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SUMMARY 

Cardiac remodeling is a response to exercise that has been reported in a number of different 
species. Intensified training will lead to an increasing demand on the cardiovascular capacity, 
because of the requirements of enhanced oxygen delivery, metabolism and thermoregulation. 
An increased cardiac output is therefore needed, but it will only be able to change through an 
increased stroke volume as the maximal heart rate stays the same. An increased heart size is 
therefore the only way the animal can improve its cardiac capacity. Cardiac murmurs and 
valvular regurgitations may develop along with the enlargement of the heart. Whether these 
changes are physiological or pathological has been discussed.  

This study aims to investigate how the equine heart responds to exercise, if cardiac remodeling 
can induce pathological changes in the heart and if upper airway obstructions can contribute to 
these pathological alterations.  

An increased heart size can be seen after periods of intense exercise. This is caused by 
hypertrophy of the cardiomyocytes and, perhaps also, the formation of new cardiomyocytes 
from progenitor cells. The hypertrophy may lead to secondary pathological changes in terms of 
valvular regurgitations and arrhythmias. It seems like most valvular regurgitations occur due to 
leaking valves as the hypertrophy progresses. Arrhythmias can develop due to regurgitations 
and hypertrophy that effects areas important to the conducting system. Most arrhythmias, 
however, seem to be induced by imbalances in the autonomic nervous system, and may also 
occur as a result of exercise-induced changes in the heart through increased sensitivity to 
cholinergic stimulation. The most common cardiac causes of exercise intolerance in the horses 
seems to be mitral regurgitations and atrial fibrillation. Hypoxia associated with airway 
obstructions is a contributing factor to the cardiac remodeling as it causes a more excessive 
hypertrophy and potentially induces arrhythmias due to disturbances in the potassium 
homeostasis.  
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SAMMANFATTNING 

Hjärtremodellering har rapporterats hos flertalet djurarter som ett svar på träning. Intensifierad 
träning leder till ökande krav på kardiovaskulär kapacitet, på grund av ökande behov av 
syretransport, metabolism och termoreglering. Detta ställer krav på ökad cardiac output, vilken 
kan förändras genom ökad slagvolym. Detta leder i sin tur till ökad hjärtstorlek och ökad 
hjärtkapacitet. Blåsljud och valvulära regurgitationer utvecklas ofta i samband med förstoringen 
av hjärtat, men om dessa förändringar är fysiologiska eller patologiska är omdiskuterat.  

Den här studien syftar till att undersöka hur hästens hjärta svarar på träning, om 
hjärtremodellering kan leda till patologiska förändringar i hjärtat samt om luftvägsobstruktioner 
kan bidra till dessa förändringar.  

Vid perioder av intensiv träning ses en ökad hjärtstorlek. Denna orsakas av hypertrofi av 
kardiomyocyterna samt, eventuellt också, bildandet av nya kardiomyocyter från 
progenitorceller. Hypertrofin kan sedan sekundärt leda till patologiska förändringar i form av 
valvulära regurgitationer och arytmier. De flesta valvulära regurgitationer förefaller uppstå på 
grund av läckande klaffar då hypertrofin fortskrider. Arytmier kan utvecklas på grund av 
valvulära regurgitationer eller hypertrofi som påverkar områden viktiga för 
retledningssystemet. De flesta arytmier verkar dock vara ett resultat av obalans mellan det 
sympatiska och parasympatiska nervsystemet, och kan också uppstå sekundärt till träning, 
genom ökad känslighet för kolinerg stimulering i hjärtat. De hjärtrelaterade problem som oftast 
orsakar nedsatt prestationsförmåga hos hästarna förefaller vara mitralisregurgitationer och 
förmaksflimmer. Hypoxi i samband med luftvägsobstruktioner är en bidragande faktor till 
träningsinducerad hjärtremodelleringen eftersom det kan orsaka överdriven hypertrofi och 
potentiellt framkalla förmaksflimmer på grund av en störd kaliumhomeostas.  
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INTRODUCTION 

Exercise has been showed to imply cardiac remodeling and potentially induce pathological 
changes in the heart. As horses are bred for speed, congenital heart disorders are less common 
in horses than in other species (Weese, 2011). Despite this, a large number of our racehorses 
do present with different degrees of physiological and pathological murmurs (Patteson and 
Cripps, 1993) as well as arrhythmias (Buhl et al., 2013; Ryan et al., 2005). Cardiac hypertrophy 
has been shown as an adaption to training in both human athletes, racehorses, dogs and rodents 
(Kubo et al., 1974; Patteson and Cripps, 1993; Scharhag et al., 2002; Guasch et al., 2013, 
Stepien et al., 1998). Exercise-induced cardiac hypertrophy has in the horse been correlated to 
an increased incidence of murmurs and regurgitations, all this associated with periods of intense 
training rather than age (Kubo et al., 1974; Patteson and Cripps, 1993). Other factors 
contributing to potentially pathological changes in the hearts of our racehorses are airway 
obstructions, inflammatory episodes and perhaps, to some extent, heritability. Valvular 
regurgitations develops most commonly in the atrioventricular areas, both in the mitral and the 
tricuspid valves, but are not always audible by auscultation and may never get detected as they 
rarely affect performance (Kriz et al., 2000). If the regurgitations are physiological or 
pathological has been discussed. They have however been put forward as a potential cause of 
the development of arrhythmias and may have a role in events of sudden cardiac deaths.  

This study aims to investigate how the equine heart responds to exercise and if cardiac 
remodeling can induce pathological changes in the heart. If so, what are the most common 
findings, how can we detect these changes and could upper airway obstruction be a contributing 
factor to the development of pathological changes? 

MATERIAL OCH METHODS 

The study was based on articles found in PubMed, Web of Science and Google Scholar.  
“Equine OR horse” where combined with the following words or phrases: “cardiac remodeling 
OR arrhythmia OR atrial fibrillation OR valvular regurgitation OR cardiorespiratory OR 
hypoxia”.  

A number of articles used where found through literature reviews on the subject. Veterinary 
cardiology textbooks were also used.  
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LITERATURE REVIEW 

Circulatory system – anatomy and physiology 

Anatomy 
The heart consists of two atria and two ventricles. Deoxygenated blood from the body returns 
to the right atria (RA) and passes the right atrioventricular valve (tricuspid valve) to the right 
ventricle (RV). From the RV it passes through the right semilunar valve (pulmonary valve) out 
into the pulmonary artery and the lungs where the gas exchange takes place. Oxygenated blood 
then returns to the left atrium (LA) via the pulmonary veins. It passes through the left 
atrioventricular valve (mitral valve) to the left ventricle (LV) and finally through the left 
semilunar valve (aortic valve) to reach the aorta and the systemic circulation. From the base of 
the aorta two coronary arteries leaves to ensure blood support to the myocardium (Bright and 
Marr, 2010).  

There are two types of myocardial cells – contractile and conductive cells. The conductive cells 
are an important part of the conductive system, specialized in spreading the electrical impulses 
through the heart in order to reach the contractile cells that are responsible for the contraction. 
Special nodal conductive cells are found in the sinoatrial (SA) and atrioventricular (AV) nodes. 
Conductive cells are also found in the bundle of His and the Purkinje system where conductive 
fibers are spread all the way through the ventricular walls to the epicardial surface. These cells 
are bigger than the cardiomyocytes and have the ability to transmit the electrical impulses in a 
much greater velocity which is essential for synchronized contraction of the thick ventricle 
walls (van Loon and Patteson, 2010). 

Action potential  
Action potential is generated spontaneously from the SA node, but also as a response to 
parasympathetic and sympathetic stimuli that alters heart rate and contractility. The electrical 
conductions are the sole cause of cardiac myocyte contraction. From the SA node the 
conduction spreads over the atrium to reach the AV node, thus, creates the electric potential 
that is seen as the P-wave on the electrocardiogram (ECG) (Fig. 1). The impulse conducts 
through the AV node where a delay influenced by autonomic tone determines the rate of further 
conduction. This is seen as the PR segment on the ECG (Fig. 1). Impulses then rapidly reaches 
over the bundle of His to the Purkinje system and reaches the myocytes in the ventricles. This 
is seen as the QRS-complex in the ECG. Ventricular repolarization, meaning returning of the 
myocytes to the resting phase, occurs without any stimuli. The repolarization is seen as the T 
wave on the ECG (Fig. 1) (van Loon and Patteson, 2010).  

 

Figure 1 – ECG, a graph of voltage versus time showing the electrical activity of the heart, with the waves marked out  (P-T). 
Modified from EKG-çerxa dillêdanê.png by https://openstax.org (CC BY 4.0).  
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Cardiac cycle  
The QRS complex marks the beginning of ventricular systole. Electrical conduction from the 
AV node initiates depolarization of the ventricles, through the bundle of His and Purkinje 
system, and the cardiomyocytes start to contract. When the pressure in the left ventricle exceeds 
that of the aorta, the aortic valves open and blood flows out. Closing of the valves then marks 
the end of systole and ventricular diastole begins. Ventricular diastole is characterized by 
relaxation of myocytes, further decreasing the ventricular pressure until it reaches under the 
atrial pressure, allowing AV valves to open and fill the ventricles back up again. Duration of 
diastole varies with heart rate, being the longest at rest. Atrial systole, depolarization and 
contraction of the atria, is the last phase of the ventricular diastole and occurs just after the P 
wave (Bright and Marr, 2010; Irvine, 1975). 

Equine cardiorespiratory capacity 

In most mammals, and so also in the untrained horse, the heart generally makes up 0.6 % of the 
total bodyweight (Williams et al., 2015). The racehorse however has a much larger heart 
compared to its bodyweight as it makes up between 0.85 – 1 % (Gunn, 1989). A large heart 
facilitates a large stroke volume (the volume of blood leaving the ventricle every beat) and with 
a big variability in heart rate, ranging from 25 at rest to a maximum of 250 beats per minute, 
the cardiac output (the result of stroke volume and heart rate) can increase a lot in horses 
compared to most species. The maximal cardiac output can in trained horses during exercise 
reach over 300L/min - making the horse an excellent athlete (Bright and Marr, 2010). Splenic 
contraction induced by sympathetic activation is another feature of the horse that facilitates the 
delivery of oxygen to the tissues, making the hematocrit able to rise to nearly the double amount 
as what is seen in the resting horse (McKeever et al., 1993). 

Aerobic exercise is dependent on oxygen delivery by blood to the muscle tissues. It is, therefore, 
the relationship between cardiac output and volume oxygen consumed per minute (VO2) that 
determines the possible intensity of exercise (Liguzinski and Korzeniewski, 2007). VO2 is 
determined by cardiac output (Q) and the arterial (aO2) and venous (vO2) oxygen difference.  

𝑉𝑂# = Q ∗ (a𝑂# − v𝑂#) 

In the horse both peak VO2 and CO2-output increase rapidly with intensified exercise and 
decreases in periods of detraining. When the level of exercise intensifies, the cardiovascular 
changes are mainly responsible for the increase in VO2 as the ventilatory capacity has limited 
potential for adaptation (Art and Lekeux, 1993). Neither tidal volume (volume inspired or 
expired per breath), minute ventilation (volume inspired or expired per minute) or respiratory 
rate (breaths per minute) increase with training (Roberts et al., 1999). The limits to adaptation 
can partly be explained by the fact that respiration and step frequency is coupled in the galloping 
horse. This occurs at a 1:1 ratio, meaning that one breath is taken for every stride (Hornicke et 
al., 1987). Horses with different kinds of airway obstructions, such as dorsal displacement of 
the soft palate, fails to get a sufficient gas exchange which results in lower peak VO2 and higher 
partial pressure of carbon dioxide (PaCO2) (King et al., 1994; Tate et al., 1993). A milder form 
of exercise-induced hypoxemia is however present in all horses. This occurs at heavy exercise, 
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mostly as a result of limited oxygen diffusion between alveoli and capillaries, rather than the 
ventilation to perfusion ratio (Va/Q) mismatch seen in horses with airway problems (Wagner 
et al., 1989).  

In a large international study on exercise related post mortem findings in racehorses, cardiac 
and/or pulmonary failure was shown to be the most common cause of sudden death, occurring 
in 29.9 % of the cases. In nearly as many cases, 25 %, the pathologists diagnosed the horses 
with presumptive cardiac or cardiopulmonary failure, as no gross lesions or histological 
findings could be seen. The cause of death remained completely unexplained in 21.6 % of the 
cases (Lyle et al., 2011). 

Exercise-induced remodeling of the heart 

Cardiac enlargement, caused by cardiomyocyte hypertrophy, is a response to exercise that has 
been shown in a large number of studies in different species. For example, exercise-induced 
cardiac hypertrophy in human athletes is a common finding, often referred to as “Athletes 
heart”, where enlargement develops in a similar way in both LV and RV with increased muscle 
mass and increased ventricular internal dimensions (Scharhag et al., 2002). The same response 
has been seen in racehorses (Buhl et al., 2005; Kubo et al., 1974; Lightfoot et al., 2006; Young, 
1999). Long term endurance exercise has been shown to induce cardiac hypertrophy in rats as 
well as mice (Guasch et al., 2013; Oláh et al., 2019; Radovits et al., 2013) and Alaskan sled 
dogs also present with a left sided hypertrophy after endurance training (Stepien et al., 1998).  

Hypertrophy of the cardiomyocytes leads to an activation of cardiac progenitor cells that may 
be related to the increased levels of hepatocyte growth factor (HGF) and insulin like growth 
factor 1 (IGF-1) seen during long term exercise. The increased heart weight to body weight 
ratio may therefore be a result of both hypertrophy of the old cardiomyocytes and an addition 
of new cardiomyocytes (Xiao et al., 2014).  

Increased LV mass has in horses been correlated to prolonged exercise as well as body weight. 
LV mass has also been showed to be greater in stallions than in mares (Buhl et al., 2005). The 
hypertrophy has been related to periods of intensified exercise rather than age (Kubo et al., 
1974). Young et al. (1999) followed 2-year-old thoroughbred racehorses for 9 months, during 
this time the left ventricular mass increased with 33% and the left ventricular internal diameter 
increased with nearly 7 %. Buhl et al. (2005) showed a significant enlargement of the heart in 
standardbreds, 2-3.5 years of age, after intensified training. The horses were placed in two 
categories depending on recent training intensity, where the enlargement of the heart was shown 
to be greater in the high intensity training group. The horses presented with increased left 
ventricular diameter in diastole and increased left ventricular muscle mass. Buhl et al. did, in 
contrast to the study of Young et al., not find an increase in relative wall thickness (RWT). An 
increased RWT indicates a shift towards a more concentric, rather than eccentric, hypertrophy 
(Katz et al., 2013). 
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Kubo et al. (1974) showed that cardiac enlargement occurs simultaneously in both ventricles in 
thoroughbred racehorses. RV internal dimensions are also increasing with training (Lightfoot 
et al., 2006).  

Deconditioning after periods of intensive training results in decreased cardiac dimensions as 
well as a lower peak VO2 after a period of time (Art and Lekeux, 1993; Kriz et al., 2000).  

Upper airway obstruction – a contributing factor to pathological alterations in 
the heart?  

Upper airway obstructions occur in horses in various degrees. The most common pathologies  
are dorsal displacement of the soft palate, palatal instability and laryngeal hemiplegia (Lane et 
al., 2006). A limited airflow at inspiration and, or, expiration leads to an impairment of the gas 
exchange (Franklin et al., 2002). This has been shown to get more severe with increased grades 
of laryngeal hemiplegia (Christley et al., 1997). At strenuous exercise the obstruction causes 
hypoxia, hypercapnia and in severe cases acidosis. The horse tires faster due to the lack of 
oxygen and the switch to anaerobic metabolism and may, in the long term, develop secondary 
cardiac changes. Another factor contributing to the limited oxygen uptake in some of these 
horses is the loss of locomotor-respiratory coupling, resulting in an abnormal breathing pattern 
where only one breath is taken over two strides (Fitzharris et al., 2014).  

Hypertrophy of cardiomyocytes and perivascular fibrosis has been shown to develop as a 
response to intermittent hypoxia (Hayashi et al., 2018; Mitsuishi et al., 2019). A study made by 
Van Liere et al. (1964) showed that induced hypoxia creates a hypertrophy that is even greater 
than the one that develops solely after long term exercise. Cardiac remodeling and hypertrophy 
during hypoxia occurs due to an altered gene expression including activation of hypoxia 
inducible factor (HIF) and microRNAs called hypoxamiRs. The HIF1-α unit is under normal 
conditions suppressed by prolyl hydroxylase domain (PHD) enzymes, the activity of these 
enzymes is however inhibited during low oxygen levels. Activation of the HIF1-α transcription 
factors and hypoxamiRs leads to hypertrophy of cardiomyocytes and angiogenesis (Azzouzi et 
al., 2015).  

Horses with upper airways obstructions may have more abnormal ECG findings than horses 
with clinically normal airways, most of these abnormal T-waves (Rose and Davis, 1978). 
Myocardial affection that result in changed ventricular repolarization leads to abnormal T-
waves. While Rosie and Davis (1978) related the abnormal T-waves to poor performance, 
Evans (1991) pointed on the fact that they occur in a big proportion of the horses, thus, 
suggesting it may be a normal response to training. The prevalence of abnormal T-waves was 
however, in the study by Rosie and Davis (1978), higher in poor performance horses and in 
horses with upper airway obstructions. 

Upper airway obstruction in horses entails a risk for the development of arrhythmias, not only 
caused by excessive hypertrophy but also due to the changes in the potassium homoeostasis. 
The hypercapnia can, together with buildup of lactate from working muscles, result in a lowered 
blood pH and thereby acidosis. The lowered pH may, through increased plasma potassium 
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levels, lead to hyperkalemia. The rise in plasma potassium levels can disturb the heart function 
by affecting the membrane potential, and can lead to arrhythmias seen as ventricular tachycardia 
(multiple consecutive ventricular premature complexes on the ECG) or atrial fibrillation 
(Maxson-Sage et al., 1998; Tate et al., 1993; Young et al., 1954).  

Clinical findings  

Murmurs and regurgitations  
Valvular regurgitations seems to be the most common acquired heart disease in horses (Vitale 
et al., 2012). The regurgitations occur because of physiological or pathological changes to the 
heart valves, resulting in changes of the hemodynamic flow that creates regurgitant jets (Marr, 
2010). The frequency of murmurs and regurgitations seems to increase with time in training 
and probably corresponds to the increased heart size (Buhl et al., 2005; Reef et al., 2014; Young 
et al., 2008). It has also been showed that racehorses are more affected than pleasure horses 
(Patteson and Cripps, 1993). When valvular regurgitations are present, cardiac murmurs can 
sometimes be detected at clinical examination as the turbulence in blood flow creates a sound. 
Regurgitant jets can, with a color flow Doppler ultrasound, be detected in most racehorses even 
if they are clinically normal on heart auscultation as these are not always audible as murmurs 
(Marr and Reef, 1995). Regurgitations do not always involve structural changes of the heart 
valves. In physiological conditions, exercise-induced hypertrophy will lead to a leakage from 
the valves, while in pathological conditions, hypertrophy will be secondary to insufficient 
valves (Decloedt et al., 2014). Physiological regurgitations has not been associated with 
impaired racing performance (Young et al., 2008).  

The number of racehorses affected with valvular regurgitations varies between 80-90 % in 
studies, depending on examination methods (Buhl et al., 2013; Marr and Reef, 1995; Young, 
1999; Young et al., 2008). Mitral regurgitations (MR) in racehorses are to the most part mild 
and physiological (Young et al., 2008). More severe cases can lead to exercise intolerance, 
ventricular arrhythmias and atrial fibrillation (AF). MR may develop due to exercise-induced 
hypertrophy and dilation of the LV, or secondary to aortic insufficiency that also creates a LV 
hypertrophy. Insufficiency of the mitral valves can lead to regurgitation of blood into the atria 
and therefore an increased size of the LA and, thus, development of atrial fibrillation. Tricuspid 
regurgitations (TR) are along with MR the most common types of regurgitations found in 
racehorses. Development of TR may occur due to dilation and hypertrophy of the RV, induced 
by training and an altered cardiac load, or secondary to pulmonary hypertension. TR are less 
prone to induce dysrhythmias than other valvular insufficiencies and are rarely itself associated 
with poor performance. Aortic regurgitations (AR) are not as common as the atrioventricular 
ones in racehorses, as they more commonly develop in older horses. Low degree regurgitations 
usually do not affect performance. Severe cases with larger jets are however a bigger issue and 
can be associated with ventricular dysrhythmias (Kvart and Häggström, 2002; Marr, 2010). 

Arrhythmias 
Arrhythmias occur due to a large number of cardiac diseases and can be detected as abnormal 
findings on the ECG. Exercise-induced causes of arrhythmias are valvular regurgitations as 
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well as dysrhythmias induced by hypoxia and changes in autonomic tone (Reef and Marr, 
2010). It has therefore been suggested that ventricular hypertrophy can trigger arrhythmias in 
horses (Kriz et al., 2000; Pedersen et al., 2013) . In humans, long term exercise has been 
associated with higher risk of developing both atrial and ventricular arrhythmias (Andersen et 
al., 2013). Abnormal ECG patterns has been reported to occur in as much as 60 % of human 
athletes (Pelliccia Antonio et al., 2000). 

A prolonged QT interval has in humans been associated with the development of arrhythmias 
and sudden cardiac death (Haugaa et al., 2014). In human and small animals, the prolongation 
occurs when the electrical conductions take longer time to spread through a thickened 
myocardium after exercise-induced remodeling. The depolarization of the ventricles in horses 
does however not occur in a similar way and it has therefore been suggested that a prolonged 
QT interval can not be used to estimate ventricular size (van Loon and Patteson, 2010). QT 
intervals in horses has, despite this, been showed to be longer in stallions than in mares 
(Pedersen et al., 2013).  

Supraventricular premature complexes (SVPC) are dysrhythmias caused by premature 
contractions of the atria. Premature atrial beats result in abnormal P-waves. SVPCs are of 
concern as they can cause atrial fibrillation (Binici Zeynep et al., 2010). Ventricular premature 
complexes (VPC) are dysrhythmias caused by premature contractions of the ventricles and 
results in premature QRS complexes. Repeatable VPCs can result in ventricular tachycardia 
(Kiryu et al., 1999). A study showed that premature complexes, both VPCs and SVPCs, in 
horses were associated with higher heartrates at peak exercise (Ryan et al., 2005). Premature 
complexes may also develop due to electrolyte imbalance (Leroux et al., 1995; Maxson-Sage 
et al., 1998). Buhl et al. (2013) studied the development of SVPC and VPC to assess 
associations between cardiac hypertrophy, valvular regurgitations and arrhythmias. In their 
study, the number of SPVC were lower after training while VPC increased. Ryan et al. (2005) 
showed a higher number of both VPC and SVPC post exercise as well as in warm up. These 
findings were probably related to the change in autonomic tone as there was no significant 
associations between heart size and arrhythmias (Buhl et al., 2013; Ryan et al., 2005).  

Changes in autonomic tone, both sympathetic and parasympathetic activation, have frequently 
been associated with different kinds of arrhythmias. Activation of the sympathetic system and 
increased levels of circulating catecholamines can be an inciting cause of atrial fibrillation 
(Carnagarin et al., 2019). Parasympathetic activation, on the other hand, can also lead to 
arrhythmias. A study that Guasch et al. (2013) performed on rats showed that after exercise-
induced cardiac remodeling, the rats appeared to be more susceptible to atrial fibrillation with 
an increased sensitivity to cholinergic stimulation in cardiomyocytes, probably due to 
downregulation of some of the regulator of G-protein signaling (RGS) proteins. RGS 
constitutes a family of proteins that modulates the cardiac autonomic responses. RGS4 is one 
of the proteins that was downregulated in the study. Higher levels of RGS4 has been found in 
the SA node compared to the within the right atrium. RGS4 plays an important inhibiting role 
in parasympathetic signaling and therefore also in alterations of the sinus rhythm (Cifelli et al., 
2008; Guasch et al., 2013).  
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Heritability has also been suggested as a factor contributing to the development of atrial 
fibrillation in standardbreds (Physick-Sheard et al., 2014). 

Cardiac troponin I 

Cardiac troponin (cTnI) is a well-known biomarker for myocardial damage in both humans and 
horses. Reference levels of cTnI have been described in normal horses (Phillips et al., 2003). 
Elevated levels of cTnI can in horses be used to detect myocardial disease while other cardiac 
diseases, such as structural lesions and arrhythmias, rarely result in increased cTnI levels (Nath 
et al., 2012). cTnI has also been shown to increase mildly 10-14 hours post-race in horses 
without other signs of cardiac disease (Nostell and Häggström, 2008).  
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DISCUSSION 

Cardiac hypertrophy has been shown to increase with intensified training (Buhl et al., 2005; 
Reef et al., 2014; Young et al., 2008). The hypertrophy is induced by alterations in cardiac load 
and can also lead to formation of new cardiomyocytes from progenitor cells (Xiao et al., 2014). 
There is however, in my opinion, a lack of control groups in most studies. I think it is an 
important aspect as most studies have been done on young, still growing, horses. It would be 
valuable to know how the heart in the young, untrained horse develops to get more comparable 
measures than only pre/post periods of exercise. As the hypertrophy, and therefore heart size, 
decreases with ceased training it is no doubt that a correlation between heart size and exercise 
exists (Kriz et al., 2000). The lack of studies on the right ventricle of the heart is probably due 
to the limited possibility to measure the right ventricle with ultrasound (Young et al., 2006) but 
it is likely that the right ventricle responds to training in a similar way as the left just as in 
human athletes (Scharhag et al., 2002). The relative wall thickness seems to differ between 
thoroughbreds (Young et al., 1999) and standardbreds (Buhl et al., 2005), a finding that I think 
may be explained by the dissimilar work that these horses perform.  

Valvular regurgitations and cardiac murmurs are consistently reported as a response to the 
cardiac enlargement occurring with exercise (Kubo et al., 1974; Patteson and Cripps, 1993). 
Most of the regurgitations are however in such a low grade as they cannot be considered as 
clinically relevant (Young et al., 2008). Mild to moderate valvular regurgitations are not 
considered a big problem in young horses if they do not occur at different valves simultaneously 
or if the horses show no other clinical signs or present with poor performance (Marr, 2010). A 
color flow Doppler would therefore be necessary to clinically assess the number and severity 
of regurgitations (Marr and Reef, 1995). With this method it may be possible to distinguish 
physiological cardiac remodeling from the hypertrophy that occurs due to a primary valve 
disease. 

The development of exercise-induced hypoxia during training may contribute to the cardiac 
remodeling. Upper airway obstructions should be of concern as they can induce a more severe 
cardiac remodeling with impact on cardiac function, both by hypoxia-induced hypertrophy and 
perivascular fibrosis (Hayashi et al., 2018; Mitsuishi et al., 2019; Van Liere et al., 1965). 
Acidosis in these horses should also be considered as a risk factor for the development of 
arrhythmias due to increased plasma potassium levels (Maxson-Sage et al., 1998). I think it 
should be remembered that these horses, while racing, usually pull up fairly quickly at the onset 
of obstruction. The hypoxia may therefore not get as severe as in studies where it has been 
induced (Hayashi et al., 2018; Mitsuishi et al., 2019). Repeatable occurrences, and the onset of 
obstructions in more severe cases while exercising even at lower speeds, may still be enough 
to induce secondary cardiac changes. The abnormal breathing pattern seen in some of these 
horses may also be contributing. 

Abnormal T-waves as a response to myocardial dysfunction have been related to poor 
performance in some studies (Rose and Davis, 1978) while others have pointed on the fact that 
they occur in a big proportion of the horses, thus, suggesting it may be a normal response to 
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training (Evans, 1991). Rose and Davis showed that abnormal T-waves where a much more 
common finding in groups of poor performance horses and horses with upper respiratory tract 
abnormalities. Mildly increased cTnI levels after racing may, according to the authors Nostell 
& Häggström (2008), be related to the low degrees of hypoxia that occurs in all horses during 
strenuous exercise, creating a leakage of cTnI from cardiomyocytes without inducing 
degeneration. In the study made by Nostell & Häggström (2008), the cTnI levels post racing 
were mildly increased, but still well below levels that Phillips et al., (2003) considered as 
normal. The lack of a significant increase in cTnI after racing suggest that a lot of the exercise-
induced changes occur without myocardial degeneration. This applies to both arrhythmias and 
valvular regurgitations as the cTnI levels are not elevated in most of these cases (Nath et al., 
2012).  

It seems like an imbalance between sympathetic and parasympathetic nervous system rather 
than any structural changes causes the high occurrence of arrhythmias. Downregulation of RGS 
protein in conjunction with intense exercise may contribute to this, as a sensitization to 
cholinergic stimuli could affect the balance between sympathetic and parasympathetic nervous 
system and thereby potentially induce an increased risk for arrhythmias (Guasch et al., 2013). 
While these studies are based on rats, I think it would be of interest to see further studies on 
exercise and the downregulation of RGS protein and if this could apply to the horses as well. 
Atrial fibrillation that develops during a race or strenuous exercise is often paroxysmal and 
spontaneous conversion usually occurs within 48 hours and can, thus, only be detected the 
following day at the latest (Reef and Marr, 2010). This may have affected the very low 
prevalence of horses presenting with AF in studies. Other underlying causes such as heritability 
has been suggested to increase the risk of atrial fibrillation, but more studies would be needed 
as the cause of the development of AF in these horses is not clear (Physick-Sheard et al., 2014). 

In conclusion, cardiac hypertrophy is a natural response to training. The increase of 
regurgitations and heart murmurs are correlated to the enlargement and probably occurs due to 
stretching of the valves that creates a leakage. They are to the most part mild and physiological 
without any impact on performance. Most arrhythmias are induced by the changes in autonomic 
tone and occurs both pre-, during and post-exercise. Mitral regurgitations and atrial fibrillation 
seem to be the most common cardiac causes of exercise-related poor performance. Upper 
airway obstructions can cause an excessive, hypoxia-induced hypertrophy and induce 
arrhythmias due to disturbances in the potassium homeostasis. Many exercise-induced changes 
of the heart seem to occur without any structural changes. I think that arrhythmias may, because 
of the lack of histological changes and gross lesions, be a reasonable explanation for some of 
the unexplained or presumptive cardiac deaths on the racetracks and respiratory obstruction a 
predisposing factor for these. Further studies would be needed to develop new methods to assess 
equine heart function and predict these events.  
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