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What is an ECG?

A surface electrocardiogram (ECG) is a graphical representation of  the sum of  electrical signals produced by the cardiomyocytes during 
the cardiac cycle. Electrodes attached to the skin are used to detect these signals, which are then transferred by cables to an electrocar-
diograph, where the signals are filtered, amplified and printed directly on paper or displayed on a screen. Recording an ECG is essential 
for diagnosing both arrhythmias and conduction disturbances.

Indications for Obtaining an ECG Recording in Horses

In horses, ECGs are required to obtain a definitive diagnosis when an abnormal heart rate or rhythm has been detected on physical 
examination (Box 1.1).

Electrical Properties of the Equine Myocardium

The generation of  an action potential in both nodal and ventricular myocardial tissue is explained in Fig. 1.1. The cell-to-cell propagation 
of  these action potentials results in depolarization (and subsequent repolarization) of  larger areas of  myocardial tissue, which in turn are 
detected during a surface ECG recording (Opie, 1998; Bers, 2002).
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Box 1.1. Indications for recording an ECG.

• When an arrhythmia is heard on physical examination.
• When horses have unexplained tachyarrhythmias or bradyarrhythmias.
• In the evaluation of  horses with exercise intolerance or poor performance.
• In the evaluation of  horses with evidence of  moderate to severe structural heart disease potentially predisposing to the development of  

arrhythmias.
• In the evaluation of  horses with a history of  weakness or collapse.
• To confirm normal sinus rhythm is present during a pre-purchase examination.
• When monitoring heart rhythm as part of  therapy (e.g. anti-arrhythmic therapy).
• When monitoring heart rate to detect stress or pain (e.g. during a hospital stay or transport).
• When monitoring a horse during sedation or general anaesthesia.
• When monitoring a horse that is critically ill (e.g. electrolyte imbalance, intoxication).

Fig. 1.1. (A) Phases of the action potential (AP) occurring in a typical ventricular cardiomyocyte. There are four phases of the AP, with rapid 
entry of sodium (Na+) ions into the cell resulting in fast depolarization (phase 0) and calcium (Ca2+) ions entering more slowly during phase 2, 
resulting in full depolarization of the cell. Potassium (K+) channels open, and outward movement of K+ ions accounts for repolarization of the cell 
(phases 1 and 3). Phase 4, the maintenance of the resting membrane potential in a state of polarization, results from K+ diffusing out of the cell 
following the concentration gradient that is maintained by the Na+/K+-ATPase (see panel C). (B) Timing of the movement of ions across the 
cellular membrane, resulting in the phases of the AP seen in panel (A). (C) Phases of the AP occurring in a typical pacemaker cell (e.g. sino-
atrial or atrioventricular node). Here, these cells have a lower resting membrane potential than other cardiomyocytes, with the cell becoming 
steadily more positive during phase 4 due to slow Ca2+ influx through Ca2+ channels, eventually resulting in spontaneous Ca2+-driven depolar-
ization. Note that the slope of phase 0 is flatter (i.e. slower) than that of the ventricular AP. This spontaneous depolarization of nodal tissue is 
known as automaticity. (D) A stylized cardiomyocyte, depicting examples of ion pumps, channels and exchangers that allow the movement of 
ions across the cell membrane, resulting in depolarization and repolarization of the cell membrane. The Na+/K+-ATPase is primarily responsible for 
maintaining the resting intracellular concentrations of ions (high intracellular K+, low intracellular Na+). Opening of the Na+ channels results in 
rapid influx of Na+ during early depolarization. Calcium ions enter the cell during the AP through Ca2+ channels, leading to a Ca2+-induced Ca2+ 
release from the sarcoendoplasmic reticulum (SER) and subsequent contraction of actin and myosin filaments. The excess cytoplasmic Ca2+ 
is then either eliminated by re-uptake into the SER or removed from the cell via the Na+/Ca2+ exchanger and a Ca2+-ATPase pump. There are 
several different K+ channels that allow K+ to exit the cell during repolarization and the resting state. (Adapted from Mitchell, 2019, with permission.)
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Fig. 1.2. (A) The impulse generation and conduction system within the myocardium and (B) a base–apex surface ECG recording resulting 
from impulse conduction through the different segments of the conduction system. The impulse initiates in the sinoatrial node (SAN) 
and is transmitted across the atrial myocardium, generating the P wave (B; blue line). Specialized internodal and interatrial (Bachmann’s 
bundle) pathways facilitate and direct impulse conduction within the atria. At the atrioventricular node (AVN), impulse conduction is delayed, 
resulting in the PR interval (B; yellow line) observed on the surface ECG. Rapid conduction then occurs through the bundle of His, 
bundle branches and Purkinje fibre network, activating the ventricular myocardium and generating the QRS complex (B; red line) on the 
ECG. CrVCa, cranial vena cava; RA, right atrium; LA, left atrium; H, bundle of His; RV, right ventricle; LV, left ventricle. (From Mitchell, 
2019, with permission. Adapted from van Loon, G. and Patteson, M. (2010) Electrophysiology and arrhythmogenesis. In: Marr, C.M. (ed.) 
Cardiology of the Horse. 2nd edn. Elsevier, pp. 59–73; and from Schwarzwald, C.C., Bonagura, J.D. and Muir, W.W. (2009) The cardio-
vascular system. In: Muir, W.W. (ed.) Equine Anaesthesia, 2nd edn. Elsevier, pp. 37–100, with permission.)

Normal Cardiac Conduction and Components of P-QRS-T Complexes

In horses, the conduction of  electrical activity across the heart follows a fairly fixed pathway from the sinoatrial (SA) node, across the atrial 
myocardium, through the atrioventricular (AV) node and then down the bundle of  His, bundle branches and Purkinje system to the ven-
tricular myocardium. The spontaneously depolarizing regular rhythm generated from the SA node is known as ‘normal sinus rhythm’. 
This normal conduction pattern and resulting surface ECG is illustrated in Fig. 1.2.

For the depolarization or repolarization to be accurately detected on a surface ECG, a relatively large amount of  myocardial tissue is 
required for activation. Therefore, the sinus depolarizations are not visualized per se; rather, it is the spread of  depolarization across the atria 
creating the P wave that is seen on the ECG. The morphology of  the P waves is highly variable between and within horses, with bifid (two 
positive peaks), single-positive or biphasic (typically negative/positive) waves commonly observed, even within the same ECG trace 
(Fig. 1.3A). As heart rate fluctuates, the P-wave morphology may change, while some horses display evidence of  a wandering pacemaker 
within the large SA node, particularly at low heart rates (i.e. with high parasympathetic tone), resulting in highly variable P-wave morphology 
between individual beats. After atrial depolarization, there is a period of  atrial repolarization, which can occasionally be seen on a surface 
ECG as a so-called Ta wave (i.e. the atrial T wave), as seen in Fig. 1.3B.
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Fig. 1.3. (A) Typical P-QRS-T complex morphology from a healthy horse, as recorded with a standard base–apex lead configuration, 
selecting lead I to be displayed. Variable (from bifid to monophasic) P-wave morphology is observed with increasing heart rate. The 
ventricular depolarization has an S morphology, while the T waves are biphasic (negative–positive). Paper speed: 25 mm/s. (B) A base–
apex ECG lead II recording from a horse with second-degree atrioventricular blocks. The atrial repolarization (Ta wave, purple arrow) is 
observed as a negative depression following the P wave. The P waves have similar morphology; the ventricular depolarization has an S 
morphology, while the T waves are negative. Paper speed: 25 mm/s.  
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(C) The important ECG timing intervals are indicated. The equine base–apex lead ECG does not typically have identifiable Q waves. 
Therefore, the conventional nomenclature of the timing intervals may require modification – the PQ interval becomes the PR interval, 
the QRS duration is the RS duration and the QT interval is actually the RT interval. Because the largest deflection of the equine QRS is 
negative – this is called the S wave – so the interval measured between adjacent QRS intervals is actually the SS interval, rather than the 
RR interval. However, in most instances, for simplicity and consistency across species, the intervals are still called PQ, QRS, QT and RR 
intervals. Note that it can be difficult to accurately define the start and end of the individual deflections. When measuring timing intervals, 
it can be helpful to increase the paper speed (e.g. from 25 to 50 or 100 mm/s), maintain a standardized approach (e.g. always measure 
from the onset or end of the deflection where it deviates clearly from the baseline) and limit the number of observers (i.e. ideally, the same 
person should perform the analysis if repeated measurements over time are required). (Adapted from Mitchell, 2019, with permission.)

Fig. 1.3. Continued.
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In a normal equine heart, the atria and ventricles are electrically separated from each other by non-conducting fibrous tissue, except 
at the level of  the AV node. Conduction of  the electrical impulse through the AV node is slower than through the other myocardial tissues, 
resulting in a delay between the atrial and ventricular depolarization. This is physiologically important because it allows the atrial con-
tribution to ventricular filling to occur before the onset of  ventricular systole, optimizing pre-load and therefore cardiac output. Healthy 
horses commonly have high parasympathetic (vagal) tone, which can further slow (or even block) AV nodal conduction. Conduction 
through the AV node does not result in a deflection on the surface ECG, but the conduction delay can be measured through the 
PR interval (as seen in Figs 1.2B and 1.3C).

Once the impulse has travelled through the AV node, it moves rapidly through the bundle of  His, bundle branches and Purkinje fibre 
system to depolarize the ventricular myocardium. This near-simultaneous depolarization of  a large amount of  myocardial tissue results in 
the largest deflections recorded on the surface ECG – the QRS complex. According to international convention, the first downward deflec-
tion is the Q wave, the first upward deflection is the R wave and the next following downward deflection is the S wave. The larger waves are 
denoted in capitals, while the smaller waves are denoted in lower-case letters. Typically, horses have an rS or S morphology when an ECG 
is recorded using a base–apex lead configuration (Fig. 1.3). Q waves are rarely identified on equine surface base–apex ECG recordings. 
Despite the largest wave of  the typical equine QRS complex being the S wave, rather than the R wave as in standard human or small-animal 
ECGs, for convention, we still refer to the interval between two adjacent QRS complexes as the RR interval.

Every depolarization must be followed by repolarization; therefore every QRS complex is always followed by a T wave (representing 
repolarization). Horses have extremely labile T-wave morphology, with variations in polarity and duration highly dependent on parasym-
pathetic tone and heart rate. Changes in T-wave morphology should not be overinterpreted in the diagnosis of  cardiac disease; however, 
they can be helpful when determining the presence of  abnormal complexes (atrial or ventricular premature complexes) and distinguishing 
artefacts (which do not have T waves) (Broux et al., 2016).

Recognition of  the normal equine P-QRS-T morphology is critical in assessing an equine ECG recording, and particular attention 
should be paid to the polarity of  waveforms (particularly QRS-T) and the timing intervals. As equine ECGs are commonly missing the 
Q wave, the conventional timing intervals applied from human medicine require modification. The PQ interval becomes the PR interval, 
the QRS duration becomes the RS duration and the QT interval becomes the RT interval, although the conventional nomenclature is 
often referred to for simplicity. These timing intervals are illustrated in Fig. 1.3C and described in Table 1.1. When measuring the time 
intervals (PR(Q) interval, (Q)RS duration and R(Q)T interval), the size of  the horse should be considered, as body weight is directly 
correlated with the time intervals (i.e. small horses generally have shorter time intervals) (Schwarzwald et al., 2012).
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Table 1.1. ECG timing intervals (mean and 95% confidence intervals) for a 500 kg horse at rest. (Data derived from Schwarzwald et al., 2012.)

Mean 95% Confidence Interval

Heart rate (bpm) 40 25–55
RR interval (ms) 1500 1050–2100
PR interval (ms) 300 200–380
QRS duration (ms) 115 85–145
QTuncorrected interval (ms) 480 400–580

It is important to note that, due to the extensive Purkinje fibre system within the equine ventricular myocardium (compared with 
humans and small animals), the equine QRS complex recorded from a typical base–apex lead configuration provides no reliable information 
about cardiac chamber size. Therefore, equine ECGs should not be used for the diagnosis of  cardiac hypertrophy or dilation; however, 
echocardiography can provide useful information about myocardial changes (Hamlin and Smith, 1965).

ECG Lead Terminology

Electrodes placed on the body surface are used to measure changes in the electrical potential created during myocardial depolarization 
and repolarization. A combination of  two electrodes (one negative and one positive) creates a ‘lead’. When electrodes are placed across 
the surface of  the body around the heart, the sum of  all electrical potentials can be recorded. Movement of  the electrical signal towards a 
positive electrode will create an upward deflection on the ECG, while movement away from a positive electrode will result in a downward 
deflection on the ECG tracing.

In the horse, many of  the standard human or small-animal ECG lead placements are not commonly utilized due to the impracticality 
of  placing multiple limb and chest leads on a large moving object. However, many of  the electrodes and ECG recorders are still labelled 
for conventional human or small-animal use (i.e. right arm (RA), left arm (LA), left leg or foot (LL)).
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Typically, most equine ECGs are recorded utilizing the principles of  Einthoven’s triangle, the most simple being a ‘base–apex’ or three-
lead configuration as described in Table 1.2. The RA electrode is placed on the right caudal neck while the LA and LL electrodes are 
placed on the left thorax at the heart apex (Fig. 1.4). Lead I (recorded between the RA and LA electrodes) and lead II (recorded between 
the RA and LL electrodes) will produce similar ECG morphology when used in this configuration (Fig. 1.3A).

Twelve-lead ECGs (as opposed to a single-lead base–apex ECG or a traditional limb-lead ECG) provide a larger variety of  projections 
of  the heart’s electrical activity and have the potential to help determine the origin of  premature complexes in horses. However, respective 
criteria for assessment have not been established so far and work is currently ongoing in this area (van Steenkiste et al., 2018).

Table 1.2. Standard base–apex electrode positioning in the horse.

ECG electrode Position

Neutral/earth If  present, can be placed anywhere
Right arm (RA) Right caudal neck
Left arm (LA) Left heart apex
Left leg/foot (LL) Left heart apex

Fig. 1.4. Positioning of the ECG electrodes to obtain a standard base–apex lead from a resting horse, useful for obtaining short-term 
ECG recordings. The electrode positions described by Einthoven’s triangle are modified and positioned on the body of the horse. The 
right arm (RA) electrode is placed on the right neck of the horse, while the left arm (LA) and left leg (LL) electrodes are placed on the 
left side of the horse over the apex of the heart. With this electrode configuration, both ‘lead I’ (RA→LA) and ‘lead II’ (RA→LL) can be 
chosen on the ECG recorder to display the base–apex ECG trace. Note that the terminology (LA, RA and LL; lead I, II and III) origin-
ates from the Einthoven lead system.
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