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Abstract

Cardiac repolarisation can be evaluated clinidajlyhe QT interval in an ECG. Changes in the QT
interval caused by diseases, drugs and genetidiongacan lead to fatal ventricular arrhythmias,
syncope and sudden death in humans. In horsesacaegolarisation and QT interval is not well
described and cannot yet be used diagnostically.

Objectives: Describe a sex-differentiated model for the QEnwal in relation to HR/RR-interval
in a group of healthy Icelandic horses, and to flmlbest descriptive model for HR-correction.
Furthermore, to establish reference values fohenterval at different HR/RR-intervals for
Icelandic horses. jEar-Tend(TpTe), @ marker for transmural dispersion of repolaiaga will be
measured in order to study its normal range aradiogl to a variation in RR-intervals.

Animals & Methods: 22 Icelandic horses of different sex (8 mares,|diggs and 7 stallions),

with a mean age of 8.4 years (4-25 years) and w8igfh kg (269-385 kg). ECG was recorded
during a 30 minute period including rest, warm-aigh intensity and recover@T and [Te

interval were measured at seven different HR-irglsrfrom each horse and plotted against the
entire range of RR-intervals and fitted with a nand a piecewise linear regression model. HR-
correction were performed with the Bazett, Fridarend a piecewise linear QT correction method.

Results: The relation between QT- and HR/RR-interval wast blescribed by a piecewise linear
regression model in all three groups (0.93<0.95). On average the QT interval for geldings wa
longer than the other groups on most HRIsWwas constant in geldings and mares, and only
significant different from zero in stallions (p-ual = 0.0386), but only 1.8 % were explained by
variation in RR. A large variation in T-wave morpbgy was observed in the study both between
horses and within one ECG recording. T-wave mompdywhbppears to change with HR. A table of
calculated reference values for the QT intervath wrediction intervals at different HR/RR

Icelandic horses has been established.

Conclusions: The relation between QT interval and HR (RR) ia itelandic horse is described

with a piecewise linear regression, which is défgrfrom humans where it is described by linear
regression. JTe was constant and nearly RR-independent; a snfééleince was seen in stallions,
possibly due to the higher athletic condition iistiroup. The calculated QT/RR-intervals can be

used as reference values for Icelandic horses.
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Resumé

"Elektrokardiografi og malinger af QT-interval véarskellige hjertefrekvenser i en gruppe

Islandske heste”.

Hjertets repolarisering kan evalueres klinisk somiQtervallet i et EKG. Andringer i QT-
intervallet som falge af sygdom, medicin eller gesk® mutationer kan fare til fatale ventrikulaere
arrytmier, besvimelse og pludselig dgd. Der er &agget viden om QT-intervallet og hjertets
repolarisering i heste, hvorved den diagnostiskelves sparsom.

Formal: At beskrive en model for hvordan QT-intervalletigeer i forhold til hjertefrekvens
(HF)/RR-intervallet i en gruppe Islandske hestéoegkellige kan, samt at finde den metode, der
bedst korrigerer for varierende HF. Yderligere,rbegdes der reference veerdier for QT-intervallet
for de ulige kan. Jear-Tend(TpTe), €N Markear for den sidste del af repolariseringedles for at

studere veerdien i relation til HF/RR-interval.

Dyr og metoder: 22 Islandske heste af forskelligt ken (8 hopperalfakker og 7 hingste) var
inkluderet i studiet. Gruppens gennemsnitsaldeBy&@dr (4-25 ar) med en gennemsnitsveegt pa
345 kg (269-385 kg). EKG blev optaget under en &tutters periode inklusive hvile, opvarmning,
hej intensitet og restitution. QT- og Tl blev malt ved syv ulige HF-omrader fra hver hest o
vurderet i mod RR-interval. En lineger og en to-tietizer regressionsmodel blev testet. Korrektion

for HF blev udfgrt med Bazzett, Fridericia og erd@dt linser QT korrektionsmetode.

Resultat: Forholdet mellem QT- og HF/RR-interval blev belsskrevet med den to-delte linesere
regressionsmodel i alle tre grupper (0,93 < ©,95). Vallakker havde gennemsnitlig leengere QT-
interval end de to andre gruppepT¥var konstant for hopper og vallakker og kun sidxaifit
afvigende fra O for hingste (p-veerdi=0,0386), man k,8 % var forklaret af variation i RR-
interval. Der blev observeret en stor variatiorbdlge-morfologi i studiet. Der blev udarbejdet en

tabel med referenceveerdier for QT-interval vedKellsy HF/RR for hvert kan.

Konklusion: Forholdet mellem QT- og HF/RR-interval i den Islake hest er bedst beskrevet ved
en to-delt lineaer regression, hvilket adskillerHtanant, hvor QT/RR beskrives ved en lineger
regression. JTe var konstant og uafheengig af RR, med undtagelbég§tene hvor JT. var noget
forleenget, muligvis forklaret af at denne gruppemaget godt treenet. De udarbejdede QT-

intervaller kan benyttes som referenceveerdierdianidske heste.

Nggleord: Elektrokardiografi, QT-interval, hjertefrekvengdh, T-bglge morfologi
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Voltage gated calcium channel
Calcium induced Calcium release
Chloride
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Rapid, delayed potassium rectifier channel
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Current through aion channel
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Potassium

Slow, delayed potassium rectifier channel
V oltage gated potassium channel
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Left ventricular hypertrophy
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Prediction error
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Heart rate corrected QT-interval

Resting membrane potential
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1. Introduction

Sudden death (SD) in apparently healthy horseswslisknown phenomenon in all types of horses,
but has been given the most attention among raset@¢Gelbergt al. 1985; Kiryuet al. 1999;

Lyle et al.2011). The horse is a large and valuable animalyeéhen SD happens it affects animal
welfare, rider safety, public relations and finam{@edersent al 2012). An exact cause of SD in
horses is often undefined, but presumably reladesitiden cardiac death (SCD) (Gelbetgl.

1985; Kiryuet al 1999; Lyleet al.2011).

In human medicine we know of short and long QTdsgmes (SQTS/LQTS), which are associated
with an increased risk of the polymorphic tachyeabrsade de Pointes (TdP), ventricular
fibrillation (VF) and SCD (Andersoat al.2002). The conditions are characterised by a shiorg

or prolongation of the ventricular repolarisatiordare manifested clinically by changes of the QT
interval on the surface electrocardiogram (ECGjl@siet al. 2003; Hedleet al 2009). Genetic
mutations in genes encoding ion channels respa®bkhe ventricular repolarisation or proteins
related to the regulation of these channels arevkrzauses of congenital SQTS/LQTS in humans.
Drugs that block repolarisation-channels, electebtiisturbances and heart failure can result in
acquired forms of SQTS/LQTS (Andersenal.2002; Kramer & Zimetbaum 2011).

The QT interval is very heart rate (HR) dependeat many formulas have been published to
correct for this variation in humans (Lebal 2004). In the horse the HR is very variable raggi
from 25 to 250 beats per minute (bpm), and pulsg@ah of repolarisation is assumed to be more
efficient in horses than in humans (Pedersteal. 2012). Earlier ECG studies and QT interval
measurements in horses are obtained from horsestahence, at very limited ranges of HR
intervals (Bus®t al. 1975; Bakos & Lohne 2009; Schwarzwatdal 2012). The relationship
between the QT interval and HR in horses have wetgntly been unknown. Therefore a Ph.D.
study at the University of Copenhagen including&€efit Standardbreds (SB) (mean weight 510 +
34 kg) of different sex (stallion, gelding and nmjasepresently looking into the correlation between
QT and HR in horses. Interesting, it has here lieend that horses display a non-linear
relationship between the QT interval and the RRrir@l (60/HR) (Pederseat al. 2012). This is
different from the linear relationship seen in hmméRajappaet al. 2003). The present study will
further build a platform, which will make it posglto search for SQTS/LQTS in horses and use
the QT interval as a marker of cardiotoxicity ofigs, which acts as possible inducers of acquired
SQTS/LQTS.



The methodology and findings in the study by Pestees al. (2012) is also the background for this
study. Here the Icelandic horse was chosen bedtisse very homogeneous group of horses (pure
breed) and because it represents a smaller harsadhweight 380-400 kg) than the horses used in
the above mentioned study, which could potentiadlye influence on the normal QT interval and

the relationship between the HR and QT interval.

Tpeak— Tend (TpTe) is @ marker for transmural dispersion in repsktion (Pedersegt al. 2012).
T,Te has been showed to increase with left ventricwygertrophy (LVH) in humans (Porthan al
2007) and prolonged,Te has been related to increased mortality in hunfl@asikkathet al.2011).
The T,Te will be measured in this study and plotted agaimstRR interval in order to study the

normal range in Icelandic horses.

The first part of this paper includes a literatstedy necessary for understanding the analysis,
discussion and conclusion. Books, reviews and pgiragticles have been used in the literature
study.



2. Literature study

2.1 Anatomy and physiology of the equine heart

The heart is a muscular pump that drives the bévodnd the cardiovascular system by
systematically contracting and relaxing (Cunningl&iklein 2007; Konig & Liebich2007). Blood
circulates and transports oxygen and nutrientséoyetissue and organ in the body, and transports
carbon dioxide and metabolic waste products frolis te lungs, liver and kidneys, where it can be

excreted (Cunningham & Klein 2007).

The heart consists of four chambers: the rightlaficgatria and ventricles. The chambers are
separated longitudinally bseptum interatriale et. interventricular@.transverse septum divides
the blood receiving atria from the blood pumpingtvieles(Ko6nig & Liebich 2007). The equine
heart weighs about 0.7 per cent of the body weigi T) (Holmes 1968), approximately 3.5 kg in
a 500 kg horse.

A cardiac cycle consists of a period of relaxatmal a period of contraction of the heart, callex th
diastoleand thesystole Every systole happens in two stages; first thalatystole, followed by the
ventricular systole (Cunningham & Klein 2007). the horse, the atrial contribution to diastolic
filling of the ventricles is essential for maxin@@rformance during exercise, but negligible during

rest (Bonagurat al. 2010).

In every cardiac cycle the blood circulates throtlghheart in a specific manner, and two sets of
heart valves ensure the one-way direction of tbedfow (figure 1). These valves are trava
atrioventriculare dexter et. sinist¢AV valves) between the atria and ventricles dred/alva
semilunares dexter et. sinisteetween the ventricles and the arteries (Schallev 2Silverthorn
2007). The right and left AV valves are also knaagrthe tricuspid and bicuspid/mitral valves,
respectively, and they prevent back flow of blootbithe atria during ventricular systole. The
semilunar valves prevent blood from flowing badakfirthe pulmonary and systemic circulation
system, and in to the ventricles during ventricdliastole (Silverthorn 2007; Cunningham & Klein
2007).
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Figure 1: The one-way direction of the blood flowhrough the heart. Adapted from
http://www.communitymemorial.com/services/heart/king-heart.cfm

Deoxygenated blood flows in to the right atriuatrium dextey from vena cava cranialis et
caudalisand from the heart itsel§ius coronarius The blood flows via the right ventricle and is
pumped through thieuncus pulmonaliso the lungs, where it becomes oxygenated. The
oxygenated blood returns to the left atrivatrium siniste) via venae pulmonale§he blood flows
into the left ventricle\(entriculus sinister where it is pumped with a rapid injection inbe taorta
and the systemic circulation (Cunningham & Klei®20Schaller 2007; Kénig & Liebich 2007).

The wall of the heart is composed ofendocardiummyocardiumandepicardium The

myocardium, which is the middle layer of the cacdwuscle, is the thickest layer. The thickness of
the wall differs, being thickest in the ventrickasd thinnest in the atria (Bacha & Bacha 2000). The
myocardium consists of cardiac muscle cells (fiprigost of the cardiac muscle fibres are
contractile fibres, but about 1 % of them are sesgd conduction cells (Silverthorn 2007), whose

function will be described in detail later.

The cardiac muscle fibres branch and connect djrezheighbouring cells viantercalated disks
(ID). Within the IDs there are small cytosolic chats termedap junctionsThese channels form a
functional syncytium, which is important for fasamsmission of action potentials between cells
(Cunningham & Klein 2007; Rohr 2004). Each conitaaardiac muscle fibre is built up like a
skeletal muscle fibre, with strictly organized agaments of the contractile proteins

(myofilaments)actin andmyosin



2.2 Electrophysiology of the heart

2.2.1 The conduction system

The conduction system is essential to describeusecidis the electrical pathway through the heart,
which leads to depolarisation and repolarisatiothefcardiac muscle fibres and results in
coordinated contraction and relaxation of the hdtis necessary to understand the origin of
depolarisation and repolarisation of the cardidls cm order to understand how the QT interval is

marker for these events in the ventricles.

About 1 % of the cardiac muscle fibres are spesgdliconduction cells that are able to depolarise
spontaneously. In the horse, similar to other gse¢he conduction system consists of the sindatria
(SA) node, the internodal atrial tracts, the atiwvicular (AV) node, the bundle of His, the right
and left bundle branches and the Purkinje netwaslshowed in figure 2 (Bishop & Cole 1967;
Tilley 1992). The conduction (transmission of eleqty) follows a predictable pathway in the
normal heart, leading to a coordinated contraatiogtrial and then ventricular muscle (Patteson
1999). The SA node is the primary pacemaker ohteat and its’ cells are able to depolarise
spontaneously and initiate a heartbeat. The SA eedl therefore known as pacemaker cells. The
SA node is located in the right atrium, near thieyeof the cranial vena ca\{&eith & Flack 1907;
Bishop & Cole 1967; Tilley 1992).

A )= Bachmann's

Sinoatrial nods ’ \\\;\ bundle
Alrio»[';rggcular = . N His bundle
Left posterior -+
bundle 3
‘ T — Purkinje
Right bundle ——"_ = fibres

Figure 2: Schematic figure of the conduction systenidapted from

(http://commons.wikimedia.org/wiki/File:Conductigrstemoftheheart.png)

The conduction follows three inter-nodal tractotigh the atria and to the AV node: the anterior,

middle and posterior tracts (James 1963; Tilley2)9%he AV node lies in the lower part of the
5



right atrial septum, just above the tricuspid valilee conduction is slowed down through the AV
node, due to a longer refractory period in the Adal cells (Cunningham & Klein 2007). This
allows complete filling of the ventricles beforethcontract, and protects the ventricles from being
stimulated to contract to fast (Bishop & Cole 19®ifley 1992; Cunningham & Klein 2007).

The AV node continues into the bundle of His, whpemetrates the fibrous AV ring. This is the
only electrical connection between the atria amdvwéntricles, and it ensures coordinated
ventricular contraction from bottom to top (Silvestn 2007). The bundle of His branches into a
left and a right bundle branch. The left bundlenbtacourses through the interventricular septum
and to the left ventricle where it joins a netwofkPurkinje fibres, whereas the right bundle branch
joins a Purkinje network in the right ventriculayocardium (Meyling & Borg 1957; Bishop &

Cole 1967; Tilley 1992). In the horse, the Purkimgtwork has a widespread distribution in both
ventricular free walls, which in turn lead to aetion of the ventricles from multiple sites (Hamlin
& Smith 1965; Patteson 1999).

In the normal heart, the cells of the AV node andkje fibres are also able to spontaneously
depolarise. Under normal circumstances the SA noell depolarise faster, and therefore the SA
node is the primary pacemaker of the heart. Undeaim abnormal conditions, where the SA node
is injured and unable to initiate depolarisatidne pacemaker activity of the AV node is critical fo
survival. The heart rate will in those cases beoatal low (Patteson 1999; Cunningham & Klein
2007). Injured cardiomyocytes can also create ababautomacity and arrhythmias, which will be
discussed irsection 2.4.3.

2.2.2 Resting membrane potential

The electrical activity in the heart, as describvethe previous section, is created from differient
currents across the cell membrane at differentdinie understand how electrical activity is created
in the heart, it is essential to understand tHatedlls have an electrical potential differenceoasr

their cell membrane, which is called ttesting membrane potentiRMP). The RMP is an indirect
result of a relative permeability across the plasnembrane for specific ions {KNa', C&* and

CI") (Silverthorn 2007; Cunningham & Klein 2007).

lon movements are determined by the electrochergrealient. The ions are charged and their

movements across the membrane will depend on hethdoncentration and the electrical field



across the membrane, which is created by the diffaons (Ashcroft 2000). The typical ion

concentrations across the membrane are shownlatab

Extracellular Intracellular
lon concentration |concentration
(mM) (mM)
Sodium (N&) 135 - 145 12
Potassium (K) 35-5 140
Calcium (Ca*") 2.25-2.52 10 M (free)
Chloride (CI") 115 2.5-50

Table 1: Typical ion concentrations in extracellular and intracellular fluid (Ashcroft 2000).

The potential at which the electrical force onithhe balances the opposing force of the
concentration gradient is called tbguilibrium potentiafor the ion, and is given by the Nernst

equation. For a given ion,

| =Eln[IOHL
mFZ [Icm]!_

WhereEo, is the equilibrium potential (in voltsR is the gas constant (8.314 4ol ™), T is the
absolute temperature (in degrees Kelvihis the valency (positive or negative charge) efitn,
andF is the Faraday constant (96,500 C MoJlon]. and [lon] is the extra- and intracellular ion

concentrations (Ashcroft 2000).

From Nernst equation, the calculated potassiufi équilibrium potential (g) is —84mV. This
negatively charged intracellular fluid is closelhe RMP of most cells (-60 to -100 mV), which
indicates that the potential is primary determibgK" selective channels (Ashcroft 2000). The
Na/K-ATPase plays an important role in maintainting concentration gradients, by pumping 3 Na
ions out and 2 Kions in to the cell (Ashcroft 2000).

When the pacemaker cells of the SA node spontahedepgolarise, it creates an electrical signal
that spreads through the conduction system andesrgaltage changes in the membrane potentials
of the cardiac cells. These changes result in ogeand closing of voltage gated ion channels
important for depolarisation and repolarisationd #meir structure and function will be described in

the next section.



2.2.3 Structure and function of voltage gated potasum (K*) channels

The voltage gated Kchannels (Kv-channels) are the primary determsahtepolarisation in the
mammalian myocardium. The basic structure and foncif these channels will be described in
this section, in order to understand how genetitatians in genes encoding these ion channels or
proteins related to the regulation of the chanoatsresult in changes in the QT interval
(SQTS/LQTS) (Nerbonne & Kass 2005).

Kv-channels are made up of pore-formigsubunits, which may associate with one of many
differentp- subunits (Ashcroft 2000). Thesubunit contains four homologous repeats (I to 1V)
(figure 3 B), where each of these repeats contingansmembrane segments (S1 to S6) (figure 3
A). A functional Kv channel is composed of fausubunits, with the amino- (Nf) and carboxyl
(COO) termini of the segments sited on the cytoplasside of the membrane (Ashcroft 2000;
Nerbonne & Kass 2005). The fourth segment (S4psstively charged and is involved in voltage-
dependent activation of Kv channels (Pongs 199acAst 2000).

Figure 3: Structure of a voltage gated K channel pore forminga subunit. A, Kv a-subunits are made up of six
transmembrane domains (S1-S6), a positively cha®geand a highly Kselective H5 region. B, Schematic diagram of

a Kv channel illustrating the fowrsubunits creating the 'Kselective pore (modified from Nerbonne 2000).

The mechanism by which the S4 segment serves alsa@® sensor is not completely understood
(Ashcroft 2000), but there is a voltage driven deim the protein conformation that results in
opening of the ion pore. This opening mechanismbeas explained by a “sliding helix” model. In
response to a change in voltage, the S4 helixeg mowss the membrane in a spiral path and

thereby lead to a conformational change and operfitige ion pore (Ashcroft 2000).



The H5 region between the S5 and S6 segmentsipatés in formation of the channel pore, and
enters and exits the membrane from the extracekida (Pongs 1992; Ashcroft 2000). The Kv-
channel is highly selective for'Hons, and the H5 regions are responsible forgiisctivity filter

due the specific combination of amino acids ofrégion (Doyleet al. 1998; Ashcroft 2000).

Positively charged Kions are attracted to the channel pore by nedgativerged amino acids in
the entrance of the channel (Dowgteal. 1998). The walls of the channel are lined withreythobic
residues, and the hydrated and positively chargeidié move easily into the water filled cavity of
the channel pore (Ashcroft 2000). The selectiviitgffis narrow and can accommodate two K
atoms at the same time, located at the opposite @frtie filter. When a second knters the
selectivity filter it creates an electrostatic rispee force that pushes the first kon through the

pore and out into the extracellular fluid (Dogeal. 1998; Ashcroft 2000).

The inactivation of Kv channels is displayed in tmain modes; fast and slow inactivation
(Ashcroft 2000). The cytoplasmic amino terminugeisponsible for the fast voltage-dependent
inactivation, which is called N-type inactivatiddome Kv channels do not undergo fast
inactivation and they are referred todetayed rectifiersThe most distal part of the N-terminus
serves as an “inactivation ball” which can swing &md to a receptor site on the S4-S5 linker.
This is close to the inner opening of the chanoeé pand the binding inactivates the channel, as
showed in figure 4 A. (Ashcroft 2000). Some Kv chels have a slow inactivation, which is called
C-type inactivation because it involves the C-temmsiof the protein (Ashcroft 2000). In C-type
inactivation it appears to be a conformational ¢feaim the external part of the pore, which leads to
constriction an occlusion of the pore (figure 4(Bgllen 1998; Ashcroft 2000).

Figure 4: N- and C-type inactivation. A N-type inactivationB: C type inactivation. Modified from Yellen (1998).



B-subunits are small peptides in the cytosol, winngy bind to thei- subunits. Not all
combinations off- anda-subunits are possible, since a single typg-sfibunit does not associate
with all types ofa-subunits, andice versaThe binding can either increase the function and

expression of the Kv channel or increase the raiagativation (Ashcroft 2000).

The structure and function of voltage gated Nand C4" ion channels (Nav- and Cav-channels) is
similar to what is described for Kv-channels irsthection (Ashcroft 2000)on currents through

Kv, Nav and Cav-channels in the cardiac cell memésayive rise to the depolarisation and
repolarisation phases of the cardiac action paknthich will be described in the next section.

2.2.4 The cardiac action potential

The cardiac action potential can be describedvim fhases, where sequential activation and
inactivation of depolarising and repolarising idrannels and currents contributes to voltage
changes in the cardiac cells (Nerbonne & Kass 2049 five phases are showed in figure 5, and
described shortly below.

Ventricular Cell
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4 :
=100
200 ms g“+
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Conductances
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dcat

Figure 5: The five phases of the cardiac action potential anchain ionic currents. An upward deflection represents
inward ion current and downward deflection représan outward ion current. Adapted from

http://www.cvpharmacology.com/antiarrhy/cardiac i@tt potentials.htm.
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Phase 4: Resting membrane potential

During rest there is a negative membrane poteintide cardiac cells at about —80-90mV, as
described in section 2.2.2. This negatively restirgnbrane potential is mostly a result 6f K
efflux through open Kchannels. Most Naand C&' channels in the cell membrane are closed in
this phase (Cunningham & Klein 2007).

Phase 0 Rapid depolarisation

This phase involves depolarisation and firing @ tlardiac action potential. Fast, voltage gatet Na
channels (Nav) in the cell membrane open whenahdiac cell is depolarised to the threshold
voltage for opening at about =55 mV (Nerbonne &K2805). This leads to a rapid influx of Na

ions and the membrane potential becomes positoleyged on the inside.

Phase 1: Short repolarisation

The Nav-channels inactivate quickly when the etlépolarised. Rapid opening and closing of
voltage gated Kchannels lead to a rapid efflux of Kons and a short repolarisation phase
(Silverthorn 2007; Cunningham & Klein 2007).

Phase 2: The plateau of depolarisation

The plateau of depolarisation is unique to theieardction potential, and does not exist in skeéleta
muscle fibres or nerve cells. Opening of many \getgated C& channels and closing of some of
the K" channels result in increased intracelluldratd C&* concentrations that keep the cell in this
prolonged depolarised state for about 200 mset.iBfux triggers Ca' release from
sarcoplasmatic reticulum (SR) (Bers 2002; CunningBaKlein 2007). The Nav-channels are
inactivated until the cell reaches its resting po#d, which means that a new action potential
cannot be initiated in this period. The periodaied the absolute refractory period, and is ailtic
for adequate diastolic filling and prevents therham continuous contraction (Finley al 2002;
Cunningham & Klein 2007).

Phase 3: Repolarisation

Other Kv-channels are activated slowly by the dapshtion and open at this point. ikins exit
rapidly through the open Kv-channels, and togethtr closing of Cav-channels, the cardiac cell is
repolarised to its resting membrane potential (pBgCunningham & Klein 2007; Silverthorn
2007).

11



Under normal conditions, each cardiac action p@kisttriggered by an SA node pacemaker cell.
The cells of the SA node demonstrate a less negatembrane potential, at about — 60 mV
(Patteson 1999; Silverthorn 2007; Bonageiral 2010). As seen in figure 6, the morphology of the
SA and AV nodal cells lacthe steep depolarisation phase 0. This is dueettatik of the fast,
voltage gated Nachannels. Instead pacemaker cells have so cdlledy channels” ), which are
closed during an action potential, and spontangaysn at the end of the action potential
(Silverthorn 2007; Cunningham & Klein 2007). Thesfaneous opening results in an increase in
Na' influx and decrease in'Kefflux. An increase in G4 permeability makes a late contribution to
depolarisation toward threshold, and the actioepid! is primarily driven by this large, prolonged
increase in Cd permeability (Cunningham & Klein 2007; Bonagetaal 2010).

SA Node[

Alr|um|
AV Node |
Purkinje Fiber

Endocardium {

Midmyocardium [
Septum

RV Lv Epicardium

0.2 sec

Figure 6: Electrical activity in the myocardium. Top: schematic of a human heart with illustrationygital action
potential waveforms recorded in different regidBsttom schematic of a surface electrocardiogram; theegantial

beats are displayed (Nerbonne & Kass 2005).

As seen in figure 6, the action potential morphglagd duration is different in the distinct areés o
the myocardium. For example is the atrial actioteptial shorter than the ventricular, a mechanism
which ensures atrial systole and emptying befoeevémtricular systole. The differences in action
potential durations in difference areas of the hieave been explained by heterogeneous expression
of the repolarising Kion channels in the atria and the ventricle, whidglhbe further discussed in

section 2.3.1 (Nerbonne & Kass 2005).
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2.2.5 Excitation-contraction coupling

The different ion currents described above is dgddor the cardiac muscle cells to contract, a
process known as “cardiac excitation-contractiomptiog” (Bers 2002). Influx of Cd through ion
channels in the cardiac cell membrane is essdatithe plateau phase of the action potential and

for the contraction of the cardiac muscle fibres.

3Na s/ 2K
Sarcolemma (ATP | k:x ATP )|
Ca 3Na

N;
yofilaments

Caﬂ [cal;
] AP
3Na (Em)

o /\Ca

T-tubule

Figure 7: Excitation-contraction-coupling. The figure shows how Ghis transported over the cell membrane and
triggers C&" induced C&' release from the SR. Adapted from Bers (2002).

Figure 7 describes how &a&nters the cardiac cell and triggers opening afiegine-receptor
(RyR) channels on the sarcoplasmatic reticulum (8Rich in turn leads to a €ainduced C&
release from the SR (CICR). €anflux and SR-C4 release result in a raised free intracellular
C&* concentration. As mentioned in section 2.1, thdiea muscle fibres are built up with
organized arrangements of the contractile protaitis and myosin. The cytosolic free®Chinds
to Troponin C which is attached to the actin filantse The binding enables myosin to bind to the
actin filament, and movement of the actin filameetsult in contraction of the cardiac muscle
fibres (Silverthorn 2007; Bers 2002).

The intramembranous €achannels are an important difference between aautid skeletal
muscle cells because skeletal muscle cells doaat B4" channels in their cell membrane and
only receive C& from the SR (Cunningham & Klein 2007).
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2.2.6 Innervation of the heart

The heart is innervated by the sympathetic andsyarpathetic nervous system (Patteson 1999).
The parasympathetic nerves affect the SA and A\ahcells, by decreasing the heart rate (SA),
slowing down conduction and lengthen the refracpmgod (AV). The sympathetic nerves affect
all regions of the heart; SA node, AV node andwajbcardial cells. Sympathetic stimulation leads
to higher, shorter action potentials and to stromae quicker contractions. In quietly resting lesrs
there is often a very strong parasympathetic agtand AV node refractory period is so long, that
some atrial beats are not conducted to the veasridlhis is called AV block and the horse will
have some “missing” beats. The arrhythmia will dizear after exercise (Cunningham & Klein
2007, Verheyemwt al 2010b).

2.3 Molecular aspects of electrophysiology in thedart

2.3.1 Important ventricular ion currents
As mentioned in section 2.2.4 and showed in figytbere are differences in the action potential
morphology and duration in the distinct areas eflibart. The differences can be explained by a

variety in ion channel expression levels (Nerboé&ri€ass 2005).

The ion flow through an ion channel is describedt®gurrent (1). Voltage gated Kaand C4" ion
channels (Nav- and Cav-channels) and their resgectirrents (., and ko), are similarly expressed
in human atrial and ventricular myocytes. In costiranultiple types of repolarising'Kurrents ()
particularly through voltage gated channels (Kvroleds) are expressed differently in atrial and
ventricular cells and give rise to different actotential morphologies (Nerbonne & Kass 2005).
Between species, variations in action potentialphology and duration have also been explained

by differences in ion channel expression levelssgget al 2008).

Figure 8 illustrates the ion currents and chantielsare important for the ventricular depolarisati
and repolarisation. Only these channels will beulsed herdyecause mutations in the respective
channels are associated with changes in the Qfivaitend increased risk of severe ventricular
arrhythmias (Finlet al. 2003; Kramer & Zimetbaum 2011). In the followirext the long QT

syndrome will be in focus.
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Figure 8: lonic currents and channels of the cardia action potential. Coordinated opening and closing of ionic
channels mediate the action potential. Depolarisimgrd (downward deflection) and repolarising oartdv (upward
deflection) ion currents are shown (modified fromaRet al. 2009 and Vaet al 2005).

Voltage gated sodium (N channel — Nav1.5 ({a)

The voltage gated Nahannel (Nav) show an overall topology similathe voltage gated Kv-

channels, which structure and function is describesiction 2.2.3. The Naurrent (ka) is

responsible for the rapid depolarisation (phase Ogntricular and atrial cells (figure 8). There a

a number of different Nav-channels, but $hsubunit that is most expressed in the mammalian
myocardium is Nav1.5 encoded by the SCN5A genelidlere & Kass 2005). Both the activation

and inactivation of these channels are rapid amdg® dependent (Catterall 2000a). The threshold

for activation is at approximately —55 mV, and dgrthe plateau phase about 99% of the |

channels are inactivated (Nerbonne & Kass 2005.channel is inactivated by the fast, N-type
inactivation (figure 4A) (Ashcroft 2000; Catter2lD00a).
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Voltage gated calcium (C&") channel — Cav1.2 (. L)

Depolarisation leads to activation of voltage gateff channels (Cav) in the cardiac cell
membrane (Cunningham & Klein 2007; Bers 2002; Nerteo& Kass 2005). Thedresults in C&
induced C&' release (CICR) and high intracellular’Caoncentrations which switches on the
contractile machinery, as described in sectiorbARers 2002; Cunningham & Klein 2007). There
are two known types of Cav-channels; high- and Voltage gated channels. The high-voltage-
dependent L-type Gachannel is responsible for the In the heart and is activated at membrane
potentials above —20 mV (Nerbonne & Kass 2005)e dtannel is called Cavl.2 and is encoded by
the gene CACNALC (Catterall 2000b; Nerbonne & K28385). L-type C& channels are
responsible for the plateau phase 2, which is longentricular myocardial cells, as seen in figare
(Nerbonne & Kass 2005).

Inactivation of L-type C& channels is both voltage and*Cdependent. The &adependent is
more rapid and results from binding of®€and calmodulin to the C-terminus of the Cav1.2
channel (Catterall 2000b; Ashcroft 2000). Inaciivaif the C&" channels and removal of €a
from the cytoplasm is essential for muscle relaxatind diastolic filling of the heart (Bers 2002).
Cd" is cleared from the cytoplasm by several mechasisvhere the main routes are via the SR-
ATPase pump that transports®Chack into the SR, and extrusion of’Caia Na/C&* exchange.
The N&/C&"* antiporter (NCX1) exchanges 3 Nand 1 C&' ion, and extrusion of Gais favoured
by relatively high intracellular Gaconcentrations and negative repolarising membpatentials.
The relative amounts of €abeing removed by the different mechanisms varé®&en species
(Bers 2002).

Potassium (K) inward rectifier channel — Kir (I k1)

The name may confuse, but the resting membranatpaitésection 2.2.2) is stabilised near the K
equilibrium potential (g) by an outward current of ‘Kions through the inward rectifier channels
(Kir) at potentials just above the EKuboet al. 1993; Ashcroft 2000). Molecular studies have
shown that the Kcurrent (k;) flows best through the channel in an inward dicgcand that the
flow is largest at action potentials below the it such potentials will normally not exist.
However, the inward current has been suggestedue &an effect in preventing excessive
hyperpolarisation of the cardiac cell (Kuebal.1993). The current is blocked during
depolarisation by intracellular cations (Mpand polyamines, and the channel opens on

hyperpolarisation due to fast Kfgunblocking (Ashcroft 2000; Hibinet al. 2010).
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Voltage gated potassium (K) channels — Kv

There is a huge variety of voltage gatediéh channels, originating from a number of gemethe
mammalian genomes encoding this channel type (Af@000). In most myocardial cells, several
Kv channels are expressed and each channel typebcdes to shaping the wave forms of the
action potential (Nerbonne 2000). The Kv4.2/4.3 N1 and HERG channels, and their
respective K currents (k), will be described in this section, because thaye important roles in
the cardiac action potential repolarisation (Ner®&000). In some species, there are marked
differences in the channel densities ariccirrents expressed in different myocardial celesy
which give rise to a variation in the morphologtleé action potential (Liet al 1993; Liu &
Antzelevitch 1995; Nerbonne 2000).

Fast, transient outward K" current — Kv4.2/Kv4.3 (lo, 1)

The transient outward currery, } activate and inactivate rapidly and underlie thdyephase of
repolarisation (phase 1 in figure 7) (Nerbonne 200€rbonne & Kass 2005), ks is expressed in
both atrial and ventricular tissue in many diffdrepecies. Robust expression of the in
epicardial and mid-myocardial cells give rise te thotch” seen on the action potential in these
cells (Liuet al.1993; Nerbonne & Guo 2002).

Slow, delayed rectifier K channel — KCNQ1 (ks)

KvLQT1 is a slow, delayed rectifier potassium chalpand it is encoded by the gene KCNQ1. The
Iks IS important for the repolarisation phase 3 (feg8j. Mutations in this gene give rise to the most
common form of long QT syndrome (LQTS) in human®TIS1), and the ion channel was found
through genetic analysis of human patients with BORKCNQ1 mRNA is strongly expressed in the
heart, and lower levels are found it pancreas,dydiung and placenta. In similar manner, a small
peptide called minK, is expressed in the mentidis=dies. minK is encoded by the gene KCNE1
(Ashcroft 2000). Experiments have showed that esgpom of KCNQ1 alone yields rapidly
activating and non-inactivating outward Kurrents, unlike any known cardia¢ surrents. Co-
expression of minK with KCNQ1 induced a slowly aating delayed-rectifier current that was
much larger than the currents from KCNQ1 alone, simdlar to properties dixs in the heart
(Sanguinettet al. 1996; Barhaniret al. 1996; Nerbonne & Kass 2005). minK may therefore be
considered to serve agaubunit for theds channel in the heart (Ashcroft 2000). Stimulatdif-

autonomic receptors (sympathetic nervesystem)aeKCNQ1 and increases the slow outward
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Iks (Marx et al.2002). Another modulator is cytosolic Cavhich seem to increase the expression
and effect of the KCNQ1/KCNE1 via €asensitive receptors (Gamper et al. 2005; Ped@G#0).
At high heart rates there will be a large amourEdf in the cytosol, and the effect hs seem to

be important for the fast repolarisation at highrheates.

Different action potential duration in epi- endaxdamid-myocardial cells has been explained by
different expression of the KCNQ1 channels (Visviaaaet al. 1999). Liu & Antzelevitch (1995)
showed that a low density aflin mid-myocardial cells resulted in a longer actpntential in

these cells.

Rapid, delayed rectifier K channel — HERG ()

HERG (humareagrelated gene) is thesubunit of theapid, delayed rectifier potassium current,
Ik, encoded by the gene KCNH2 (Nerbonne & Kass 200fg.channel will be referred to as
HERG, or ERG in other species. A Khannel was found to be responsible for a “shakégg”

(go-go dancing) behaviour demonstrated by mutaiit fires (Drosophilg when they were
anesthetised with ether, and thereby given the reage (ether-a-go-go)’Kchannel family. The
gene was isolated from the fruit fly and a relagede was later demonstrated in human cDNA and
given the name HERG (Warmke & Ganetsky 1994; Adh@@00).

HERG was demonstrated to have nearly identicalgitegs to they in cardiac myocytes, but it
was suggested that there might be an additionalrsutequired in the native, (Sanguinettet al
1995). MiRP1/KCNE2 (minK-related peptide 1) is aadinmtegral membrane subunit and co-
expression of MiRP1 with HERG has been demonstitatadter HERGs’ function and give it
properties that resemble the natiygeih the heart (Abbotét al 1999). Curraret al (1995)
demonstrated that that HERG was strongly expresse@ heart and that mutations in HERG
caused LQTS2.

The HERG channel, as other Kv-channels, ha$ selective pore with two “doors” (the activation
and the inactivation gates) that open and clogevioltage- and time-dependent matter, as
demonstrated in figure 9 (Witchet al. 2002).
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Figure 9 The “two gate” model of the HERG channelBoth gates must be open for a current to flow tghpwand the
current is shown in the graph. The black “doorthis activation gate which is closed at repolarisetnbrane
potentials. The striped “door” is the inactivatigate, which opens at a faster rate than the aittivgtate closes during
repolarisation, resulting in a large current thiotige channel. Adapted from Witctetlal. (2002).

Both gates must be open to enabletdflow through the channel. Depolarisation opees
activation gate, but in contrast, closes the ination gate. On the other hand, repolarisationedos
the activation gate and opens the inactivation.daméike other Kv-channels, the inactivation gate
of HERG responds to voltage changes faster thaadtiation gate. When the membrane is at
depolarised potentials, much of the HERG channpufation is in an inactivated state and there is
no current through the channel. When the membrpaarise, the inactivation gates open at a
faster rate than the activation gates cldses results in a large current through the opeanobkl

during the repolarisation (Witchet al. 2002), phase 3 (figure 8).
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2.3.2 Voltage gated potassium channels in the egeiheart

Finleyet al. 2002 demonstrated the expression of both ER&ufsubunit) and KCNQL1 }-a-
subunit) in the equine heart. The channels areesspd in a generalised distribution pattern
throughout the atrium and the ventricular endo- gmidardium. By gene sequencing, the same
authors found 83 % shared identity between thenegkiCNQ1 gene and the human clone. [Fhe
subunits KCNE1, KCNE2 and KCNE3 are expressederetjuine atrium and ventricle, and
KCNEL1 associate with both KCNQ1 and ERG in the é¢Fnleyet al. 2002).

In the same experiment, a specificdantagonizer, Chromanolol 293B, was used to estaliie
function of ksin the equine heart. It was demonstrated that Imgocdf Ixs resulted in prolonged
epicardial action potential duration (APD), whicldicated thatd is an important, repolarising
potassium current in the equine ventricle (Firdewl 2002). MK-499 (class Il antiarrhythmic
agent) and cisapride was used to demonstrate tioéida of k, in the horse, both of which resulted
in prolongation of the equine ventricular APD. bmclusion, both the rapid and slow components
of the delayed rectifier contribute to the actiategmtial repolarisation in the horse (Finktyal

2002). An ultrarapid, delayed rectifier potassiwmrent, k., is also expressed in both equine atrial
and ventricular tissues and contributes to pham®d23 of cardiac repolarisatior,lactivates very
rapidly and inactivates very slowly, and has baeggested to contribute to the rate-related
adaption of the action potential duration requil@dthe wide range of heart rates in horses (Finley
et al 2003).

In two master thesis studies on this faculty, thpeire KCNH2/ERG has been successfully
sequenced and large parts of the equine KCNQ1lhengdne sequences share a large similarity

with the human sequences (Pedersen 2010; Oland2}).20
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2.4 Clinical aspects of electrophysiology in the et

It is essential to describe the principles of etmzrdiography and the electrocardiogram (ECG), in
order understand evaluation of the electrophysiptifghe heart in a clinical situation. Mutatioms i
the ion channels described in the previous seetiihead to changes in the ECG. Understanding
of how the normal ECG is created is important t@abke to draw any conclusions regarding the

electrophysiology of the heart of a patient.

2.4.1 Electrocardiography - Lead system and functio
The surface electrocardiogram (ECG) is widely usetheasure electrical activity in the heart and

is the gold standard for diagnosing arrhythmiagégenet al 2010a).

Einthoven’s triangle is a bipolar lead system irichithe heart is assumed to sit in the centre of a
triangle formed by the two forelimbs and the lafichlimb, as demonstrated in human (figure 10,
left) (Patteson 1999; Tilley 1992).

II. I11.

Figure 10: Left: Einthovens’ triangle. Adapted fromhttps://commons.wikimedia.org/wiki/File:ECG-Einthoven
triangle.svgRight: The equine heart and its placement in thoraxwith electrodes as they were placed in this study.
(modified from image by Ph.D. stud. Mette Flethg;j).

This system is commonly used in human and smathalsi, and can also be used for ECG

recording in horses at rest. The ECG complexebeofraditional limb leads are sometimes small in

the horse, and over the years, many different E€2@ systems have been developed for use in

horses to accommodate the fact that, in the htreeheart does not sit in the centre of a triangle

formed by the limbs (figure 10, right). A base-apexd and modifications of this lead are examples
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of lead systems used in horses, to determine rearand rhythm (Patteson 1999; Miller 1987,
Lannek & Rutqvist 1951; Fregin 1982).

As described in section 2.3.1, different currerit®os are flowing across the cell membrane at
various points during the depolarisation and rejsdéion. These currents result in an electrical
field around the cardiac cells, which creates al@iTilley 1992; Patteson 1999). Gap junctions
between the cardiac cells create a functional sywntyand they behave electrically like one large
cell. In simplified terms; the heart can be seearasdipole. The sum of electrical effects creates
electrical field around the heart that can be r@edrfrom the body surface (Verheyaral 2010a;
Cunningham & Klein 2007; Patteson 1999).

The sum of the electromotive forces has a diredimh magnitude, which is called the cardiac
vector. The electrocardiograph records the diffeesrin electrical activity between a positive and a
negative electrode (bipolar lead system). The E€&gdraph that shows the variations in voltage
produced by the cardiac muscle cells over timel@vli8 Bonagura 1985b; Tilley 1992). A positive
deflection will be seen if the cardiac vector iw&vds the positive electrode, and a negative

deflection is seen if it is towards the negativectiode (Tilley 1992; Patteson 1999).

2.4.2 The electrocardiogram (ECG)

The P-QRS-T deflections seen on an ECG (figureddnesent the wave of depolarisation and
repolarisation that spreads throughout the hearra@leases the contractile forces of the heart
(Tilley 1992).

P wave peak interval
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Figure 11: Determination of electrocardiographic waes, segments and intervals for measurmentaddapted from
Bakos & Lohne (2009).
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TheP-waveis created by atrial depolarisation (Miller & Bajuaa 1985a). The morphology of the
equine P wave is variable, but often bifid or ne@iBusset al. 1975; Verheyert al 2010a).

Single peaked, biphasic and polyphasic P-wave npattean be seen in normal horses (Miller &
Bonagura 1985a). The first peak of the bifid P whas been described to represent depolarisation
of parts of the right atrium, whereas the secorakpepresents activation of the atrial septum and
parts of the left atrium (Miller & Bonagura 1985Aj}rial repolarisation has been described by a
downward deviation of the P-R interval{fivave), but is often not seen because of a largé QR

complex (Miller & Bonagura 1985a; Verheyenal 2010a).

TheP-R segmentepresents the time it takes for an impulse toelrfom the SA node to the
ventricle (Tilley 1992). The specialised cells loé tAV node conduct the impulse slowly, and a

small number of cells are depolarised, therefordeftection is seen on the ECG (Patteson 1999).

The QRS complexrepresents the depolarisation of the ventriculaneaydium, and is composed of
various components, defined according to internaliagreements (Verheyenal 2010a). The R-
wave is the first positive deflection, the Q-wasdhe first negative deflection that precedes an R-
wave, and the S-wave is the first negative defbecthat follows an R-wave. Subsequent positive
and negative deflections are termed R’- and S’-wakespectively (Tilley 1992; Verheyenal
2010a). According to these definitions, the horseally does not have a “QRS” morphology,
whereas the rS or rSr’ morphology is most commoeriiéyeret al 2010a)lIn the horse, the
Purkinje fibres spread widely in the free wall lbétheart and the ventricular myocardium will be
depolarised from multiple sites. Simultaneous dapsdtion results in cancelling of much of the
electromotive force, and the “QRS"-deflection seerthe ECG are mostly created by
depolarisation of the ventricular septum and tlievientricular wall (Miller & Bonagura 1985a,;
Hamlin 1965). Figure 12 shows a typical ECG reaagdn a horse at rest.

Figure 12: A normal ECG (lead II) from

an Icelandic horse at rest. Gain 40

mm/mV, Feed 50 mm/secThe recording
= demonstrates four consecutive beats (four P-

QRS-T-complexes). The P wave appears to

be positive, the “QRS"-complex

demonstrate “rS” morphology and the T

wave is biphasic with a larger positive

Lt deflection (from a recording in the present
study).
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All the ventricular cells are at their plateau ph§shase 2), hence no deflection is seen ifstie
segment(Cunningham & Klein 2007). Th&-wave represents the repolarisation of the ventricles
(Tilley 1992). In horses, the T-waves’ size and pmalogy is variable (Holmes & Rezakhani 1975;
Verheyenret al 2010a). Positive, negative and biphasic T-wavepimaogy have been described in
literature for both horses and ponies (Betsal. 1975; Fregin 1982; Ayalet al. 1999), and the T-
wave can also be variable within one recording {RelcGuirk 2009). T peak— Tend (TpTe) is the
interval from the peak to the end of the T-wavéads been described in human medicine as a
measure of transmural dispersion of repolarisgfarizelevitchet al 2007). The T-wave is a result
of repolarisation of the endo-, myo- and epicardafrthe ventricles, which all have different action
potential durations (figure 6, section 2.2.4). Rapsation of the epicardium give rise to the
ascending limb of the T-wave ang i§ the peak where the epicardium is fully repsiedi
Repolarisation of the myocardial cells gives risé¢hie descending limb of the T-wave, (%)
(Antzelevitch 2001). In humans, thgTE seems to be independent of HR, sex and age (Hdaanha
al. 2010).

TheQT interval is the time from the beginning of ventricular degdation to the end of
ventricular repolarisation. It represents the Jvieaotar systole, and is typically measured in sesond
or milliseconds (msec) (Tilley 1992; Cunningham & 2007). Prolongation of the QT interval
(long QT syndrome) is associated with serious veutar arrhythmias, syncope and sudden death,
which will be described in section 3. Shortenindhedf QT interval (short QT syndrome) is a very
rare condition in humans, and is associated withldibrillation and increased risk of sudden deat
(Hedleyet al. 2009), but will not be further discussed in tlapport. As mentioned, the ventricular
depolarisation in the horse often has a differentphology than the typical “QRS”-complex, due
to different types of leads that are used. The t&minterval” will be used in this rapport when
discussing the time interval from the start of deélection of ventricular depolarisation to the end

of the T-wave.

2.4.3 Clinical approach to the ECG and arrhythmias

It is important that the clinician uses a systeapproach when analysing an ECG recording. First
the QRS-complexes should be identified. Every QB®sdex should be followed by a T-wave,
and preceded by a P-wave. TPwavaves should always be followed by a QRS-comgiae. quality
of the ECG recording should be evaluated and clieftkethe presence of artefacts (Reef &

McGuirk 2009). The morphology and time intervalsttee ECG-deflections, segments and
24



intervals should be evaluated, and normal valuethibhorse can be found in literature (Bakos &
Lohne 2009; Patteson 1999; Bonagetal. 2010). These values most often represent ECG value

in horses at rest.

The morphology of the P-waves and QRS-complexeslgtie evaluated for identical or normal
morphology. As mentioned in the previous sectibr,morphology of the T-waves can change
during an ECG recording. The atrial and ventricut¢des can be evaluated by measurements of PP-
and RR- intervals. In a normal ECG, these interghtsuld be regular and the atrial and ventricular
rate should be identical. The rate is categorisegither too slow (bradycardia), normal, or tod fas
(tachycardia) (Reef & McGuirk 2009).

Cardiac arrhythmias are often categorized by thirof origin (ventricular, “junctionall{AV-
nodal or Bundle of His) or supra-ventricular) aryteir rate (bradyarrhythmias or
tachyarrythmias). In horses, most bradyarrhythrarasgphysiological, without pathologic or
functional cardiac disorders, and are associatéd avhigh vagal (parasympatethic) tone. Most
tachyarrhythmias are considered to be pathologim@8ura & Miller 1985Miller 1987; Reef
1999). Tachyarrhythmias usually result in poor perfance, exercise intolerance, syncope or
sudden cardiac death (Miller 1987).

Bradyarrhythmias are variations in normal sinughhy often seen in the horse. Examples of such
arrhythmias are sinus bradycardia, sinus arrhythsmas block, or AV block. Second-degree AV
block (2AVB) is the most common bradyarrhythmiaed#td in resting horses (Miller & Bonagura
1985c; Reef 1999). In the ECG this can be seer@asmnal P-waves not followed by a QRS-
complex (Reef 1999). It is important that the dian recognise these physiological arrhythmias,
and know that these vagal induced irregularitidsdisappear during exercise (sympathetic
activity) (Miller 1987).

Tachyarrhythmias are the most serious and lifeatiereng arrhythmiad he tachyarrhythmia can
either be a result of abnormal SA node pacemakefitgcor from an ectopic pacemaker. An
ectopic pacemaker can develop as a result of datoagyéew localised cells which act as a focus of
abnormal depolarisation (Patteson 1999). Slow cotiolu through the damaged cardiac cells can
result in re-entry of an action potential, and égrinitiate extra beats (Cunningham & Klein
2007).
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Supra-ventricular arrhythmias are common in theséoand are a result of abnormal automacity or
disturbed intra-atrial conduction (re-entry) bef@#® nodal automacity. Occasional isolated atrial
premature complexes (APCSs) (extra beat) are gdpevall tolerated, and therapy is rarely
indicated because the ventricular rate is selddeti@d. However, frequent APCs may lead to
atrial fibrillation, which may result in poor perfnance and exercise intolerance, which will require
treatmentln these cases the horse is presented with an E@Grregular RR intervals, no P-
waves, normal appearing QRS-complexes, and a basieline fibrillation (“f"-waves) (Miller &
Bonagura 1985d; Reef 1999).

Ventricular tachycardia is a life-threatening athmgia because it results in ventricles that do not
relax long enough for adequate filling, and it sttpe heart from pumping blood, regardless of
normal atrial function (Cunningham & Klein 2007)eMricular arrhythmias can either result from
one or multiple ectopic focuses. Multiple ventremupremature complexes (VPCs) are associated
with an increased risk of developing life-threatenventricular tachyarrhythmias, like ventricular
fibrillation andtorsade de pointes a phenomenon which will be described in sec3i@n
(Bonagura & Miller 1985; Reef 1999).

3. The QT interval

3.1 Factors affecting the QT interval

It is interesting to study the QT interval becaitse a way to assess the ventricular depolarisatio
and repolarisation clinically (Kramer & Zimetbaur@12). Changes of the QT interval can lead to
fatal arrhythmias, as described shortly in secB@h2, but it is important to know that many
(physiological) factors can have an influence an@T interval. Little is known about the QT
interval in horses, but in humans some of the fadtaown to affect the QT interval are; heart rate
(HR), autonomic nerve system, electrolyte disordage, sex and drugs affecting important cardiac
ion channels (Funck-Brentano & Jaillon 1993; Al-ihat al 2003).

The QT interval is prolonged at slow heart rateR)ldnd shortened at faster HR, and many
formulas have been proposed to adjust for thesatiars (Al-Khatibet al 2003). The formulas
attempt to “correct” the QT interval to a value " Twhich is HR independent. The Bazett and
Fridericia are two formulas widely used for HR-@mtion in humans, but they do have some

limitations. In humans, the Bazett formula oftemegmuch higher values of QTc at higher HR and
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generally lower values for QTc at lower HR. ThedEricia formula is more precise than Bazett in
humans (Lucet al.2004).

In humans, the QT interval has a negative lineardwith HR (Rajappan et al. 2003; Leial.
2004), whereas in horses, the QT interval seerbs twest corrected with a non-linear regression
model (Pederseet al 2012). When the HR changes there is a delayaptiad of the QT interval,
which is called QT lag (Lanegt al. 2001). QT hysteresis is another phenomenon dbestimn

human medicine, which is characterised by longeiir@drvals at a given RR interval while the HR
is increasing and shorter QT intervals at the sRRenterval while the HR is decreasing. The
mechanism behind is uncertain, but the autononmeengystem appear to have an influence
(Pelchovitzet al. 2012).

3.2 Long QT syndrome

Articles describing long QT syndrome in animals @&agotential relevance to veterinary patients
are sparse (Finlegt al.2003).

LQTS in humans can be of both acquired and hemgditggin, and are both important causes of
sudden cardiac death (SCD) (Kramer & Zimetbaum 208dme factors that predispose to
prolongation of the QT interval in humans are hagle (Reardon & Malik 1996) and female gender
(Reardon & Malik 1996; Bidoggiat al 2000). Electrolyte disturbances, heart failurd drugs can
cause an acquired LQTS (Al-Khatib al. 2003; Andersoet al.2002; Kramer & Zimetbaum

2011). In horses, stallions have been suggesteave longer QT intervals in relation to HR, than

mares, but very few studies have been done (Pedetrsd 2012).

Congenital LQTS is often caused by “loss of functimutations in genes encoding the subunits
responsible for the rapidg) or slow (ks) delayed rectifier K currents, or by “gain of function”-
mutations in the genes encoding the fast voltagedgsdd channel () (Andersoret al 2002).
LQTS is characterised by abnormally prolonged eardepolarisation, presented in the ECG as
prolonged QT intervals (Kramer & Zimetbaum 2011QT1 is associated with a mutation in the
KCNQ1-gene, which encodes thg potassium channetsubunit (KvLQT1). LQT2 is associated
with a mutation in the KCNH2-gene, encoding thepbtassium channelsubunit (HERG).
Mutations in the SCN5A-gene, encoding thseubunit (Nav 1.5) of the cardiagalsodium channel
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are responsible for the LQT3 syndrome (Kramer & &ipaum 2011). LQT1 and LQT2 account for
the majority of LQTS in human patients (>90 %) (&rgbnet al. 2002).

Torsade de Pointe@dP) is a polymorphic ventricular tachycardia, whishassociated with LQTS,
and can result in SCD (Kramer & Zimetbaum 2011).t@MECG,TdPis characterised by QRS and
T complexes that are twisting around the base(Ref 1999). Delayed inactivation of calcium
channels, due to prolonged cardiac action poteméallts in a late inflow of G& This contributes
to formation of early after-depolarisations (EADsphase 2 or 3 of the action potential (Viskin
1999; Andersoret al.2002). After-depolarisations of sufficient maguwié can trigger repetitive
action potentials and be the initiating caus@&d®, which can result in ventricular fibrillation and
SCD (Viskin 1999).

4. Sudden death in horses

As described shortly in the introduction, suddeatd€SD) is a well-known phenomenon in all
types of horses, although given the most attergmnng racehorses. In a studypokt mortem
findings in 268 cases of SD in race horses, a iigfndiagnosis was made in only 53 % (143/268)
of the cases. The major pathological findings amtwege horses were primarily cardiac or
pulmonary failure and haemorrhagic shock. In tmeai@ing 47 % (125/268) of the cases, the
causes of SD remained unexplained or got a presuengibgnose often related to cardiac or
cardiopulmonary failure (Lylet al.2011). In a similar, but smaller study, the capnis8D was
undetermined in 68 % (17/25) of the cases. Theecatideath in these cases was thought to be due
to myocardial lesions leading to ventricular filatilon and sudden cardiac death (SCD), but

histological evidence of such lesions was seldonmdio(Gelberget al. 1985).

Often there is an absence of gross pathologichistological cardiac lesions, and Lydeal (2011)
explained this by the fact that arrhythmias leadm&D may reflect a functional rather than a
structural cell abnormality. Kiryat al. (1999) managed to record an ECG from a race ltuseg
the terminal event of SD shortly after intensivarimg. The recording exhibited a variety of
arrhythmias, like atrial premature complexes (AR@s)ltiple ventricular premature complexes
(VPCs), followed by the “R on T"-phenomenon thated®rated into ventricular fibrillation (VF),
which resulted in cardiac arrest.
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5. The Icelandic horse

Horses were brought to Iceland in the second HaHeoninth century by settlers from Scandinavia.
Living on Iceland without horses would have beepassible for the new settlers; transport and
communication depended on them (Bjérnsson & Sveim2906). Natural disasters and many
centuries of selective breeding have resultedvierg small gene pool in the Icelandic horse
(Campanaet al 2011). For similar reasons, the Icelandic hossenie of very few species in the
world that has both t6lt and pace, in additionh® traditional gaits; walk, trot and gallop
(Bjornsson & Sveinsson 2006). Import of horsescdnd has been illegal since the mid-1800s, in

order to protect the horses from foreign diseaSedlé 1997; Campana 2011).

The average height of the modern Icelandic horabasit 138 cm, and its ideal weight is about
380-400 kg (Trolle 1997; Bjérnsson & Sveinsson 200®e Icelandic horse has a widespread
international distribution, and it is used as angdhorse for leisure, sport, competion and bregdin
shows. Sport competitions are in either four- vefgate competitions on an oval track, tolt
competition, ,gaedinga“-competition or pace-racihge horses are judged in every gate, and
among the judging criterias are; clear rhythm, Istrgles, high movements, collection, spirit and

form under rider (Bjornsson & Sveinsson 2006).

To the authors’ knowledge, there are no specifidiaa diseases in the Icelandic horse and sudden

cardiac death in this breed has not been descinbl@drature.
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6. Hypotheses and Aims of project

Based on the findings in the study of Pederteal. (2012) and knowledge of the QT interval in

humans, the following hypotheses will be invesegat
6. 1 Hypotheses
- The QT/RR curve in the Icelandic horse follows ecpwise linear regression model.

- There is a difference in the QT interval betweeldiggs, mares and stallions. Longer QT

intervals in stallions are expected.

- The TpTe is not dependent on HR/RR or sex.

6. 2 Aims of project
1. Obtain electrocardiographic recordings of Icelartticses during variable intensity levels.

2. Measure QT intervals at different HRs in orderttaly the relationship between the QT-
and RR intervals in the Icelandic horse. All thseges (mares, geldings and stallions) will
be included in the study in order to create a sH#grdntiated model, where any possible
differences can be detected.

3. Find the best descriptive model for HR-correctibthe QT interval in Icelandic horses, and
establish reference values for the QT intervaifér@nt heart rates in Icelandic horses.

4. Measure Jeak— Tenginterval (T,Te) to study its normal range and relation to RRrivakin

Icelandic horses.
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7. Materials and methods

Horses

32 Icelandic horses were used in the present siN@ye, age, sex and exercise level were
obtained. The horses were recruited from 4 diffeséables, and 22 of them were from the same
stable. A physical examination with auscultatioriraf heart and lungs were obtained. Normal heart
rhythm was classified as normal sinus rhythm (N&RY any sinusarrhythmias di“Ziegree AV
blocks (AVBII) were registered. The heart rate prestory rate and body temperature were
measured. The weight of the horse was estimatedl@BWIth a special weight measure band

around the cranial part of thorax, caudal to théhers and the elbows

Placement of electrodes

The ECG recordings were obtained with a veteritaigmetric ECG system (Krutech-Televet 100,
Kruuse Denmark)(Televet users Guide V5.0.0). A four lead ECG wsed, and the electrodes
(KRUUSE ECG Electrode$vere placed in a modified base-apex lead as, shawkgure 13
(figure 10 shows the electrodes in relation tothtbart).

Right side IREUIGIEBHBIC e (negative -/-) equalgbtrarm (RA) placed on the upper third of the
shoulder. Black electrode (neutral) placed appraexaty 10 cm cranio-ventral to the red electrode,
along the axis of the scapulae.

Left side: Yellow electrode (positive/negative +ggual to left arm (LA) placed at the middle part
of the thorax approximately between tieahd 7' costa (in the girth area). THe'gfeen electrode
(positive +/+) equal to left leg (LL) placed apprmately 3 cm to the left of theentral midline.

/

Figure 13: Placement of electrodesModified fromhttp://www.allaboutdrawings.com/pencil-horse-draggrhtml
(idea from Almind & Petersen 2010)
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For optimal contact, the skin was clipped and haethe areas of electrode connection. A sticky
patch (Snodgg, Kruuse, Denmdrigas used to attach the electrodes to the skier Aie ECG wires
were connected to the electrodes, a piece of @pepore, Kruuse, Denmafkyas covering the
electrode for further stability of the connectiém elastic girth was placed above the green and
yellow electrodes. The ECG device was securedaaitith with an elastic bandage (Co plus,
Kruuse, DenmarK)on the left side of the wither. The ECGs were rdedrand stored on a SD-card

in theECG Televet device and data were transferred t8B &tick and a computer afterwards.

ECG recordings

The ECGs were recorded during a 30 min period fiérddint intensity levels; including a period of
rest, warm up, exercise at increasing level uhélhiorse was not able to run faster under the given
physical circumstances and recovery. Electrodespi@nt was followed by;

1. 10 minutes rest in box.

2. 5 minutes hand-walk, starting slowly and graljuakrease the speed.

3. Run by hand for a couple of minutes.

4. Lunge in trot, gradually increase the speed.

5. Canter for approximately 4 minutes in lunge.

6. Run in free gallop for a couple of minutes inaaena.

7. 5 minutes recovery in box.

QT interval measuring and measuring of [,Te

The ECGs were analysed using the provided soft(faevet 100 Version 4.2.D)RR analysis

was performed with maximal deviation of 10 %. Thedrt rate view” of the program, was used to
find areas where the heart rate was constant feaat 15 beats. Lead Il between the green (+) and
red (-) electrode was used (figure 10 and 13).Adwet rate within each period was measured
manually with an on screen electrocardiogram t6airdlio Calipers 3.3)as an average of 10
consecutive beats. The RR was calculated via ttmeuiae: RR = 60/HR. In the selected area on the
ECG the QT intervals were then measured manuatly the Cardio Calipers on the following 5
heart beats. In total, 35 QT intervals were meaktrem each of the included horses (from seven

different HR areas).

The time interval from the onset of the Q-waveh® peak of the T-wave {d.) was measured and
used to calculate the,dlend (TpTe) interval at different RR intervals, Tvas measured in the
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positive peak of the T-wave or in the negative p@&dien this was the largest deflection.

QT interval measurements depending on variation irQ- and T-wave morphologies.

Table 2 shows the variation in Q- and T-wave molpgies seen in the present study.

Wave Type 1 Type 2 Type 3 Wave Type 1 Type 2 Type 3 Type 4
Flat or ) )
Q-wave [+ peak ilted Round T-wave [Biphasic [+/— —/+ +
ilte

Table 2: Q- and T-wave types. —/+ indicates a larger negative deflection than positive deflection, the opposite for +/—.

“Q-and T-wave atlas”: Figures 14-17 illustrate the variety of Q-wave plwlogies, and figures

18- 22 illustrate the variety of T-waves morpho&sgiThe figure texts provide descriptions of how
the QTe-intervals are measured in this study.Aliges show at least one P-QRS-T-complex and
the measuring tool Cardio Calipers. The Cardiogealshows how QTend is measured. The paper
speed is 200 mm/sec and gain is set to 40 mV/salt images. The T-wave morphologies appear
to change with heart rate and the images are fiffereht HR areas. The QTe-interval will from

now on be referred to as “QT interval”.

Figure 14: Q-wave type 1, positive peak. The QT interval | Figure 15: Q-wave type 2, flat. HR 43.3 bpm. In type 2 and
is measured from where the onset of the peak to the 3 Q-waves (figure 15 and 16) with no clear Q-wave the QT
end of the T-wave. interval is measured 1.5-2 small squares (0.3-0.4 cm) from
the onset of the negative “QRS”-deflection.
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Figure 16: Q-wave type 2, “tilted”. See figure 14 for | rigyre 17: Q-wave type 3, roundSee figure 14 for
description. description.

Figure 19: T-wave, type 2 (+/-)Te is measured after the
positive deflection where it reached the baselénel.

(HR 53.7 bpm)

Figure 18: T-wave, type 1 (biphasic). Te is measured

after both deflections.

/ S0 @\
A wﬁh\xj\

Figure 21: T-wave, type 4. PositiveTe is measured after
the positive deflection where it reached the baselével.

(HR 61.1 bpm).

Figure 20: T-wave, type 3 (-/+). Te is measured in the
peak of the small positive deflection. (HR 41.1 bpm).
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Figure 22: T-wave with a “bend”, measured like this in
cases were measuring in the bottom of the T-wave
would give a very long QT intervals compared to the
previous QT interval, Te difficult to measure (HR 199
bpm).

Statistical analysis

QT-correction: To estimate the best descriptio@®fcorrection on the entire RR range data was

plotted and corrected with the two most commonidudR-correction formulas used in human
medicine, namely the Baze®TC = QTARR) and Fridericia (QTC = Q¥RR). Furthermore a
piecewise linear regression model and a lineaessgon model was tested. The piecewise model is
described as two straight lines joined in a bengioigt (RRend, given by the equations:

QT = Slope * RR + intercept for RR< RRyend
QT = Slope* RR + intercept2 for RR RRyend

Since the bending point is given, the intercepedundant and the model can be reduced to three
parameters (SlopeSlope and RReng-

To assess the best method for HR-correction ofQhénterval, an average prediction error (PE)
was calculated on the Bazett, Fridericia and tkegwise linear QT correction models. PE’s were
plotted over the entire RR-range using a locallygived scatterplot smoothing (LOWESS) plot.
Here a low-degree polynomial was fitted to a Iceddset of the data, giving more weight to points
near the point that is being estimated and lesgiwéo points further away. Hence the LOWESS
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plot is very flexible, making it ideal for modelarcomplex processes for which no theoretical

model exist.

ToTe analysis: To assess the timing of the late phasgpolarisation JTe from each horse was
plotted against RR for each sex. A linear regresBtovas performed on these data to estimate the

ToTe RR dependence.

The results were considered significant if P < 0T statistical analysis programs SAsd

Graph Pad Pristnwere used for all statistical analysis in thisdgtu

8. Results

Of the 32 horses, 22 horses were included in tred fesults of the present study. These are 8
mares, 7 geldings and 7 stallions. 10 horses aleded from the study, either as a consequence of
bad ECG quality or because of a shortage of stélifereas and thereby too few measured QT
intervals.The mean age and BW®f the horses were: 6.4 years and 358 kg, 10 yweat$321 kg

and 8.7 years and 356 kg in mares, stallions alttinggs, respectively. Mean age and BWar all
horses were 8.4 years and 345 kg (ranging fromt@@85 kg). There was no history of
cardiopulmonary disease in any of the includedésrand they were all healthy at the clinical
examinationNormal physiological arrhythmias (2AVB and sinusgthmia) were auscultated in

some of the horses.

The QT interval appears to have a clear piecewisai relationship with RR in Icelandic horses.
From the data analysis in this study the best gese model was the piecewise linear regression
fit (0.93 < £ < 0.95) for all three sexes. Figure 23 demonstriesex-differentiated model of the
QT intervals in relation to RR intervals found mst study. The fitted piecewise regression lines ar
drawn in the figure. The linear regression fit vadess descriptive model for all sexes (0.83 < r
0.87). An enlarged model of figure 23 and individQd/RR plots with piecewise regression lines

for each sex can be found in Appendix Il (A-D).
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Figure 23: Sex-differentiated plots of QTe/RR intevals with a piecewise linear regression fit.

The values for SlopeSlope and RRenq0f the piecewise linear models for each sex darudic

horses included in this study are shown in table 3.

Slope Slope RRpenc
Stallion | 0,362 [0,345 - 0,379] 0,081 [0,065 - 0,p9D,894 [0,849 - 0,939]
Gelding | 0,385 [0,369 - 0,401] 0,037 [0,016 - 0,058]995 [0,960 - 1,031]
Mare | 0,351[0,334-0,368] 0,118 [0,093 - 0,143]94@,[0,888 - 1,00]

Table 3: Sex differentiated values for Slope;, Slope, and RR.,q from the Icelandic horses in this study.

Slope of the geldings in this study appears more flaht8kbope of the other sexes, as can be seen
in figure 23 and table 3. The geldings of this gtagpear to have longer QT intervals, particularly
close to RBena¢ Appendix V provides a table of calculated refeee@T intervals with 95 %

prediction intervals at different HR/RR-values fbe different sexes of Icelandic horses.

To determine the best method for HR-correctiorhef@T interval in Icelandic horses, the average
prediction error (PE) of the QT measurements walteutated with the three different methods:
Bazett, Fridericia and the piecewise linear QT ntead® LOWESS plot which illustrates the
tendencies of systematic miscorrection of the fdaniover the entire RR-range can be seen in

figure 24. The piecewise model performed bestimost all HR (RR) areas, whereas the two other
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correction methods systematically tend to miscarf@eviate from zero). The average
miscorrection for the piecewise model is 17.2 meétle the average miscorrections of Bazett and

Fridericia are 23.5 and 39.8 msec, respectively.

QT correction

0.08- — Piecewise QT model
— Bazett
0.06 — Fridericia

0.04+4

0.024

0.00-

-0.024

Prediction Error (sec)

-0.0449

-0.06

0087 (R (100) (60) (43) (33) (27)
0.2 0?4 0?6 0?8 1?0 1?2 1?4 lf

RR (sec)

T T T
6 18 20 22

Figur 24: LOWESS plot of the prediction errors (PE) of all corrected QT measurements based on correct
method (Bazett, Fridericia and a piecewise QT modglThe plot illustrates systematic tendencies of orisction
(deviations from zero) of the formulas.

The T,TJRR plots with linear regression fits for all threexes are shown in figure 14. Only the
slope of the linear regression fit fogTk in the stallions is significantly different fronem (P-value
= 0.0386), but RR only explains 1.8 % gfTt dependence on RR in stallions’ (R0.018).
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Figure 25: TpTe/RR plots with a linear regressionit.
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9. Discussion

This is the first study of the QT interval at diéat heart rates in Icelandic horses.

8 mares, 7 geldings and 7 stallions were includatie study. Arrhythmias, age, body weight
(BWT) and athletic condition were not included le tanalysis of the results. Occasional
physiological arrhythmias were observed in somineforses, but the QT intervals were only
measured in areas with a constant heart rate (HtiR)no arrhythmias. The mean age of the horses
included in the study was 8.4 years. However, drtheostallions included in the study was 25
years old. Old age has been related to prolongafitime QT interval in humans (Reardon & Malik
1996), but when comparing the QT interval of th&l®n to the rest of the stallions, it was not
different. All QT intervals from this stallion werose to the regression line for the group (not
significantly tested), and the horse was therefiateexcluded from the study.

The athletic condition of the horses included is 8tudy differed between highly trained and
untrained. As physiological left ventricular hypeghy (LVH) is well known in human athletes
(Pluimet al 2000; Rajappasat al 2003) and has been seen in horses as well asfibd “athletes
heart syndrome” (Buldt al. 2005; Gehleret al. 2007) it could be speculated if this would
potentially introduce bias to the results, duehfact that LVH has been associated with
prolonged QT intervals in humans (Shareal. 1999). However, the QT interval has been shown
to shorten similarly due to HR in both athletes anttained controls in humans (Rajapgaml.
2003), and therefore we believe that athletic cioonlicould be excluded in the analysis of the

results in the present study.

The body condition of the included horses was nar8tadies have shown that body weight
(BWT) (varying from ~50-1000 kg) seems to have Jétle influence on the QT interval in horses
(Schwarzwalckt al.2012), and therefore the BWT was not included f&s®r of relevance in this

study.

One limitation of the chosen method for ECG reaogdias that some of the horses were not used
to being lunged in a large arena, and hence, thredf the exercise was sometimes interrupted. The
purpose of slow and stable changes of gait andidspase to gradually increase the HR. Fright,
stress or excitement led to a sudden increase inediting in fewer constant HR areas of the ECG
recording. The highest intensity level under theegiphysical circumstances was probably
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submaximal due to difficulties in keeping the hargalloping for the wanted period of time. A way
of eliminating some of these problems in futuredsta could be to do the ECG recordings while the
horses are being ridden in different gates anadhsity levels. Walk sessions between the intensity
levels could be suggested since the HR tends bdiseamore at different levels while decreasing.

It is important that the rider is instructed in htawide the horse when recording, since stress and
disturbances of the horse appear to reduce théyjabthe ECG.

It is relevant to point out why the QT measuremevese done using the on screen
electrocardiogram tool (Cardio Calipers 3.B)stead of the built-in measuring tool of the Tele
as it is much more adjustable and can easily bmegdlat exact start and endpoints of the wanted

ECG complexes. Thereby the measured QT interval®gimoreprecise.

The QT intervals were measured in areas of constRntA “live HR-view” was not possible to use
during the ECG recordings in this study, due t& laicnecessary equipment. The HR of the horses
was therefore not “controlled” and the stable HRaarvaried between the horses, and hence the QT
intervals were measured at different HR in eaclséohppendix IV shows the number of horses
representing the QT-measurements within each HR-ailee HR-intervals ranging from 30 to 90
bpm were often stable and QT intervals could edslyneasured for most of the horses. The HR-
intervals from 110 to 130 bpm were seldom stabid,teence, the QT intervals measured at these
HR are only from a small number of horses withiohesex. QT intervals measured at the same HR
in a large number of horses may represent a mare™QT interval for the group at that HR,
compared to QT intervals only measured in a smatilver of horsedf all horses should have had
QT intervals measured from the same HR-areas,utdvoave been necessary to use a live HR-
view during the ECG recording to ensure stable Hi® use of treadmill-exercise could have made
this possible, but would have complicated the prestidy, as horses must be trained to run on a

treadmill and must be transported to its location.

The chosen technique for measurement of the Qivadtein this study can be discussed. During
the study it became clear that the different Q- &wdave morphologies that appeared created
difficulties determining the correct onset of theM@ve and end point of the T-wave, which made
measurement of the QT interval difficult. This kedcreation of the “Q-and T-wave atlas” seen in
section 7, to document how the QT intervals werasueed. The Q-wave variations can be seen in
figures 14-17 in section 7. In type 2 and 3 Q-watles QT intervals were measured 1.5-2 small

squares (0.3-0.4 cm) from where the negative “QB&flection started and to the end of the T-
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wave. Whether this was the correct method candmissed. It might have been more correct to
measure exactly from the edge where the changelfesa line to negative “QRS”-deflection
started. This would have resulted in RR intervalsraximately 0.015-0.020 seconds shorter than
measured in the present study. Most of the “QR3yagexes in this study had type 2 or 3 Q-wave
morphology. Appendix V provides a table of calcethteference QT intervals with 95 %

prediction intervals for all HR/RR. The predictiorierval is an estimate of an interval in which
future QT interval measurements will fall (with & % probability), and is based on all QT intervals
measured in this study. Even if the chosen methahlis study had given QT intervals that are
0.015.0.020 seconds too long, they would still liiw the predicted QT intervals and it can be
assumed that the chosen measuring technique hasdddo much influence on the results.

Variations in T-wave morphology, as seen in thiglgt created some challengeswias measured
as shown in figures 18-22 in section Zwias measured after both deflections in the bighspie 1
T-wave and after the positive deflection in typarel 4 T-wavedn type 3 T-waves, thecWwas
measured in the peak of the small positive defhactit might have been more correct to measure
Te after both deflections in all cases. If done be,®T intervals with type 3 T-waves in this study
have been measured too short, but as describ&@Hfeaves, the measured QT interval will

probably still be within the QT prediction interviak the respective HR (Appendix V).

The variations in T-wave morphology are seen withnges in HR. T-wave-variation within one
ECG recording at rest, and HR-related changeswale morphology have been described as a
normal phenomenon in horses (Holmes & Rezakharb;1Bidsset al. 1975; Verheyen et al.

2010a). Accurate determination of the QT intereapecially the T-wave terminationgfTs

described as challenging in humans (leti@l. 2004), and especially at high heart rates whex&'th
and P-waves “collide” (Kramer & Zimetbaum 2011).idts also observed at high heart rates in this
study. When the HR increases towards the maximalECG is more difficult to interpret. In this
study, the T-waves seem to become positive (tya R from 90 bpm to the peak HR. The
biphasic T-waves tend to occur at HR at about 50488, but the exact occurrence of all T-wave

morphologies has not been analysed in detail.

It would be a good idea to evaluate the differeran@ T-wave morphologies found in this study
with an experienced cardiologist, to decide exdotly the QT interval should be measured in any

future studies, in order to eliminate the posdibgi of inconsistent measuring.

41



This is the first study of QT intervals at diffetd#R-levels, from rest to high intensity, in Icethn
horses. The relation between QT- and RR intervathis study was best described by a piecewise
linear regression model. This is similar to thalimgs of Pederseet al. (2012) in race-fit
Standardbreds and it confirms the first hypothesihis study. The finding is different from
findings in healthy humans, where the QT intermalelation to RR is described by linear
regression (Kligfielcet al 1996; Rajappaat al 2003), althougla non-linear model of QT- interval
in relation to RR intervals has been suggestedimans (Hodges 1997; Liwet al 2004). The
bending point (Rkng of the piecewise regression was found to be 0[8B#49 — 0.939], 0.995
[0.960 — 1.031] and 0.944 [0.888 — 1.0] in stalipgeldings and mares, respectively (included 95
% confidence intervals). In HR this means thatdines bend between 60 and 67 bpm
(HR=60/RR) in the three group&lithin this HR-interval the QT intervals have beeaasured

from a large number of horses, as discussed eéipendix 1V), and the Jis usually

unproblematic to measure.

With the aim of finding the best method for HR-@mtion of the QT interval in Icelandic horses, an
average prediction error (PE) was calculated orBtmeett and Fridericia and the piecewise linear
QT correction models. The piecewise linear QT aio@ model performed best at almost all HR
(RR) areas, with an average miscorrection of 1%2anThe two other models show tendencies to
systematically miscorrect. The Bazett method uramteects at the higher HR and overcorrects at
the lower HR, whereas the Fridericia method tendsdercorrect the QT intervals over the entire
RR-range. The Bazett method seems to perform liatarthe Fridericia method in these horses,
with an average miscorrection of 23.5 and 39.8 mespectively. This is different from what is
seen in humans, were the Fridericia method gengratforms better method than Bazett (laio

al. 2004).However, it was similar to the findings of Pederséal (2012) in Standardbreds, were
the piecewise linear QT correction model perforrhest and the Bazett method also performed

better than Fridericia.

Slopa represents the QT intervals from RR (60-67 bpm) to peak HR. This slope is steeper than
Slope, which means that the QT interval shorten relffi&ster as the HR is increasing (RR
decreasing) beyond the bending point. Sjappresents the QT intervals at the lower HR frest r
(approximately 30 bpm) to RRg¢ and the QT intervals seem to be more spread dribien
regression lines. This can also be seen in Appévidixere the prediction intervals are larger at the

lower HR (longer RR intervals).
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The biophysical explanation for the piecewise Im@a/RR relationship in horses is only
speculative at this point. It has been suggestée texplained by the point where contribution of
the slow, delayed rectifier potassium channels (K&Nbecome significant (Pedersetral. 2012).
The KCNQL1 is expressed in equine ventricular myesyFinleyet al 2002), and is activated upon
B-adrenergic stimulation and increased intracell@ld concentrations (Margt al 2002; Gamper
et al 2005). The ultrarapid, delayed rectifier potagsurrent, k.., has also been suggested to be
important for the rate-related adaption of actioteptial duration in ventricular repolarisation in

the horse (Finlegt al.2003), and RRnhgmight reflect an increased contribution of thisrent.

The second hypothesis of this study was that tbeuéd be a difference in the length of the QT
intervals based on gender. It was expected thagtéigons would have longer QT intervals than
mares and geldings, based on the findings of Pedetsal (2012) in race-fit SBs. This could not
be confirmed in this study, although some diffeesnwere seen between the sexes. Slvpm all
three sexes follow each other closely from HR ~fipth (RR = 0.4 sec) to peak HR. The QT
intervals are very similar between the groups es¢tHR. At HR below ~150 bpm the geldings in
this study have on average longer QT intervals thaimares and stallions, being most pronounced
around the RRnqfor geldings (seen from figure 23 and appendiNWt significantly tested).

Mares appear to have longer average QT intervatsttie stallions from HR ~60 bpm, as well as
the geldings at HR around 40 bpm. Slopkthe mares is steeper compared to the otherAwo.
mentioned earlier in this discussion, LVH is desed in race-fit Standadbreds (SB) (Behhl.

2005), and has been associated with prolonged @ivads in humans. Most of the geldings in the
present study were not in good athletic conditind e difference is presumably not explained by
LVH (the stallions were actually in the best atidebndition). One explanation could be
physiological differences in the QT interval or males introduced during measuring; creating a
few outlying QT-plots which make the R&R4for geldings occur at a longer QT/RR interval. This
possibly “wrong” placement of Rg.qin geldings could also be a reason for the appigrééat
regression line of Slopén this group, compared to the two other grougee @pparently longer QT
intervals in the mares could possibly be causethégame reasons as for the geldings; either
physiological differences in the QT intervals orasering mistakes that has created some outlying
long QT intervals. In humans, women are known teetanger QT intervals than men and
castrated men have longer QT intervals than imtesct, and hormones are thought to have an

influence on the QT interval in humans (Bidogegial. 2000). The results from the present study
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could be comparable to the findings in humansnhbote research should be done in horses before
final conclusions about sex-related differencetheQT interval in horses can be done.

An influence of QT lag (delayed adaption of the QtErval in response to HR-changes) on the
results of this study is probably minimised sinee QT intervals are only measured from periods of
constant HR. QT hysteresis (different QT intenalghe same RR depending on an increasing or
decreasing HR) could potentially have an influeoé¢he results of this study (Pederseial.

2012). No conclusive explanation of the mechanisatsnd QT hysteresis exists, but the
autonomic nerve system appears to have an influéitte is known about beat-to-beat dynamics
in horses, but since it is known that the autonameive system has a strong impact on the equine

heart, it could be assumed that QT hysteresis doeijoresent in horses.

Tpeak— Tend (TpTe) is @ marker for the late phase of repolarisatiegre the mid-myocardial cells of
the ventricle are being repolarised. The third ligpsis of this study was that thgl' did not show
sex or HR-dependence. This was confirmed when ffigWas plotted against RR and fitted with a
linear regression line for each sex. Th&cwas constant and not strongly influenced by the RR
which is similar to studies of,T¢ in relation to RR intervals in healthy humans (Haark et al
2010). An exception was though the slope of thedinregression fit for T in the stallions, which
was significantly different from zero (P-value ©£886), but RR only explains 1.8 % of thgl'l
variation (R = 0.018). The stallions in this study were in biest athletic condition of all horses
and the apparently longepTl intervals might reflect some LVH (Porthahal. 2007) caused by
training (Buhlet al. 2005; Gehlert al. 2007).
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10. Conclusion

The study included 22 healthy Icelandic horses e, 7 geldings and 7 stallions) from which
electrocardiograms were recorded at rest and deregrise of increasing intensity. QT intervals
were measured at different heart rates in ordstudy the relationship between the QT- and RR
interval in Icelandic horses. The main finding loststudy is that the relationship between the QT-
and RR interval was best described by a piecewvisar regression model, which is different from
in healthy humans, were the QT/RR-relation is dbsdrby a linear regression model. A large

variation in T-wave morphologies was seen in th&E@nd appears to be normal for these horses.

The geldings in the present study appeared to loagger QT intervals than stallions and mares at
most HR (RR), and the mares had longer QT inteas both geldings and stallions at the lowest
HR. An explanation of the differences is not coscle. One could be actual physiological
differences in the QT interval or errors from theasuring method. More research of sex-related

differences in the QT interval in horses shouldlbee before a final conclusion can be made.

HR-correction was performed with both the Bazett Bridericia formulas on each horse
individually. The Bazett correction performed bettean the Fridericia, which is in contrast to what
is seen in humans. The best method for HR-corneetias the piecewise linear QT correction
method which on average miscorrected with 17.2 ps@opared to 23.5 and 39.8 msec with the

Bazett and Fridericia formulas, respectively.

Calculated reference values for QT intervals wiH/® prediction intervals at different HR/RR-
intervals were established for geldings, stalliand mares of the Icelandic horse breed.

Tpeak— Tenainterval (ToTe), @ marker for transmural dispersion in repoldiesga was measured and
plotted against RR. The,Te was constant and nearly independent from HR/RRiJai to studies
of T,yTe in healthy human©Only the slope of the linear regression fit fgiTdin the stallions is
significantly different from zero (P-value = 0.0386ut RR only explains 1.8 % of thgTk
variation(R? = 0.018).The stallions in this study were in the best atbledndition of all horses

and the apparently longepTl intervals might reflect some LVH caused by ex&rcis
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11. Perspectives

The results of this study can be used to supperpibcewise linear model of QT-/RR-relation in
horses. The purpose of this study was to contrituteore knowledge about the HR-dependence of
the QT interval in normal horses. The calculatddesfor QT intervals with 95 % prediction
intervals at different HR/RR from this study, canused in future studies with for example in
evaluation of the potential cardiotoxity of a drug$orses, were the QT interval can act as an
important marker. More research should be donerbdiioal conclusions about differences in QT
intervals between sexes can be made. It couldtbeesting to do similar studies in another type of

horse, for example in endurance horses or thoraegksb

It could be interesting to study the contributidnmportant ventricular repolarising currents in
horses. Studies could be done by injecting horsésdfugs known to block a specific channel,
while recording an ECG and study the effect onQfieinterval. It could also be interesting to
evaluate the T-wave morphology after drug injectmstudy if any specific ion current may have
an influence on the morphology of the T-wave. Manti-arrhythmic and non-cardiac drugs block
the ERG/KCNH2 channel{l), and it would be of great importance that gremeshould be taken,

since dangerous ventricular arrhythmias could accur

It became clear during this study that variatio iwave morphologies sometimes made it difficult
to decide the exact termination of the T-wave.duld be a good idea to evaluate the different Q-
and T-wave morphologies found in this study witheaperienced cardiologist, to decide exactly
how the QT interval should be measured in any &ustudies, in order to eliminate the possibilities

of inconsistent measuring.

The KCNQ1 and KCNH2 are expressed in the equin&icafar myocardial cells and that the |

and k, are important repolarising currents in the hof$e possibilities of acquired LQTS could
definitely exist in horses by the use of drugs \Whace known to prolong the QT intervals in
humans. Quinidine is an example of an anti-arrhytharug used as therapy for atrial fibrillation in
horses and is known to block.IMore knowledge about the equine QT interval camged both

for monitoring during treatment, and as a diagmrdadstol in horses which have experienced syncope.
Sudden death without any pathological findings dqdssibly be due to fatal ventricular
arrhythmias resulting from mutations in genes emgpanportant repolarising ion channels. This

can't be either denied or confirmed without gen&giting for mutations.
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APPENDIX |

Owner agreement/Ejers samtykkeerklaering

Angaende hesten

Ejer

Studiets titel

Baggrund

Formal

Studiet udfgres af

Undersggelser

EKG og maling af QT afstand ved forskellig hjertefrekvens hos islandske heste.
(ECG and measurements of the QT interval during different heart rates in icelandic horses).

Elektrokardiografi (EKG) er en teknik, der bruges til at male hjertets elektriske aktivitet. Det
er meget brugt til undersggelse af hjertets rytme og funktion, ved mistanke om
hjertelidelser.

Hos mennesker findes et syndrom som kaldes "langt QT-syndrom”, som medfgrer
2&ndringer i hjertets elektriske aktivitet. Blandt andet kan det fgre til besvimelse, kramper
og pludselig dgd. En dansk PhD studerende, Philip Pedersen, er nu i gang med at
undersgge hvorvidt dette syndrom eksisterer hos heste, og om det kan vaere en arsag til
pludselig dgd. For at undersgge dette naermere, gnskes der grundige EKG optagelser af
heste, for at kunne fastsaette en normalveerdi for QT-afstanden.

Den islandske hest er valgt som race, da det er en meget renracet gruppe heste, samt at
den stgrrelsesmaessig er mindre, end de heste der tidligere er lavet undersggelser pa.

Formalet med dette specialet er at lave EKG pa islandske heste. Fokus er pa at male QT
afstanden, og studere hvordan den andrer sig i forhold til hestens hjertefrekvens.
Resultaterne skal sammenlignes med tidligere undersggelser lavet pa travheste. Derfra kan
det vurderes om heste, uanset stgrrelse og race, viser lignende resultater. Derudover vil
man se, om man kan bestemme en normalvaerdi for QT afstanden hos islandsheste.

Elin Hestmann Vinjerui, veterinaerstuderende, under supervision af vejlederne:
Rikke Buhl, Dyrlaege
Dan Klzerke, Professor

Philip Pedersen, PhD studerende

EKG-optagelserne laves mens hesten lejes/longeres. Der optages under forskellige
hjertefrekvenser, fra hvile til hardt arbejde.

Udstyret pasaettes og hesten star i fred i 10 minutter, hvor den tilvaennes udstyret.
Derefter lejes hesten ud af stalden, hvorved pulsen langsomt gges. | de 10-15
efterfglgende minutter lejes hesten i trav, longeres i trav og senere galop. Afsluttes med
en frisk galop. Hesten skrittes ned og tages ind i stalden, hvor udstyret tages af.

Det er vigtigt at hesten gar i et jaevnt, flydende tempo, uden for meget korrektion. Dette
giver de bedste resultater.

Beskrivelse af undersggelsesmetoden

EKG

Der laves en EKG optagelse:

Elektroderne (i form af 4 sma klistermaerker) limes fast pa hesten med hudlim udviklet til
dyr. Ledninger knappes fast pa elektroderne og forbindes til en EKG-optager. Elektrodene
holdes pa plads med en elastistikgjord, og EKG-optageren bandageres fast til denne. Det vil
maske vaere ngdvendigt at klippe lidt, for at skabe bedst mulig kontakt mellem hud og
elektrode.

Det tager ca 5 min at saette udstyret pa hesten og derefter maerker hesten intet til



optagelserne. Efter EKG optagelsen fjernes elektroderne igen ved at oplgse limen. Det er
muligt, at der efterlades sma rester af lim og klistermaerke pa hesten. Limen afstgdes
naturligt i Ipbet af 5-10 dage.

Forventet varighed 21.-31. maj 2012

Fortrolighed Alle informationer om din hest behandles fortroligt. Dette gaelder ogsa billede- og
videomateriale optaget i forbindelse med studiet, som dog kan blive anvendt i
anonymiseret form til undervisning og forskning. Billed- og videomateriale tilhgrer Institut
for Produktionsdyr og Heste ved Kgbenhavns Universitet, Danmark

Mulige bivirkninger Der er ingen kendte bivirkninger ved de anvendte materialer og metoder. Der gives ikke

injektioner i forbindelse med undersggelserne.

Ansvarsforhold Deltagelse i studiet sker pa eget ansvar. Institut for Produktionsdyr og Heste ved
Kgbenhavns Universitet, Danmark, kan ikke drages til ansvar for eventuelle skader, der
opstar i forbindelse med undersggelserne af hesten, med mindre Institut for
Produktionsdyr og Heste har handlet forsaetligt eller groft uagtsomt. Institut for
Produktionsdyr og Heste er ikke i noget tilfeelde ansvarlig for driftstab, felgeskader eller
andre indirekte tab.

Jeg har laest ovenstaende oplysninger samt modtaget mundtlig information om studiet "EKG malinger pa
islandsheste ”. Jeg giver hermed tilladelse til at min hest ma deltage i undersggelsen. Jeg forstar, at deltagelse er
frivillig, og at jeg til enhver tid kan tage min hest ud af undersggelsen. Jeg giver ogsa tilladelse til at eventuelt
billede- og videomateriale taget af min hest ma anvendes til undervisningen og forskning uden yderligere
kompensation.

Navn

Adresse

Postnr./By

TIf.

Email

Sted/Dato Underskrift ejer Underskrift projektansvarlig

Elin Hestmann Vinjerui
Veterinaerstuderende
Institut for Basal husdyr og
veterinaervidenskab
(sammen med Institut for Produktionsdyr
og Heste)

Kgbenhavns Universitet
Grgnnegardsvej 7

1870 Frederiksberg C
Danmark

TIf: +45 22133821

Email: elinhv@dsr.life.ku.dk



APPENDIX Il

Project design/Forsggsprotokol
EKG pa islandske heste, speciale - forar 2012.

1. Ejerinformation + underskrive selvrisikoskema.
2. Opret patient i Excel + Televet.
a.Stald
b.Ejer
c. Hestens navn
d.Alder
e.Kan (m/f/mc)
f. Huld + estimeret vaegt (maleband omkring gjordleggangmal hvis muligt?

g.Noter metode (longe eller Igbe frit i ridehal).

3. Klinisk undersggelse med specielt fokus pa hjegtiunger.
a.TPR + CRT
b.Hjerteauskultation, Hjerterytme: Normal sinus ryt(SR), 2. grads AV blok (AVB
I)... Anden arytmi tydelig auskulterbar?
c. Lungeauskultation

4. Klippe 4 sma omrader

Figur 1 Venstre side Figur 2 Hgjre side

5. Vaske/tgrre af med vat+sprit



6. Heefte fast elektroder + Snogg (red over sort péehskjulder, gul i gjordlejet midt pa maven
pa venstre side og gren lidt til venstre for dentxade midtlinje). Durapore heeftes over
elektrode+ledning. Elastikgjord rundt mave, deeldtektroder. Televet-boks med SD kort
kobles til. (Se at det blinker). Bagsiden af bokskal veek fra hesten. Bindes fast med co-

plus.

-

Figur 3 Hgjre side med EKG Figur 4 Venstre side mg EKG

7. 10 min tilveenning. Hvilepuls (under 40 slag/mim)sta i fred pa gang eller i boks.
8. 10-15 min arbejde (Igbe lgst i ridehal eller paglen
JAVNT TEMPO og forsgge langsom ggning af puls!
a.Leje ud af stald — skridt
b. Skridte pa bane
c. Handholdt trav evt. longere rolig trav
d.Rolig galop
e. Afslutte med frisk galop
9. 5 min med EKG pa efter arbeje puls ned.
10.Koble af udstyr. SD-kort i computer. Importer frB-Bort til Televet. Gem fil pa USB/PC.
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Results.QTe/RRplots with piecewise regression lines fohesex.

A) All sexes.
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B) Stallions
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C) Mares
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D) Geldings
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APPENDIX IV

Show the number of horses from each group which repsents the measured QT-intervals.

(7 constant HR areas per horse and 5 QT-intervatsared per HR area).
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Stallion

sGeldings

Total
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APPENDIX V

Sex-differentiated reference values for the QT-inteval (sec) with prediction intervals at

different HR/RR in Icelandic horses.

Heart ratg RR Stallion Gelding Mare
30 2,00 0,51(0,45;0,57) 0,51(0,45;0,57) 0,56 (0,50; 0,61
40 15/ 0,47 (0,41;0,53) 0,49 (0,44; 0,55) 0,50 (0,44; 0,55
50 1,2| 0,45(0,39;0,51) 0,48 (0,43;0,54) 0,45 (0,40; 0,51
60 1,0/ 0,43(0,37;0,49) 0,48 (0,42;0,53) 0,44 (0,38; 0,49
70 0,86/ 0,41 (0,37;0,45) 0,42 (0,38;0,46) 0,40 (0,35; 0,45
80 0,75 0,37 (0,33;0,41) 0,38(0,34;0,42) 0,36 (0,31; 0,42
90 0,67 0,34 (0,30;0,38) 0,35(0,31;0,39) 0,33(0,28; 0,39
100 0,60 0,32 (0,28;0,36) 0,32(0,28;0,36) 0,31 (0,26; 0,36
110 0,55 0,30 (0,26; 0,34) 0,30 (0,26; 0,34) 0,29 (0,24; 0,35
120 0,50 0,28 (0,24;0,32) 0,29 (0,25; 0,32) 0,28 (0,23; 0,33
130 0,46/ 0,27 (0,23;0,31) 0,27 (0,23;0,31) 0,26 (0,21; 0,31
140 0,43 0,25(0,21;0,29) 0,26 (0,22; 0,30) 0,25 (0,20; 0,30
150 0,40 0,24 (0,20;0,28) 0,25(0,21;0,29) 0,24 (0,19; 0,29
160 0,38 0,24 (0,20; 0,28) 0,24 (0,20; 0,28) 0,23 (0,18; 0,28
170 0,35 0,23(0,19;0,27) 0,23(0,19; 0,27) 0,22 (0,17; 0,27
180 0,33 0,22(0,18;0,26) 0,22 (0,18;0,26) 0,22 (0,17; 0,27
190 0,32| 0,22(0,18;0,26) 0,22 (0,18;0,26) 0,21 (0,16; 0,26
200 0,30 0,21(0,17;0,25) 0,21(0,17;0,25) 0,21 (0,15; 0,26
210 0,29/ 0,20 (0,16; 0,24) 0,20 (0,16; 0,24) 0,20 (0,15; 0,25
220 0,27| 0,20 (0,16; 0,24) 0,20 (0,16; 0,24) 0,20 (0,15; 0,25
230 0,26/ 0,19(0,15;0,23) 0,19 (0,15;0,23) 0,19 (0,14; 0,24
240 0,25 0,19 (0,15;0,23) 0,19 (0,15;0,23) 0,19 (0,14; 0,24
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