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Abstract

Electrocardiography- the process of producing an electrogram (ECG) involving the non-invasive transthoracic interpretation for bio-potential variation of the heart over a period of time, is used to provide insight into the structure of the diseased population by giving useful data about functional morphology of heart in the waveform PQRSTU. ECG plays a foremost role in diagnosing cardiovascular disorders, distinguishing normal sinus rhythm from the arrhythmia (abnormal) class.  ECG framework includes parameters such as heart rate, duration, amplitude, and morphology of wave comprising QRS complex, PR interval, ST segment, and ST interval, which are used to analyze different disorders like atrial flutter, fibrillation, sinus bradycardia, tachycardia, myocardial ischemia, infarction, WPW  syndrome, torsades de pointes, and premature ventricular contraction. Research advances show the importance of ECG in identifying massive acute PE (pulmonary embolism) and serving as a prognostic indicator for pulmonary thromboembolism. ECG analysis coupled with coronary angiography helps to diagnose coronary thrombo-embolism due to chronic atrial fibrillation without any underlying disease. The current chapter provides an introduction to ECG and its clinical implications in identifying patients with significant heart pathologies.
1. Introduction
Cardiovascular diseases remain a major cause of mortality worldwide and are often associated with arrhythmias arising as a result of irregularities in the cardiac conduction system. Pathologies involving dysfunction of the cardiac conduction system are an added source of morbidity and mortality worldwide [1,2]. The cardiac cells comprising the cardiovascular system can generate an electrical impulse without any external stimulus. Electrical impulses are originated in the sinoatrial (SA) node known as the pacemaker of the heart and travel down the internodal pathways, propagating through the right and left atria to the atrioventricular (AV) node[3]. This electrical activity of the heart is measured by electrocardiography – the process of producing an electrocardiogram (ECG), a non-invasive transthoracic interpretation for bio-potential variation of the heart over a period of time, is used to provide insight into the structure of diseased population by giving useful data (about morphological and functional details) of heart in the waveform PQRSTU. Fluctuations seen in the cardiac conduction system caused by various factors may lead to cardiac arrhythmias and an abnormal ECG [3]. These alterations in the frequency or morphology of the electrical signals can be analyzed and used to identify the underlying cardiac abnormalities and related pathologies. For instance, various types of arrhythmias can be evaluated and correlated to the underlying conditions [4]. The current chapter thus provides the fundamentals of ECG and its clinical implications in identifying patients with significant heart pathologies.
2. Conduction system of the heart
The first functional organ system to develop during the embryonic stage is the cardiovascular system, which evolves into a four-chambered muscular organ - the heart with a synchronized contraction that maintains double circulation during embryogenesis. The specialized cells of the cardiac conduction system (CCS) allow the initiation and conduction of impulses responsible for myocardium-synchronized contraction and heart rate maintenance [2]. The coordinated excitatory and conductive component of the cardiovascular system includes the SA node, internodal pathways, AV node, a bundle of His, bundle branches (right and left), and the Purkinje fibers.[2] 
2.1  Components of the cardiac conduction system. 
Each of the components is described below with its location and function. Figure 1 represents the cardiac conduction system of humans.
a) The sinoatrial node (SAN or natural pacemaker)
Location: At the junction of the superior vena cava and the myocardium wall of the right atrium within the terminalis groove [2,3]
Function: To generate an action potential, SAN produces changes in membrane potential leading to spontaneous depolarization of the cell membrane accountable for atrial contraction via internodal pathways [3].
b) Internodal pathways
Location: Among the four main internodal pathways three pathways (anterior, middle, and posterior) operate in the right atrium and one which is actually a branch of the anterior pathway known as Bachmann’s bundle is found in the left atrium[3].
[bookmark: page3]Function:  It carries away the cardiac impulses from the sinoatrial node to the atrioventricular node due to the presence of specialized myocytes cells present in this pathway system [3].
c) The atrioventricular node
Location: At the lower section of the inter-atrial septum  or the apex of Koch’s triangle
Function: Delays cardiac impulse(approximately 0.09s) from atrial to ventricular myocardium. The slow conduction velocity is due to poor electrical coupling between the myocytes of the AV node. The delay is important for ensuring ventricular filling before ventricular contraction [2,3].




d) Ventricular conduction pathway (VCP) [3]

Location: Based on location VCP is divided into the following sections:
i. Bundle of his: emerges from AV node near the atrial septum above the atrioventricular groove, which proceeds up to the ventricular septum upper margin.
ii.  Bundle branches: a bundle of his bifurcate and becomes bundle branches which on the basis of descending side of the ventricular septum particularly classified as left and right bundle branches.
iii. Purkinje fibers: left and right bundle branches end by terminating into small network-like fibers,  which particularly lie just beneath the cardiac endothelial surface.
Function: Cause activation (depolarization) of the ventricles from apex to base by enabling quick impulse conduction from the atrioventricular bundle into the contractile ventricular myocardium [3] to impact the output of the cardiac conduction system.   

3. ECG and cardiac conduction system

ECG is used to record the functioning of the cardiac conduction system, thereby helping in the monitoring and interpretation/detection of any disease interfering with normal sinus generation or conduction. ECG records from the body surface and deduces the electrical activity of the heart in the form of a graphical representation (as shown in the diagram in Figure 3). These electrical activities produced are due to variations in transmembrane potentials of the muscle fibers during each cardiac cycle [3]. Hence, ECG is very sensitive and can amplify even tiny electrical changes on the skin [3,5]. The key principle for processing and analysis of ECG signals involves the generation and amplification of signals, acquisition of real-time data, and signal filtering with a role of effective denoising and feature extraction, followed by wave classification, thereby, signal analysis helps to detect various cardiovascular disorders [6-8].   
 A 12-lead electrocardiogram is commonly the most used method to record an electrocardiograph of the heart (Figure 2). [5] Through this method, we can obtain and analyze various views of the heart. The 12 lead-based ECG uses electrodes to look at the heart from two different planes as described below [5].

a) Frontal or coronal plane: The heart is divided into anterior and posterior halves The electrical activity of the heart is recorded across a 360-degree span in the frontal plane, by affixing six lead electrodes on the supine resting patient[9].  The 6 leads are comprised of -

 3 Bipolar limb leads are described below:

0. Bipolar lead I: It records the potential difference between the left and right arm, where the left arm carries out the function of the standard positive pole. It shows positive upward deflection when the electric current moves away from the right and toward the left arm[9].

0. Bipolar Lead II: It records the potential difference between the right arm and left leg, where the left leg carries out the function of the standard positive pole [9].
[bookmark: page4]
0. Bipolar Lead III: It records the potential difference between the left arm and left leg, where the left leg again carries out the function of the standard positive pole [9].
 (note: According to Einthoven's law: Lead I + lead III = lead II) [5].

3 Goldberger augmented unipolar limb leads (aVF, aVR, aVL) which record the potential difference between the right arm/left arm,/leg and a ground lead set up by summing the two other unused limb leads. The positive pole is the designated limb in each case.[9].
	
1. Transversal or horizontal plane: Divide the heart into superior and inferior ends. In contrast to the frontal plane, here vectors move in the horizontal plane and are contemplated/reflected in the precordial leads[9]. The six precordial/chest leads consist of positive electrodes only, from V1 – V6 as described below: 
0. V1- 1st chest lead positioned on the fourth intercostal space on the parasternal side.
0. V2- 2nd chest lead positioned symmetrically to V1 but on the opposite side i.e. left intercostal space adjacent to the sternum.
0. V3- 3rd  chest lead positioned at the midpoint between V2 and V4.

1. V4- 4th chest lead positioned on the left fifth intercostal space at the midclavicular line.
1. V5- 5th chest lead positioned at left fifth intercostal space nearly about the anterior axillary line.
1. V6- 6th chest lead positioned at the same level as V4 and V5 i.e. at the fifth left intercostal space nearly about the midaxillary line.
Figure 2 represents the 12 lead-based electrode placement system for ECG.

4.  Measurement of a waveform

The measurement of waveform depends upon the direction in which electrical activity (wave of depolarization) travels with respect to leads. The following deflections can be interpreted depending on the same [5,9]:

a) Positive deflection- when the electrical activity (depolarization wave ) of cardiac tissue moves toward a recording lead(positive electrode) results in a positive or upward deflection.

b) Negative deflection- when the electrical activity (depolarization wave)of cardiac tissue moves away from a recording lead(positive electrode) results in a negative deflection.

c) No deflection/biphasic deflection- when the electrical activity (depolarization waveform) of cardiac tissue moves very slowly or in the perpendicular direction to the axis of the two electrodes.
4.1   Vector and mean electrical axis

A vector is represented by an arrow and tells about both magnitudes as well as the direction of the quantity. By convention length of the arrow is proportional to the magnitude and the head of the arrow shows the direction. Hence in the case of the heart, the electrical activity voltage of the potential is shown by arrow length whereas the arrowhead points toward the electro-potential direction or mean/resultant direction of two vectors also known as the mean vector/electrical axis. [5,9] Based on vector length and direction concerning the electrode we deduce the magnitude of signals and deflections within the cardiac tissue[9].  

4.2  Electrical activity of the normal heart and ECG 

The normal ECG records the rhythmic pulses/electrical activity of the heart generated by several currents: the pacemaker current If, the calcium current I CaL and I CaT, the background current I Ca/Na, the current I Kr that leads to depolarization and repolarization of atriums/ventricles [10-14].

a) Current If: It’s a mixed current carried by sodium and potassium ions, however, the mainstream is due to Na+ due to its greater permeability. It initiates diastolic depolarization by bringing resting membrane potential to threshold potential and stimulating voltage-gated Na+ channel and calcium channels (type T and L). It is also activated by membrane hyperpolarization at the end of the repolarization phase
b) Calcium currents (I CaL, I CaT): L-type calcium channels contribute to the phase final diastolic depolarization and potential action by a powerful inflow of Ca2+ ion inside the cell whereas T-type calcium channels’ role is less known and limited to diastolic depolarization with no effect on the action potential.
c) Delayed potassium current (IKr): Though its deactivation is necessary for the depolarization of spontaneous diastole its activation is way more important for repolarization, hence delayed activation of potassium current.
d) Other currents: They participate in the modulation of diastolic potential i.e. the background current incoming sodium, from the incoming Na+/Ca2+ exchange stream.

5   Normal ECG waves, intervals, and segments

To recognize normal ECG or to analyze different heart abnormalities, first, the range of normal wave patterns in the electrocardiogram of a healthy individual must be understood. Figure 3 represents the electrical events of a normal cardiac cycle and Figure 4 represents a normal ECG waveform. A classic ECG trace of the cardiac cycle (heartbeat) of a healthy individual is comprised  of the following [9,15-18]:

a) WAVES- Waves are comprised of a P wave, QRS complex, T wave, and U wave ( Hidden by the T wave and upcoming new P wave, hence normally invisible)[17]. We will now discuss them in detail[18].

P wave:
· It reflects atrial depolarization or activation from right to left, and inferiorly.
· Positive and upright in leads I and II due to the direction of depolarization inferiorly towards the left.
· Sinus P waves are best seen in leads II and V1.
· Biphasic in precordial lead V1 due to initial positive deflection by early right atrial forces followed by a later negative deflection by left atrial forces.
· < 3 small squares in duration i.e.it should not exceed 0.12 sec or < 2.5 small squares in amplitude i.e. it should not exceed 2.5mm(0.25mv).
· Asynchronization between right and left depolarization particularly results in a slight notch in the P wave, which is reflected in precordial leads and is indicative of left atrial abnormality for example in mitral stenosis where a notch with the peak-to-peak interval >1mm.

QRS complex:
· It represents ventricular depolarization.
· Widest complex with duration <2.5 sec i.e. 0.10 sec.
· Divided into :
i. Q wave- an initial negative deflection with duration <0.03 and depth <3mm recorded when the left side of the septum depolarizes first and travels toward the right and slightly upward away from the recording electrode.

ii. R wave- a positive deflection with a depth less than 25mm recorded when depolarization of the right and left ventricles produces opposing electrical vectors but the left ventricle has the larger muscle mass and hence its depolarization dominates the electrocardiogram thereby traveling towards the recording electrode.

iii. S wave- a negative deflection with depth <30mm recorded due to depolarization of ventricle bases having electric vector opposite to the recording electrode.)

T wave: [18]
· It reflects ventricular repolarization.
· The asymmetrical morphology of the wave is seen due to a more gradual slope of 1st half than the second half.
· The amplitude of the T wave should be <10mm and 2/3rd of the corresponding R wave amplitude.
U wave: [18]
· Repolarization of the mid myocardial cell represents a U wave. 
· It is a small positive deflection succeeding the T wave. 
· Except in aVR augmented unipolar lead it is generally upright in other leads.
· Most frequent in V2 and V4 precordial leads.
· Normally invisible or hidden by upcoming new P wave in 50% to 70% of ECG.
INTERVALS- comprising of  RR-interval, PR-interval, ST-interval, QT-interval [17,18]

RR INTERVAL:
· The interval between the R wave and the subsequent R wave of the next cardiac cycle.
· RR interval is between 60-100 beats per minute for a healthy patient at rest.
· The duration of the RR interval is 0.16 to 1.2 sec.

PR INTERVAL:
· A brief return to the isoelectronic line after the P wave results in the PR segment.
· It is the time from the beginning of atrial depolarization (P wave) to the beginning of ventricular depolarization(QRS complex).
· Duration <2-5 small squares (0.12-0.20 sec).

ST INTERVAL:
· It is measured from the J point to the end of the T wave.
· Duration is 320ms.

QT INTERVAL:
· [bookmark: page7]The QT interval is the total duration measured from the beginning of ventricular depolarization( QRS complex) to the ventricular repolarization(denoted by the end of the T wave).
· The QT interval is inversely proportional to heart rate (it lengthens as the heart rate slows) and increases slightly with age.
· It should be 0.35-0.45 s and should not be more than half of the interval between the RR interval.
· Bazett’s formula used for the calculation and correction of QT interval (QTc): 
QTc= QT/ √ R-R (sec) (here QTc refers to the corrected QT interval, at the adjusted heart rate).

SEGMENTS containing PR-segment, ST-segment.

PR SEGMENT:
· It connects the P wave and the QRS complex.
· The electrical activity does not produce contraction directly and is merely traveling down towards the ventricles.
· Clinically relevant in identifying important arrhythmia,
· Generally, the PR-segment duration is around  50 to 120ms.

ST SEGMENT:
· ST-segment lies between the J point (where the QRS complex terminates) and the beginning of the T wave.
· Represents the period between depolarization and repolarization of ventricles.
· The duration of the ST segment is 80 to 120 ms.
· It is isoelectronic, hence normal ECG shows a flat ST segment, though before merging with the T wave a slight upward slope can be seen. 
[bookmark: page6]
6.  Arrhythmia

An irregular/abnormal heartbeat results in dysrhythmia also called an arrhythmia which  mainly occurs due to a disorder in impulse production or conduction [17,19]. Many different types of abnormalities can be detected by analysis of heart electrical activity. 

In most cases, it’s related to underlying heart conditions (cardiomyopathy, valve disorder, etc.) or other medical conditions (coronary artery disease, high blood pressure, electrolyte imbalances in the blood) but can also be caused by certain substances (nicotine, alcohol, cocaine, etc.), medications (inhaled aerosols, diet pills) and emotional states (shock, fright, stress, )[16,17].

6.1 Types of Arrhythmias

A) Arrhythmias due to the disorder of impulse production- Impulse production can be altered due to various disturbances seen in nodal tissues[20,21] and in rhythmic conditions of atria and ventricle[22], based on which can be classified as follows:


a)  Disturbances of sinus mechanism [20,23]:
[bookmark: page8]i. Sinus tachycardia [4,16,]:
1. Causes- physiological(exertion,stress),pathological(hypoxia,anaemia,hypovolemia), endocrinal(thyrotoxicosis) and pharmacological(Caffeine, salbutamol ,Nicotine)
1. Characteristics-

0. Heart rate is >100 beat per min (bpm) and rarely exceed 200 bpm.
0. A gradual increase in rate, and chances of beat-to-beat variation.
0.  P wave amplitude may increase with the heart rate.
0. Normal QRS complex
0. PR interval shortens (120–200 milliseconds, generally closer to 120 milliseconds).
0. P wave may become lost in the preceding T wave in case of fast tachycardia.


ii. Sinus bradycardia[4,9]:
1. Causes- physiological (increased vagal tone in athletes), normal aging or inherent pathological conditions (ischemia, rheumatic, neuromuscular, anorexia) and medicine/drugs (beta-blockers, reserpine, digoxin, narcotics)
0. Characteristics-
0. Heart rate is <50-60 beat per minute
0. Regular rhythm
0. Normal P wave, PR interval, and QRS complex.

 iii. Sinus arrhythmia[24,25]:

0. Causes-
Respiratory cycle change and vagal agents (digitalis, morphine)
0. Characteristics-
0. Heart rate 60-100 beats per minute.
0. Irregular PP interval.
0. Normal P, PR interval, and QRS complex.

b) Disturbance of atria [26]:

i. Premature atrial contractions (PACs):
· Causes- Structural causes (valvular/ septal defects, congenital heart malformations, etc.)

Chemical causes (beta-agonists, sympathomimetics, etc.), biochemical causes   (sodium channel malformations and bone morphogenetic protein 2(BMP2) mutations, etc.), and pharmacological causes (Digoxin toxicity, excess caffeine).

1. Characteristics-
0. Can be unifocal or multifocal depending on similar or different P wave morphologies for Premature atrial contractions 
0. P wave generally occurs with variations in amplitude( height), duration(length), and morphology (shape).
0. Typically normal QRS complex though no QRS complex seen in non-conducted PACs.
0. [bookmark: page9]Depending on the location of the generation known as the focus/foci  PR interval can be shorter or longer.

ii. Atrial fibrillation [16]
1. Causes- It is caused due to multiple re-entrant “wavelets” of atrial automaticity. Many cases are idiopathic though underlying heart conditions are a major cause. Other causes include Thyrotoxicosis, chronic pulmonary disease, and alcohol misuse.

0. Characteristics- 
· P waves absent; oscillating baseline f (fibrillatory ) waves
0. Atrial rate 350-600 beats/min
0. Irregular ventricular rhythm
0. Ventricular rate 100-180 beats/min.

 iii. Atrial flutter[16]
· Causes- Typically due to the re-entrant mechanism (macro re-entry circuit in the right atrium with left atrium passive activation. Other causes include Rheumatic heart disease with valvular lesions (mitral stenosis), Hypertension, Thyrotoxicosis, and idiopathic causes.
1. Characteristics-
0. Undulating saw-toothed baseline F (flutter) waves are best seen in inferior bipolar II, III and unipolar aVF (negative deflections), and precordial  V1 lead.
0. Atrial rate 250-350 beats/min
0. Regular ventricular rhythm
0. Ventricular rate is typically150 beats/min (with 2:1 atrio-ventricular block) 4:1 is also common (3:1 and 1:1 block uncommon)


iv. Paroxysmal supraventricular tachycardia[27]
1. Causes- Ordinarily due to different re-entrant circuit mechanisms abnormal automaticity, and triggered activity. Whereas other cases  include causes due to certain medicine, drugs, and underlying heart conditions or disease (myocardial infarction, pneumonia, pulmonary embolism, cocaine, amphetamines, digoxin. etc.) Other factors include alcohol misuse, anxiety, etc.)
0. Characteristics-
0. Accounts for intermittent episodes of supraventricular tachycardia
0. Regular heart rhythm arises from atria
0. Rapid rhythm due to instant start and termination of the electrical activity of the heart.
0. Presence of Narrow QRS complex.

c)  Disturbance of the AV node

1. [bookmark: page10]Junctional escape rhythm[23,28]

1. Causes –  Less automaticity of the sinoatrial node (SAN) in contrast to the AV node/His bundle which may or may not be due to blockage of SAN. Increase vagal tone which lowers the automaticity in the SA node, generally seen in athletes.
1. Characteristics-
0. Heart rate 40-60 beats per minute.
0. Inverted P wave just before, within or after QRS complex, based on which it is divided into 3 types: High nodal rhythm (Inverted P wave before QRS), Mid nodal rhythm (P wave is not seen, it is buried in QRS) and Low nodal rhythm (P wave appears just after QRS).
ii. Junctional ectopic tachycardia[29,30]
1. Causes –

· Usually, due to abnormal conduction caused by direct trauma to the AV node and bundle of His, Other major causes include underlying heart diseases (Myocardial infarction, myocarditis, etc.), injury due to intracardiac surgery, hemodynamic instability, biochemical causes (electrolyte imbalance, hypomagnesemia), drugs and psychological factors.
1. Characteristics-
0. Rapid regular ventricular rate of 170 to 260 beats per minute.
0. Baseline and narrow QRS complex tachycardia but broad or wide in case of right bundle branch block (RBBB).
0. P waves not detected by usual ECG (12 leads). (Note-when similar junctional tachycardia occurs in adults it is known as nonparoxysmal junctional tachycardia).

d)  Disturbance of ventricles:[9, 31-33]
1. Ventricular tachycardia:

1. Causes – Acute Myocardial Infarction, Myocarditis, Chronic Ischemic heart disease with poor left ventricular function, Ventricular aneurism, Electrolyte imbalance mainly hypokalemia and hypomagnesemia.
1. Characteristics-
0. Heart rate 100-200 beats per minute
· Wide/prolonged QRS complex (> 120ms). Generally regular, but can be irregular sometimes P wave is absent. Consist of capture beats (Appearance of the normal QRS complex in the middle of Ventricular tachycardia) and fusion beats (fusion between the supraventricular capture and the ventricular complex). (Note: Idioventricular Rhythm is slow ventricular tachycardia with similar characteristics differing with heart rate 20-40 beats per minute).

1. Ventricular Flutter[34,36]: 
o Causes- Underlying heart conditions, psychological factors, and due to certain drugs/medicines.

o Characteristics-
0. An extreme form of ventricular tachycardia
0. Consistent irregular rhythm due to premature ventricular contraction (ectopic ventricular rhythm) can be seen with fluctuations of equal amplitude.
0. [bookmark: page11]Usually transforms to Ventricular Fibrillation.
0. Rapid heartbeats around 180-250 beats per minute.
0. No distinction among the QRS complex, ST segment, and T wave.

iii. Ventricular fibrillation (fatal condition) [34-37]
1. Causes – Underlying cardiac and respiratory conditions (Brugada syndrome, aortic stenosis, cardiomyopathy, myocardial ischemia/infarction, pulmonary embolism, sleep apnoea, bronchospasm, etc.). Other factors include Toxic and metabolic (drugs that induce QT prolongation), Environmental (electric shocks, hypothermia, drowning, sepsis), and Neurological factors (seizures).
0. Characteristics-
0.  Disorganized rhythm is caused due to irregular ventricular contraction varying with duration and amplitude.
0. progressive transformation of a wave into smaller waves immediately before death.
0. Very rapid heartbeats around 150-500 beats per minute.
0. No identifiable P waves, QRS complexes, or T waves

B) Arrhythmias due to disorder of impulse conduction

a) Sinoatrial blocks[24]:
· Characteristics- Sinus arrest occurs when sinus pause  >1.5 sec or exceeds the basic PP cycle by 1.5 times.
· Classified as-
· Sinus arrest with atrial escape beat (Altered P wave with normal QRS complex)
· Sinus arrest with nodal or junctional escape beat (inverted P wave with normal QRS complex or absent P wave may occur after a pause).
· Sinus arrest with ventricular escape beat (broad QRS complex and T wave inversion after a pause)
· Types :    
i. First-degree sinoatrial blocks-Generally is invisible on  ECG trace.
ii. Second-degree sinoatrial blocks –
· Type I sinoatrial block– identified by shorter PP interval with cumulative cardiac cycle until or unless blockage occurs.
· Type II sinoatrial block is identified by the same PP interval with a cumulative cardiac cycle where sinus pause mainly corresponds to two previous PP cycles.

iii. Third-degree sinoatrial blocks- Complete absence of P waves due to no transmission of impulses from the sinus to the atrium. Rhythm may or may not be maintained by junctional escape rhythm 

b) AV nodal blocks: It denotes a delay in impulse conduction from the atria to the ventricles caused due to functional anatomy impairment in the conduction system of the heart[30].
i. First-degree block
· Characteristics- P waves always precede the QRS complexes.
· [bookmark: page12]Prolong PR interval (> 200 millisecond without dropped beats).
· PR interval >300 millisecond is indicative of a “marked” first-degree AV block where marked may be characterized by the presence of hidden P wave under T wave.

1. Second-degree block
         Wenckebach (Mobitz type I) block
o Characteristics:
· Prolong PR interval (>between first two beats of the cycle), progresses until QRS drops out signifying non-conduction of the previous P wave to the ventricles.
· Subsequent PR lengthening is progressively shorter PP interval remains relatively unchanged

          Mobitz type II block
1. Characteristics:
· Constant P wave, P-P interval, and P-R interval with the cumulative cardiac cycle.
· The R-R interval which surrounds the QRS dropped beat is a multiple of the previous R-R interval and hence it remains unchanged.
· Intermittent non-conducted P waves may be seen. (Note - Second-degree, high-grade- confused with third-degree (complete) heart block (two or more consecutively blocked P waves, P: QRS is 3:1 or higher and the ventricular rate is typically very slow) can also be seen many times.

1. Complete or third-degree block 
o Characteristics:
· A complete absence of AV nodal conduction.
· P waves are never related to the QRS complexes.
· The atria and ventricles conduct independently of each other though simultaneously (P waves occur at a regular fast rate while QRS occurs at a slow rate).


C Bundle blocks [23,24]
0. Right bundle branch block 
1. Characteristics:
· QRS complex duration is ≥120 millisecond.
· T wave is in the direction of the QRS complex in precordial lead V6 and inverted in the precordial lead (V1 ) and bipolar lead(I).
· Dominant R wave in precordial lead V1, bipolar lead I, and slurred wave in precordial lead V6is viewed.

1. Left bundle branch block 
o Characteristics:
· QRS complex duration is ≥120 milliseconds.
· T wave is viewed in the opposite direction, in contrast to the right bundle branch in precordial lead V1 and the same in V6.
· The dominant R wave in precordial lead V6 and dominant S wave in precordial lead V1 are viewed.

6.2 Other additional clinical disorders diagnosed by ECG. Some of the major clinical cardiac abnormalities diagnosed by ECG are described below:
a)  Myocardial ischemia[23, 33,38]
1. [bookmark: page13]Characteristics:
· Flat or down-sloping ST-segment (≥1mm depression).
· T wave inversion
· J point is displaced below the baseline 
b)   Myocardial infarction(MI)[23,39] 
 o Characteristics:
· ST-segment elevation (that’s why also known as STEMI )
· J point is displaced above baseline.
c)  Wolff-Parkinson-White (WPW) syndrome[40,41]
   o Characteristics:
· Short PR interval (< 0.12 seconds).
· Presence of delta wave.
· Wide QRS (more than 0.10 seconds).
d) Torsades de pointes (congenital or acquired)[25] 
   o Characteristics:
· Polymorphic ventricular tachycardia
· Long QT interval
· Gradual change is seen in the amplitude and twisting of the QRS complexes around the isoelectric line.
e) Pulmonary embolism(PE) [42,43]
      o Characteristics:
·  S1Q3T3 pattern is an indication of acute PE (where a prominent S wave in bipolar lead I, with Q and  T wave inversion in bipolar lead III ) is viewed).
· T wave inversions in precordial leads (V1-V4) and inferior bipolar/unipolar leads (II, III, aVF) is an indicator of right ventricular strain caused by PE.
· A recent specific finding of PE shows a dominant R wave in V1.
· In some cases, the right bundle branch block during PE shows a low amplitude QRS shift towards the right and ST-segment elevation on ECG trace along with the above characteristics. 
f) COVID-19 and ECG: Newly emerging worldwide pandemic causing infectious disease COVID-19 has been studied and found to be associated with numerous cardiovascular severities including arrhythmias. Even though the mechanism of the ventricular arrhythmia is uncertain in COVID-19 patients but ECG plays an important role to diagnose COVID-19 by evaluating ventricular repolarization which differs in contrast to a normal healthy individual[44,45].
· Characteristics:[46,47]
· Prolong/elongated Tp-e interval( where tp-e is denoted as the interval from T wave peak to the end of T wave). 
· Prolong/elongated Tp-e/QT ratio- (where this ratio is also known as arrhythmogenesis index).
· Prolong/elongated Tp-e/QT ratio-(significant marker of ventricular arrhythmias in COVID19 patient).

· Studies on COVID-19 patients have shown that several ECG alterations, including QT prolongation, ST shifts, disruption of the conduction system, and ventricular arrhythmias, are diagnostic of cardiac involvement. The ECG shows abnormalities such as SIQIIITIII, which indicates acute right ventricular overload, reversible atrioventricular block, and ST-segment elevation coupled with multi-focal ventricular tachycardia. There are also findings of other abnormalities, including wide QRS atrial tachycardia and non-specific T-wave inversions. According to research, 11.5% of COVID-19 patients had malignant arrhythmias and 16.7% of patients have cardiac arrhythmias. Patients with severe critical illnesses displayed a higher prevalence of arrhythmias. As a result, it was determined that the prognostic importance of ECG alterations was highlighted even though they were independent of baseline. Additionally, according to COVID-19 study reports, irregular ECGs are linked to mortality. Researchers discovered that patients with irregular ECGs seemed to occur more frequently in non-survivors: 71.4% of patients. There were several prevalent anomalies linked to mortality, including left bundle branch block, left and right bundle branch blocks, and S1Q3 pattern. The association with the left bundle branch block, the S1Q3 pattern, and anomalies in repolarization upon admission with higher mortality was confirmed by multivariate analysis [48-53]. Indeed, a holistic method is used to categorize COVID-19 from chest radiographs, ECG, and CT Scan images using a shuffle Net Convolutional Neural Network in order to improve the relationship and accuracy of interpretation of the ECG association with COVID-19. In order to analyze ECG data and determine how COVID-19 impacts cardiac functions, scientists are currently researching these questions [54-55].
g) Other important clinical conditions like HIV, acute Myocarditis, and Hypertrophic cardiomyopathy can also be diagnosed by Tp-e interval, Tp-e/QT ratio, and Tp-e/QTc ratio of electrocardiagraph[44,46,47,56].

6.3 Systematic Interpretation of arrhythmias. Interpretation of arrhythmias involves a sequential systematic approach[57-58] as represented in Figure 5.

6.4 Differential Diagnosis [49]
[bookmark: _Hlk143436232]Based upon the waves, intervals, and segments we discussed many arrhythmias in detail, however, now, in brief, we will describe in a tabular form, some other arrhythmias that we can diagnose based on them. Table 1  enlists the differentially diagnosed clinical conditions/diseases based on ECG waveforms.

7.  Conclusion

[bookmark: page14]ECG is a widely used simple and non-invasive technique used in various healthcare settings. Analysis and interpretation of ECG signals, rhythm, quantification of heart rate, duration, amplitude, and morphology of waves /intervals/segments is used to diagnose patients with significant heart pathologies in clinical as well as in experimental conditions thus contributing towards patient management and treatment.
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Figure 1: The cardiac conduction system in humans [51].
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Figure 2: The 12 lead-based electrode placement system for ECG.
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Figure 3: Electrical events of a normal cardiac cycle.
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[image: ]Figure 4: Representation of a normal ECG waveform. Figure 3:  Represents a normal cardiac cycle
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Figure 5: Systematic interpretation of arrhythmias [57].


























Table 1: Differentially diagnosed clinical conditions/diseases based on ECG waveforms.

	Waves
	Deflection in waves
	Clinical condition

	P waves

	Wide P wave
	Left atrial hypertrophy or enlargement

	
	Tall P wave
	Right atrial hypertrophy or enlargement

	
	Small P wave
	High nodal rhythm, High nodal ectopic, Atrial tachycardia, and Atrial ectopics

	
	Inverted P wave
	Nodal rhythm with retrograde conduction, 
Low atrial and high nodal ectopic beats, Dextrocardia

	
	Variable P wave shape
	Wandering pacemaker

	
	Multiple P waves
	Third-degree heart block

	
	Absent P waves
	Atrial fibrillation & flutter, Mid nodal rhythm, Ventricular ectopic & Ventricular  tachycardia, Supraventricular tachycardia, Idioventricular rhythm, Hyperkalemia

	PR waves

	Prolonged P-R interval
	First-degree heart block

	
	Short P-R interval
	WPW syndrome, Nodal rhythm, High nodal ectopic

	Q waves
	Pathological Q wave
	Myocardial Infarction, left ventricular hypertrophy, Pulmonary embolism (only in lead III, WPW syndrome (in lead III and AvF)

	R waves

	Tall R wave in V1
	Right ventricular hypertrophy, WPW syndrome, Dextrocardia, True posterior MI, Right bundle branch block (BBB),

	
	Small R wave
	Obesity, Emphysema, PericardiaI effusion, Hypothyroidism, Hypothermia

	
	Poor progression of R wave
	Anterior or antiseptal MI, Left bundle branch block, Dextrocardia

	QRS waves

	High voltage QRS
	Improper standardization, thin chest wall, Ventricular hypertrophy, WPW

	
	Low voltage QRS
	Thick chest wall, Pericardia effusion, emphysema, hypothyroidism, hypothermia

	
	Wide ORS
	BBB, Ventricular ectopic & tachycardia, WPW syndrome, Hyperkalemia

	
	Change in QRS shape
	BBB (left & Right), Ventricular fibrillation & tachycardia, WPW syndrome

	
	Variable ORS
	Torsades de pointes, Multifocal ventricular ectopics, ventricular fibrillation

	ST waves

	ST elevation
	Acute myocardial (MI) Infarction or pericarditis, Ventricular aneurysm

	
	ST depression
	Acute MI, Angina pectoris Ventricular hypertrophy, Digoxin toxicity
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Electrocardiography


-


 


the


 


process of producing 


an 


electrogram (ECG) involving the


 


non


-


invasive transthoracic interpretation for bio


-


potential variation of the heart over a period of 


time, is used to provide insight into the structure of 


the 


diseased populati


on by giving useful 


data about functional morphology 


of heart in the waveform P


QRSTU. ECG plays a foremost 


role


 


in 


diagnosing cardiovascular disorders, 


distinguishing normal sinus rhythm from the 


arrhythmia (abnormal) class


.  ECG framework 


includes parameter


s such as heart rate, duration, 


amplitude


,


 


and morphology of wave comprising 


QRS complex, PR interval, ST segment, 


and 


ST interval,


 


which are used to analyze differen


t disorders like atrial flutter, fibrillation, sinus 


bradycardia, 


t


achycardia, myocardial ischemia, 


infarction, WPW  syndrome, torsades de 


pointes, 


and 


premat


ure ventr


icular contraction.


 


Research advances show the importance of 


ECG in identifying massive acute PE (pulmonary embolism) and 


serving 


as a prognostic 


indicator for 


pulmonary 


thromboembolism. ECG analysis coupled with coronary angiography 


helps to diagnose coro


nary thrombo


-


embolism due to chronic atrial fibrillation without any 


underlying disease. The current chapter provides an introduction to ECG and its clinical 


implication


s


 


in identifying patient


s


 


with significant heart pathologies.


1. 


Introduction


 


Cardiovascular diseases remain a major cause of mortality worldwide and are often associated 


with arrhythmias arising as a result of irregularities 


in the cardiac conduction system


. 


Pathologies involving dysfunction of 


the 


cardiac conduction s


ystem are an added source of 


morbidity and mortality worldwide [1,2]. The cardiac cells compri


sing the cardiovascular 


system 


can


 


generate an electrical impulse without any external stimulus. Electrical impulses 


are originated in 


the 


sin


o


atrial (SA) node kn


own as the pacemaker of the heart and travel down 


the inter


n


odal pathways


,


 


propagating 


through 


the 


right and left atria to the 


atrioventricular (


AV


)


 


node


[3]


. This electrical activity of the heart is measured by 


electrocardiography 


–


 


the


 


process 


of producin


g


 


an


 


electrocardiogram (ECG), a


 


non


-


invasive transthoracic interpretation for bio


-


potential variation of the heart over a period of time, is used to provide insight into the structure 


of diseased population by giving 


useful data (


about morphological and fu


nctional details)


 


of 


heart in the waveform PQRSTU. Fluctuations seen


 


in 


the 


cardiac conduction system caused by 


various factors may lead to cardiac arrhythmias and an abnormal ECG 


[


3


]


. These alterations in 


the frequency or morphology of the 


electrical signals can be analy


z


ed and used to identify the 


underlying cardiac abnormalities and related pathologies. For instance, various types of 
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