PPS comes
from cross-sectional studies of athletes (see first and third empirical chapter) as this
represents the reality of PPS assessment in athletes. The upper limit of structural and
functional data presented in elite female footballers are valuable indicators of the range of
physiological adaptation to intensive training in elite female footballers and so will directly
inform PPS. I did use a prospective approach in the seasonal variation of ECG study and the
menstrual cycle phase. Additional insights might be gained from looking at cardiac structure
and function (echocardiography) across a competitive season, or indeed across years of
training accumulation.
We employed current state of the art in technology and assessment criteria to provide new
and informative data. New and novelty in echo and ECG techniques are constantly evolving
and further studies could provide more insight as technologies develop. WE did not employ
3D echo or MRI in these studies as there are logistical limitations to any work, but this could
provide important and novel data, especially in relation to atrial structure and function.
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The importance of appropriate scaling of cardiac structure and function is apparent in the
final two studies.

Outcome data must be accurately and consistently evaluated so

interpretation is clear and valid. Any outcome with significant clinical implications, for the
athlete and sports cardiologist, should be based on best practice and clear and valid
procedures. In the world of sports cardiology, the use and application of scaling of data is not
consistent and often poorly interpreted. Any data that informs cardiac screening of female
football athletes to identify those at risk of SCD, must scale data on an evidence-base and/or
consensus process. This area of study needs more empirical work and expert discussion.

7.3 Clinical Implications
Overall, the results of this thesis provide a useful reassessment of concepts and models in the
AH literature, and in elite female footballers specifically. The findings have expanded our
understanding of the impact of elite football training, seasonal variation, menstrual cycle and
imaging technologies upon ECG and echocardiography data. The results of these empirical
studies provide relevant information on the upper limits of cardiac adaptation in elite female
footballers that importantly transfer to organising and running PPS in this group:
a)

International ECG criteria should be adopted in PPS.

b)

Training-related ECG findings in elite female footballers are common and mirror those

observed in other male and female athletes.
c)

PPS can be undertaken at any stage in the competitive season for elite female

footballers without unduly influencing clinical decision making.
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d)

Resting cardiac structure and function in elite female footballers adhere to current

“general athlete” data related to upper normal limitations of phenotypical presentation.
e)

It is highly likely that PPS can be undertaken at any point of a normal menstrual cycle,

although further studies in athletes are needed for adoption of this suggestion by Football
clubs, the FA, UEFA and FIFA.

7.4 Limitations and Future Research
Several possible limitations apply to the present studies and where appropriate, specific
future directions are raised.
1.

Our small samples may limit the ecological or external validity of the data. With a

larger sample, the research will continue to help define the AH of elite female footballers.
Larger and more diverse samples (see below) will contribute to the on-going development of
ECG criteria in elite female footballer during PPS, and specifically more structural and
functional data (via echocardiography) and ECG data will inform the differential diagnosis of
AH and cardiomyopathies in elite female athletes.
2.

Our samples were largely mono-ethnic (Caucasian) and should be reproduced in

different ethnic elite female football groups. Football is multicultural, multi-ethic and is now
played all over the globe. Given the importance of ethnicity in mediating SCD as well as
female participation in elite sport (Sharma et al., 2017), the current work should be viewed
as a useful beginning in this field and sport.
3.

Whilst our descriptive studies of the AH in elite female footballers suggest that time

of season and time of menstrual cycle may not mediate data collected and interpreted in PPS,
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more work in this area of specific organisational guidelines around consistency of screening
time, is required. We should look to assess the impact of time of day of testing. Further, we
should repeat the menstrual cycle study with athlete groups as well as determine the impact
of oral contraceptive use and/or menstrual dysrhythmias.
4.

From the perspective of technical echocardiographic measurement, whilst images for

post-hoc strain analysis were recorded data corruption during storage prevented this analysis.
In future research, Ɛ and SR imaging using speckle tracking echocardiography (STE) should be
included to provide a complete and regional description of cardiac mechanics. Despite the
novel data on RV structure and function, as well as the use of tissue-Doppler and Ɛ imaging,
further development or technical insights might be useful, including 3D structural assessment
and looking at twist mechanics in the LV. Further assessment of the atria in elite female
footballers would provide a more complete cardiac assessment that can feed through to
cardiac PPS. This knowledge will further aid the diagnostic challenges associated with PPS in
athletes, and the protection against SCD.

7.5 Conclusions
The research presented in the thesis is the first to characterise the elite female foot ball
player’s ECG whilst comparing published interpretation criteria. The findings from the
seasonal variation of the ECG in elite female footballer’s studies are likely to develop our
understanding of structure and function of the AH with high dynamic and static components
of training among elite female footballers. Further, use of standard and novel
echocardiographic techniques provided additional understanding of the normal physiological
adaptation of the AH in elite female footballers which will influence decision making in PPS of
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female athlete groups. Finally, ECG and echocardiography data did not differ between phases
of the menstrual cycle that would impact on PPS.
We have succeeded in providing answers to the aims set out at the beginning of the thesis.
1) Chapter 3: We critically evaluated the 12-lead ECG of the elite female footballer and
determined the impact of different ECG interpretation criteria used in PPS.
2) Chapter 4: We assessed the effect of competitive season stage on the ECG of elite female
footballers.
3) Chapter 5: We determined the cardiac structure and function of elite female footballers
using standard and novel echocardiographic techniques in comparison to age-matched
healthy controls.
4) Chapter 6: We assessed the variability in resting ECG as well as cardiac structure and
function across three phases of the menstrual cycle in young healthy women.
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Appendix 1- LIVERPOOL JOHN MOORES UNIVERSITY PARENT CONSENT FORM

LIVERPOOL JOHN MOORES UNIVERSITY
PARENT CONSENT FORM
The Athletic Heart Phenotype in Elite Female Footballers
Researchers: Aleah Mohammad School of Sport and Exercise Science, Faculty of Science.
1. I confirm that I have read and understand the information provided for the above study. I have
had the opportunity to consider the information, ask questions and have had these answered
2. I understand that my child participation is voluntary and that I am free to withdraw at any time,
without giving a reason and that this will not affect my legal rights.
3. I understand that any personal information collected during the study will be anonymised and
remain confidential.
4. I agree to let my child take part in the above study.

Name of Parent

Date

Signature

Name of Researcher

Date

Signature

Name of Person taking consent
(if different from researcher)

Date

Signature

Aleah Mohammad
Tom Reilly Building Liverpool John Moores
Liverpool John Moores University
Liverpool, UK
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Email: A.B.Mohammad@ljmu.ac.uk

Appendix 2- Athlete Consent form
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