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1. Introduction

Myocardial hypertrophy in pathological settingshmmmans and in animal models, especially
in the chronic atrioventricular (AV) block dog mddend heart failure models, has been
shown to cause electrophysiological remodeling whtre expression of different ion
channels, including potassium channels critical fepolarization (i.e. k&, Ik and ki), is
downregulated. These changes have been associdfednareased incidence of serious
ventricular arrhythmias probably due to decreasgablarization reserve. It is conceivable
that prolonged repolarization and a possibly ingzhirepolarization reserve might represent
increased risk for the development of ventriculahyhmias, including Torsades de Pointes
ventricular tachycardia (TdP) that can degenerate ventricular fibrillation and lead to
sudden cardiac death (SCD).

The identification of patients at risk for seriousntricular arrhythmia and SCD is
critically important. Current techniques for theliable prediction of TdP and other,
potentially fatal ventricular arrhythmias remainsatisfactory. Electrocardiographic (ECG)
parameters have been studied for their utility r@gpostic non-invasive markers in SCD risk
assessment. The prolongation of the frequency caeQT interval (QTc) and increased
QTc dispersion (characterizing spatial repolar@matieterogeneity) were observed in patients
with hypertrophic cardiomyopathy (HCM). However, Qprolongation and QTc dispersion
have been found not to be predictive for SCD in H@ktients. Moreover, QT interval
prolongation alone cannot reliably predict the d@yment of ventricular arrhythmias
including TdP, since cardiac repolarization resenay be reduced even without significant
changes in the duration of cardiac repolarization.

The Tpeak-Tend interval (the duration of the T wdnem the peak to the end),
another ECG parameter representing spatial (inotudiransmural) dispersion of
repolarization, has been shown to more reliablgliptehe development of TdP in congenital
and acquired long QT syndromes than QTc prolongatmincreased QT dispersion.

Based on recent evidence, in addition to the pigedd QTc or Tpeak-Tend intervals,
the short-term variability of the duration of repatation (ST\4r) might be a better
parameter to predict serious ventricular arrhytlsngad SCD, and could be superior to QT
interval prolongation in identifying patient poptims at risk for ventricular arrhythmias and

might be able to accurately predict individual risk

Physical conditioning incompetitive athletes induces cardiovascular adaptation

including lower resting heart rate (increased vagaile) and increased cardiac mass



(hypertrophy), called ,athlete’s heart”. Suddentdemmong young athletes is rare, however,
it is still 2—4 times more frequent than in age-chad controls. Numerous congenital and
acquired cardiac diseases have been identifiedwses of SCD in athletes; however, in 5-10
% of SCD cases no structural abnormalities arectidein the heart during autopsy. The
exact mechanism of SCD in these cases is not is$taddl and is mostly attributed to

ventricular fibrillation.

Hypertrophic cardiomyopathy (HCM) is a common inherited cardiac characterizgd b
marked but variable left ventricular hypertrophylanyocardial fibrosis. HCM is associated
with lethal ventricular arrhythmias, and it is thest common cause of SCD in young
individuals and in competitive athletes youngerntlad years. The reliable assessment of
SCD risk in individual HCM patients is criticallyportant. The current SCD risk assessment
algorithm in HCM is still considered incomplete héit a low positive predictive value and
hampered by lack of sufficient evidence for allnedats. This notion is supported by SCD
events in HCM patients who were not considerecetatthigh risk for SCD.

Acromegaly, caused by pituitary tumors, is well-known to bssaciated with
cardiovascular complications, such as hypertenseginhyentricular hypertrophy, asymmetric
septal hypertrophy, cardiomyopathy, and congestigart failure. Excessive secretion of
growth hormone (hGH) and insulin-like growth facfio(lGF-1) can result in major structural
and functional changes in cardiac system, and &ifgpecardiomyopathy develops in
acromegaly associated with life-threatening dydrimfas. Moreover, acromegaly can also be
associated with cardiovascular diseases contripaitinncreased mortality among patients.

2. Aims

The aims of this study were:

1. to compare conventional ECG parameters as wehashort-term beat-to-beat temporal
variability of the RR and QT intervals of professab soccer players to age-matched controls
who do not participate in competitive sports;

2. to compare conventional ECG parameters of re@aaon and ST¥r in HCM patients
and age-matched healthy volunteers;

3. to determine beat-to-beat QT variability in patgewith acromegaly.



3. Methods

3.1. Patient population

The study population consisted of 76 male profesdisoccer players from the Hungarian
Premier League, 37 patients with HCM and 30 patiemth acromegaly. Age- and sex-

matched healthy volunteers were eligible for thisdg as control subjects. Study subjects
were excluded if they had excessive ectopic bease in a rhythm other than normal sinus,
had repolarization abnormalities, had a permaneatemaker or any other disorders
influencing the study, were on any medication lkeb affect the investigated ECG

parameters or consumed significant amount of faadrank alcohol, coffee or smoked.

3.2. Electrocardiography

Five-minute 12-lead electrocardiograms were reabrde rest. In athletes, baseline ECG
recordings were taken before a competitive soceeregand also approximately 20 minutes
after the end of the game. ECG signals were degltiztored on a personal computer for later
off-line analysis.

The RR, QT and Tpeak-Tend intervals were measwsdtieaaverage of consecutive
30 beats. Out of the repolarization parameters walyaed the QT dispersion (QTd),
frequency corrected QT intervals (QTc) performedtiwy Bazett’'s, Fridericia, Framingham
and the Hodges formulas. The PQ and QRS intervale \vineasured as the average of 15
consecutive beats using lead II.

Using 30 consecutive beats, the instability of Hiedbeat heart rate and repolarization
were characterized by the short-term variability {$ of the RR and QT intervals, and were
calculated using the following formula: ST\F#Dn.1-Dy| / (30 *~2), where D is the duration
of the RR or QT intervals.

3.3. Echocardiography and cardiac MRI

All HCM and acromegalic patients, all controls &&lprofessional soccer players underwent
transthoracic echocardiographic examination to rdatee standard morphological and
functional parameters [left ventricular end-systaliameter (LVESD), left ventricular end-
diastolic diameter (LVEDD), ejection fraction (EHgft atrial diameter (LA), resting left
ventricular outflow tract (LVOT) peak gradient]. Menal left ventricular wall thickness
(LVmax) was defined as the largest wall thicknekthe left ventricle at any left ventricular
segment. LVmax was also normalized for body surfaea (LVmax BSA).



In all HCM patients, cardiac magnetic resonancagimg (MRI) was carried out to
determine the left ventricular mass (LVM). LVM wakso normalized for body surface area
(LVM BSA).

3.4. Autonomic function and laboratory assessment in patients with acromegaly

Autonomic function was assessed by means of fiaedstrd cardiovascular reflex tests and a
score was created to express the severity of aotienoeuropathy (AN). Fasting venous
blood samples were obtained from each patient anttals for the determination of serum
glucose, hGH and IGF-1 levels.

3.5. Statistics

All data are expressed as means +* standard erribeahean (SEM) for professional soccer
players and as mean * standard deviation (SD) f@MHand acromegaly patients.
Comparisons between controls and patients were manhg the unpaired Studentgest.
Degree of association between two variables wasesgpd by the Pearson correlation
coefficient (r). A p value of < 0.05 was considesaghificantly different.

4. Results
4.1. Short-term variability of the QT interval in professional soccer players
4.1.1. Echocardiographic measurementsin study subjects

Professional soccer players exhibited significafitigher values in interventricular
septum, left ventricular posterior wall thicknes&lan left ventricular end-diastolic diameter
compared to age-matched controls. These results megrunexpected and were supportive of
the presence of athlete’s heart in these profeakgmccer players.

4.1.2. Heart rate and QTc intervalsin soccer players

In professional soccer players the RR intervalsewsgnificantly longer and consequently,
the heart rate was lower before the game comparéaketcontrol group. However, after the
soccer game the heart rates of athletes were isgmily higher than in controls. The
frequency corrected QT interval (QTc) calculatedhwirridericia and Hodges correction
formulas were significantly longer in players befothe game. In addition, QTc was
significantly prolonged in soccer players followinlge game compared to control values

calculated with all correction formulas.



4.1.3. Short-term beat-to-beat variability of the RR (STVgg) and QT intervals (STVor)
Soccer players before the competitive game exliilatsignificantly larger ST compared
to controls (44.9 £ 3.85s28.2 + 2.2 ms, p < 0.001); however, this diffeeedesappeared after
the game, when their heart rates were close tor@en23.4 =+ 4.1 ms). The STy was
significantly higher in soccer players before garampared to controls (4.8 + 0.1 ns3.5 *
0.1 ms, p < 0.001). Importantly, and unlike the R&Wthe ST\ was still significantly
higher in soccer players compared to controls #4081 msvs 3.5 + 0.1 ms, p < 0.001), but
was also reduced after the game compared to pre-galues.

4.2. Short-term variability of the QT interval and correlation with parameters of left
ventricular hypertrophy in patients with hypertrophic cardiomyopathy

4.2.1. Study population and electrocardiographic parameters in HCM patients and
controls

Among the 37 HCM patients, who were enrolled irite study, 24 patients were taking beta
blockers and 8 patients were taking verapamilras line therapy. Three patients were taking
cardiac medications known to prolong QT intervalqtwere taking amiodarone and one was
taking propafenone). None of the patients were mnather drug therapy with known QT
interval prolonging effect.

Patients with HCM exhibited significantly incredseR, PQ and QRS intervals. QTc
was significantly prolonged in HCM patients, redasg of the four methods used for QTc
correction. The Tpeak-Tend interval, QT dispersand ST\4t were also markedly increased
in patients with HCM compared to controls. The émsfgrelative increase was seen with
regard to ST¥r with a relative increase of 41% (4.5 ¥23.2 + 1 ms, p < 0.001).

4.2.2. Correlation of repolarization parametersin HCM patients

The QTc prolongation correlated significantly withe prolongation of the Tpeak-Tend
interval, but not the QRS width, indicating thag¢ tQTc prolongation was, at least in part, due
to the prolongation of the terminal phase of thevdve. ST\t showed a relatively strong
correlation with the QTc prolongation and with fhpeak-Tend interval. The QT dispersion
did not correlate with any of the repolarizatiomgraeters.



4.2.3. Correlation between repolarization parameters and indices of left ventricular
hypertrophy determined by cardiac MRI techniquein HCM patients

Degree of correlation between repolarization patarseand indices of left ventricular
hypertrophy (maximal left ventricular wall thickreeand left ventricular mass, measured by
cardiac magnetic resonance imaging) with normatimator body surface area increased in
almost all comparisons. STY showed significant, albeit modest correlation,imbioth un-
normalized and normalized indices of left ventraautypertrophy (LVmax; LVmax BSA and
LVM BSA). Tpeak-Tend interval also correlated sfgrantly with some of the hypertrophy
parameters, but showed no significant correlatiothé most reliable hypertrophy parameter,
I. €. LVM indexed for BSA.

4.3. Short-term variability of QT interval in patients with acromegaly
4.3.1. Clinical data and echocardiography measurementsin study subjects
As expected, significant differences were seenerure hGH and IGF-1 levels between
acromegalic and control groups. Furthermore, sepamtly higher average hGH and IGF-1
concentrations were measured in active acromegabgroup (n = 17) compared to inactive
one (n = 13).

Patients with acromegaly exhibited significantigher values in LVEDD, LVESD,
IVS and PW compared to age-matched controls. Tressdts were not unexpected and were
supportive of the presence of myocardial hypertyophthe acromegalic patients. However,
no significant difference was detected in the eahtiographic parameters measured between

active and inactive acromegaly subgroups.

4.3.2. Electrocardiographic parametersin study subjects

Comparison of acromegalic patients and controleakd no significant differences in heart
rate, the PQ, QRS, QT, QTc intervals and the QPpedon. However, the Tpeak-Tend
interval was significantly increased in acromegahtients compared to controls.

STVor was significantly increased by 36% in acromegalatients compared to
controls (4.23 + 0.1 mes 3.02 + 0.8 ms, p < 0.001); however SFWalues did not differ
significantly between active and inactive acromiegétient subgroups (4.16 £ 0v84.33 +
1.2 ms). We could not find any significant correlatbetween the STy values and the left
ventricular hypertrophy parameters in acromegaljepts or in the subgroups of active and

inactive patients.



4.3.3. Autonomic function

Standard cardiovascular reflex tests indicated ifsggmt deteriorations in Valsalva ratio,
30/15 ratio, and AN score in patients with acroniegAN score was significantly lower in
active acromegaly subgroup, than in inactive gré2ii + 1.7vs 3.9 £ 2.2; p = 0.0260),
whereas other autonomic functions did not diffegndicantly in our two acromegalic

subgroups.

4.3.4. Correlation of serum hGH and IGF-1 x ULN levels with cardiovascular data and
autonomic neuropathy parameters

Pearson coefficient values indicated that neith@Hhnor IGF-1 x ULN hormone level
correlated with STYr or any other ECG parameters measured. HoweveomsdéiGH
concentration negatively correlated with diastblicod pressure, PW and AN score; whereas
IGF-1 x ULN levels positively correlated with Valga ratio.

5. Discussion
5.1. Electrophysiological background

In series of animal experiments, in dogs with ciwoAV block, myocardial
hypertrophy and downregulation of potassium chanmabst notably of the slow component
of the delayed rectifier potassium curren)l develop. These animals are more susceptible
to lethal ventricular arrhythmias subjected to @asi challenges«d has been identified as a
key component in the somewhat redundant repolarieapacity of the myocardium, termed
repolarization reserve. Repolarization reserversefe the heart's compensating ability for
loss or impaired function of one or more potassauments critical for normal repolarization.
Impaired repolarization reserve does not necegdaall to clinically manifest repolarization
abnormalities on the ECG but makes the heart mageeptible to arrhythmia development.
The downregulation of repolarizing potassium cugsemcluding the di,l, Ik and ks has
also been shown both in animal models and patigitksheart failure, leading to prolonged
repolarization manifested as QT prolongation onstiidace ECG and increased dispersion of
repolarization with concomitant increase in theideace of serious ventricular arrhythmias.
Prolongation of repolarization can facilitate deldy afterdepolarization and can also
precipitate serious ventricular re-entry type afihyias via promoting early
afterdepolarization generation. It might be plalesitihat myocardial hypertrophy, whatever
the underlying cause, may lead to potassium chadaeinregulation and may result in
decreased repolarization reserve and increase@msayp for arrhythmias including Torsades



de Pointes, a characteristic arrhythmia that cagenerate into ventricular fibrillation and
culminate in sudden cardiac death.

It is well established that there are marked tramal and regional differences in the
expression of cardiac transmembrane ion chanmelkiding potassium channels, that create
some spatial heterogeneity or variability of repaktion already in normal circumstances.
Clinically, on surface ECG, QT dispersion is coeséll to be an indirect measurement of
spatial heterogeneity of ventricular repolarizatidime variability of cardiac repolarization
can also be determined as temporal or beat-to-waability, which means beat-to-beat
alternation of the action potential duration meadun vitro in a certain myocardial region.
Clinically, the short-term beat-to-beat variabil{$TV) can be defined as the alternation
(variability) of several consecutive QT intervaleasured in a certain lead of surface ECG.

The heterogeneity of repolarization can be sigarftty enhanced by impaired
repolarization reserve, thus creatingaarnythmia substrate. It should be emphasized that the
creation of an arrhythmia substrate, i.e. the imsee repolarization heterogeneity following
repolarization prolongation, is not enough in its@ precipitate arrhythmias. Arigger
extrasystole critically timed to the vulnerable ipdrthat can travel re-entry paths is also
required for arrhythmia induction. Enhanced repoédion heterogeneity results in longer
vulnerable periods and with more frequent extradgstthe chance for serious arrhythmia
generation is greater.

The reliable identification of patients at riskr feerious ventricular arrhythmia and
sudden cardiac death remains elusive. Accumulagwvigence suggests that QT interval
prolongation alone cannot reliably predict the depment of TdP since cardiac
repolarization reserve may be reduced without 8@mt changes in the duration of cardiac
repolarization. A number of clinical studies andedfomin vivo animal experiments, as well
as in vitro studies strongly suggest that the short-term bdit\a of the duration of
repolarization (STV) may be a better novel paramdte predict serious ventricular
arrhythmias. These studies found that increasedg$ To'rrelated with elevated incidence of
lethal ventricular arrhythmias and sudden cardestlll Therefore, based on these studies and
the present results, the elevated temporal bebée#b-variability may indicate a larger

repolarization instability and an increased propgrisr ventricular arrhythmias.

5.2. Short-term variability of the QT interval in professional soccer players
In competitive athletes, the cardiovascular syséelapts to chronic physical exercise by the
development of “athlete’s heart”, characterizegl lower resting heart rate (increased vagal



tone), increased ventricular mass (hypertrophy)\aridme to meet the increased demand. It
should be noted that few animal experimental da¢aaaailable on the effect of endurance
exercise training on cardiac hypertrophy and edgttysiology in species that are highly

relevant to human. Some of these studies obsetvaed heart rate, prolonged QT interval

and ECG signs of cardiac hypertrophy in such aramal

Based on autopsy findings, hypertrophic cardiomytop@HCM) is the most common
cause of SCD in young athletes, however, it is equdifficult to distinguish normal
compensatory cardiac hypertrophy from HCM. Theree anumber of other cardiac diseases
and pathologies that have been associated with BCidhletes, including arrhythmogenic
right ventricular cardiomyopathy, congenital conmgnaartery anomalies, myocarditis,
commotio cordis, aortic stenosis, Wolff-Parkinsomit& and Brugada syndromes, however,
these are mostly identified upon autopsy.

Increased vagal tone in athletes lowers heartthatiefavors prolonged repolarization
and increased inhomogeneity. The possible potassihannel downregulation due to
myocardial hypertrophy also prolongs repolarizatend reduces repolarization reserve.
Theoretically, in this scenario a number of comdit, compounds and dietary constituents
can create and enhance thehythmia substrate and they can precipitate such events of
sudden cardiac death in athletes.

In conclusion, the short-term temporal variabilaf the QT interval is elevated in
professional soccer players, which, according to present knowledge, might indicate
increased repolarization instability even withoany ainderlying cardiac disease. It may be
beneficial to screen athletes for elevated reprdéion instability by adding the relatively low
cost ST\t determination to routine ECG examinations. Itngportant to emphasize that no
arrhythmias were observed among soccer playershia study and further, more
comprehensive investigations are needed to edtablieether the higher STof relates to
higher arrhythmia propensity in this population.

5.3. Short-term variability of the QT interval and correlation with parameters of left
ventricular hypertrophy in patients with hypertrophic cardiomyopathy

Hypertrophic cardiomyopathy is characterized by photogical and structural changes,

including left ventricular hypertrophy, myocardifibrosis, myofiber disarray, and small

vessel disease among them, that may represeatrhythmogenic substrate of the disease.

Remodeling in HCM is a progressive process andrg rexent study highlighted a close

correlation between the development of adverse defimgy and increased risk for SCD in
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HCM patients. The decreased repolarization capalcieyto HCM leads to markedly impaired
repolarization reserve and increased arrhythmiaeqaibility in HCM, where even drugs or
dietary constituents with only mild repolarizatiomhibitory effects can provoke serious
ventricular arrhythmias and SCD.

QT variability has been previously shown to baeased in patients with HCM. The
normalized QT variability index (QTVI) and normad QT variability (QTVN) were higher
in HCM patients than in controls, and the greaédstormality was detected in patients with
malignant HCM mutations. QTVI or QTVN provide a maee of overall QT variability
measured during the whole duration of the ECG dingrand does not take into account
beat-to-beat variations, which might be equallyew@n more important.

In our work, ST\4t showed correlation with different indices of LV gertrophy.
Myocardial hypertrophy is an inherent feature of\{Ghe magnitude of which is shown to
be related to adverse cardiac events, includinglsuaardiac death, in patients with HCM.
Indeed, pronounced myocardial hypertrophy, defiasdeft ventricular wall thickness >30
mm is an independent predictor for SCD in HCM, angrophylactic ICD implantation for
primary SCD prevention is suggested in such casesuorent clinical guidelines. Left
ventricular mass, measured by MRI, might be an estesnger predictor for such adverse
events, as markedly increased LV mass index wagedrto be more sensitive with regard to
HCM-related death, than maximal wall thicknesss lof note that ECG voltage parameters,
indicating the magnitude of myocardial hypertrophigo correlates with adverse events in
HCM. However, the study was not designed to asseksbetween QT variability and
increased risk of sudden cardiac death. With tbigmrd, it would be necessary to prove in a
large patient cohort that increased St\6 directly linked to SCD risk in HCM.

5.4. Short-term variability of QT interval in patients with acromegaly

Cardiac rhythm abnormalities during exercise arsling electrocardiological changes have
been demonstrated by ECG and Holter studies innzagaly. The severity of ventricular
arrhythmias correlated with increases in left vieotar mass and the frequency of ventricular
premature complexes increased with the duration amromegaly. Acromegalic
cardiomyopathy is frequently present at diagnosisl ahe majority of patients with
acromegaly meet echocardiographic criteria for Vefttricular hypertrophy. No significant
difference in left ventricle hypertrophy was ob®ghbetween active and inactive acromegalic
patients in our study, which may indicate that adee treatment of acromegaly could not
turn back the process.
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Patients with acromegaly may also develop congedieart failure (indicating the
downregulation of potassium channels), coronarythdsease or systemic complications
affecting the Framingham risk score. hGH receptbagonist therapy improved the score and
reduced the risk for coronary heart diseases. dulshbe noted that myocardial fibrosis
occurring in acromegaly can also contribute to unelerlying arrhythmia substrate in the
heart due to disturbances in conduction.

Our observations indicate deterioration in autoigofunction assessed by standard
cardiovascular reflex tests in acromegalic patiefiise reflex tests primarily reflecting
parasympathetic functions decreased in acromegalyur study and those demonstrating
sympathetic activity did not change significantly acromegalic patients. These results
indicate a moderate parasympathetic dysfunctioroun study, which could represent a
predisposition to proarrhythmic activity in acronaéig patients.

In conclusion, ST¥r is increased in patients with acromegaly while enor
conventional parameters of ventricular repolar@ativere unchanged. S|Y values did not
differ between active and inactive acromegalic gga and did not correlate with actual
serum concentrations of hGH and IGF-1. The eleve8dd/or suggests instability of
ventricular repolarization and may be an earlyaatbr of increased liability to arrhythmia in
patients with acromegaly. Further prospective céhistudies are needed to identify
individual risk for ventricular arrhythmias in acnegalic patients.

6. New observations and conclusions

1. The main and novel finding of this study is thhaort-term beat-to-beat temporal variability
of the QT interval (ST¥r) is significantly increased in professional soqoleryers compared

to age-matched healthy volunteers. The increasedy,bWas accompanied by a prolonged
QT, and a lengthened frequency corrected QT interatgulated by Fridericia and Hodges

formulas in these athletes.

2. In this study we also found that all ECG repoldi@a parameters, including frequency
corrected QT interval, QT dispersion, short-ternatbde-beat temporal variability of QT
interval and the duration of the T wave from thealpdo the end (Tpeak-Tend) were
significantly increased in patients with hypertr@pbardiomyopathy. ST¥r exhibited the
largest relative increase among the different patare and also showed the best correlation
with indices of left ventricular hypertrophy, i.maximal left ventricular wall thickness or
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magnetic resonance imaging derived left ventricateass, indexed or unindexed for body

surface area.

3. Although a connection between acromegaly andceased cardiovascular morbidity and
mortality was established previously, this studyhe first to demonstrate increased short-
term beat-to-beat temporal variability of the QTemval in acromegalic patients. There was
no significant difference between SgVvalues measured in clinically and biochemically
active acromegalic patients and those in inactagepts, which may suggest that elevated
STVor is related to the presence of acromegaly and mdhé efficacy of the treatments

applied.

4. In this study, we showed that a novel paramateepolarization instability, the short-term
beat-to-beat variability of the QT interval, is ieased in cardiac hypertrophy initiated by
different clinical conditions: competitive sportaiming, hypertrophic cardiomyopathy or

acromegaly.
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