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The main step before using artificial pacemakers to manage an abnormality in the pacing or conduction system in the heart, is the diagnosis of the arrhythmia. The effectiveness of the pacemaker as a therapeutic device depends on the accuracy of the diagnosis of the abnormality.  


The electrocardiograph noninvasively measures a standard 12-lead electrocardiogram, which is used to analyze the electrical activity in the heart. Diagnostic criteria obtained from the 12-lead electrocardiogram provide discriminatory information to diagnose different abnormalities. Literature on the subject explains the various techniques used to diagnose arrhythmias and also uses the word interchangeably with dysrhythmia. Automated analysis to compute features of the electrocardiogram has improved the ability to diagnose arrhythmias. Features of the morphology of these signals, which are summarized in tables within this chapter, help diagnose abnormalities that may require the insertion of a pacemaker as therapy. Ambulatory monitoring provides the ability to monitor patients on a long-term basis in order to detect transient arrhythmias. During stress testing, patients are monitored for arrhythmias while performing physical activity. In order to supplement diagnosis based on the electrocardiogram, invasive electrophysiologic studies use transvenous multielectrode catheters to record electrical signals directly from the cardiac muscle. These invasive techniques include electrical stimulation of the myocardium to assess functionality of the cardiac system. 


This chapter provides information on the techniques, signals, and interpretation of the 12-lead electrocardiogram and intracardiac signals used for diagnosing arrhythmias.

4.1  Principles of electrocardiography XE  "electrocardiography" 
An electrocardiograph is an instrument that measures and records the electrocardiogram (ECG), the electrical activity generated by the heart. Electrodes placed on various anatomical sites on the body help conduct the ECG to the electrocardiograph. The ECG alone is not sufficient to diagnose all abnormalities possible in the pacing or conduction system of the heart. The interpretation of the 12-lead ECG provides a differential diagnosis for many arrhythmias. 

4.1.1  The electrocardiograph

The electrical current generated by the heart is conducted through the pairs of electrodes and leads, and is amplified, recorded, and processed by the electrocardiograph. The wires connecting the pairs of electrodes on the surface of the body to the electrocardiograph are called leads. The different features and modules of a typical electrocardiograph include the protection circuitry, lead selector, calibration signal, preamplifier, isolation circuit, driver amplifier, memory system, microcomputer, and recorder or printer (Neuman, 1992). 


The protection circuit prevents any damage due to high voltages that may appear as inputs to the electrocardiograph. This is useful in situations such as when a patient is being defibrillated. The lead selector can be controlled by an operator or automated, and provides the ability to record from various combinations of the leads connected to the patient. The electrocardiograph is usually calibrated before an acquisition session by a 1-mV calibration signal which is applied to each channel recorded. The output for the calibration signal should be the same for each channel recorded.


The preamplifier stage consists of a differential amplifier XE  "differential amplifier"  with a high CMRR (common-mode-rejection ratio XE  "common-mode-rejection ratio" ). The high CMRR ensures that any potential on the patient's body that is common to both inputs of the differential amplifier is not amplified by the electrocardiograph. The preamplifier stage feeds an isolation circuit, which acts as a barrier by preventing more than 10 A of 60-Hz current flowing through the patient to ground even under the fault condition of the patient accidentally coming in contact with 120 V from the power line.

 
The input of the driver amplifier circuitry is ac-coupled and this prevents the output of further amplifier stages from saturating due to the offset in the input signal. The ECG is then filtered with an upper corner frequency (3 dB) of 150 Hz and amplified sufficiently so that it can be recorded. Modern electrocardiographs include an analog-to-digital converter (ADC) to digitize the signal. Data segments of the ECG from each lead, and other relevant information of the patient can be stored in memory. A microcomputer in the electrocardiograph also enables the operator to select leads to record, process ECG signals, perform preliminary arrhythmia analysis and other related tasks.

4.1.2 Lead systems XE  "Lead systems" 
Twelve leads usually comprise a diagnostic ECG recording: six limb leads (three bipolar and three unipolar), and six unipolar precordial leads. The instantaneous cardiac scalar voltages resulting from the electrical activity in the heart is measured in each of the 12 leads. Since the cardiac vector varies in magnitude with time over a three-dimensional space, it is important to know its presentation (i.e. appearance or projection) in each of the 12 leads of the ECG. 


Figure 4.1 shows the lead placement to acquire the 12-lead ECG. The leads can be categorized into the frontal leads (I, II, III, aVR, aVL, and aVF), and the transverse leads (V1, V2, V3, V4, V5, and V6). The frontal leads measure the projection of the cardiac vector XE  "cardiac vector"  on the frontal plane of the body. The frontal plane is parallel to the floor when lying supine. The transverse or precordial leads measure the projection of the cardiac vector on the horizontal plane, (i.e. the plane that is parallel to the floor when standing).


Leads I, II, and III of the frontal plane are bipolar. They record the differences between two points on the body. Figure 4.1 shows that lead I is measured between an electrode on the left arm (the positive electrode) and an electrode on the right arm. The three-dimensional cardiac vector projects into each of the bipolar leads, indicating the strength and direction of the instantaneous cardiac vector (Luna, 1993).
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Figure 4.1  The instantaneous cardiac vector projects into each of the leads, resulting in different morphologies. ECG sketches are that of a normal morphology. Leads V1–V6 use the Wilson’s central terminal (WCT), which is formed by the three resistor network.


Leads aVR (on the right arm), aVL (on the left arm), and aVF (on the foot) are unipolar leads XE  "unipolar leads" . They measure the potential difference on the limbs with respect to a reference point formed by the two resistors between limb electrodes (Figure 4.1). For example, lead aVR is measured between an electrode on the right arm, and a reference point formed via a resistor to the left arm and another resistor to the left foot. These leads show the cardiac vector projection on the frontal plane XE  "frontal plane" , and are amplified by about 50% (i.e. augmented) so that their amplitudes are comparable to those of the bipolar leads.


The six precordial leads, V1 to V6, are unipolar and measure the cardiac vector projection on the horizontal plane. These precordial leads are measured with respect to the Wilson central terminal XE  "Wilson central terminal"  which is formed by a three resistor network as shown in Figure 4.1. V1 and V2 are placed on the fourth intercostal space to the right and left, respectively, of the sternum. The V4 electrode is placed on the fifth intercostal space at the left midclavicular line. The V3 electrode lies between V2 and V4. Electrode V5 is placed to the left of V4 on the anterior axillary line, and V6 is placed on the same level as V5 on the midaxillary line. It is important to account for the position of these electrodes when interpreting the ECG on leads V1 through V6. The precordial leads measure the potential between each of V1 through V6 and the Wilson’s central terminal formed as shown in Figure 4.1.


The 12-lead ECG provides various viewpoints of the three-dimensional instantaneous cardiac vector that are somewhat redundant, and this is helpful in providing discriminatory information for diagnosing abnormalities in the pacing and conduction system of the heart. 

4.1.3 Cardiac vector–ECG correlation

The electrical activity due to the specialized cells in the heart results in an electric potential on the surface of the body. Each cell can be modeled by a dipole, and the superposition of the potentials from the dipoles for all of the cells in the myocardium results in a three-dimensional cardiac vector for the heart at each instant in time. The cardiac vector at each instant of time represents the net electrical activity in the heart.
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Figure 4.2  The Hexaxial system shows the orientation of the frontal plane leads. During left axis deviation (LAD), the mean axis of the QRS will be less than –30°. RAD: right axis deviation. 


Figure 4.2 shows the Hexaxial reference system XE  "Hexaxial reference system"  which is used in the diagnosis of certain abnormalities. The Hexaxial system shows the orientation of the frontal-plane leads. The various orientations of each lead result in a different projection of the cardiac vector onto that particular lead. A mean electrical axis as a function of time, during the depolarization and repolarization phases of a cardiac cycle can be calculated. For example, the electrical axis of ventricular depolarization, ÂQRS, represents the average of the instantaneous cardiac vectors during ventricular depolarization. The ÂQRS, usually lies between aVL and aVF in Figure 4.2. It is easy to diagnose left and right axis deviation, LAD and RAD respectively. In LAD, lead I is predominantly positive (i.e. R wave is positive) and both leads II and III are predominantly negative (i.e. R wave is small or absent). Both II and III must be predominantly negative, i.e. if in lead II the S wave is smaller than the R wave, LAD is not present. If lead II is equiphasic (R and S waves have equal magnitudes), then there is borderline LAD. In RAD, lead I is predominantly negative and both II and III are predominantly positive (Bennett, 1989).


Figure 4.3 shows the Einthoven triangle XE  "Einthoven triangle"  superimposed on the locus of points formed in the frontal plane by a normal instantaneous cardiac vector, the vectorcardiographic loop during one cardiac cycle. The measured ECG on each lead is a projection of the instantaneous cardiac vector. The P loop corresponding to atrial contraction, projects onto leads I, II, and III as an upward deflected wave. However, the S wave is projected onto lead III remarkably more than in leads I and II. The instantaneous orientation of the cardiac vector, and the orientation of the lead determine whether there is a positive going or negative going waveform on the lead. Thus the different leads of the 12-lead ECG show various projections of the phases in the cardiac cycle.
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Figure 4.3  For a normal ECG, the instantaneous cardiac vector projects into lead III with a more negative S wave than in lead I. The dashed line indicates how the QRS complex projects onto lead I. Shaded areas represent key segments of the ECG.

4.1.4 Characteristics of a normal ECG

In order to interpret the 12-lead ECG and use it to diagnose abnormalities, it is important to know the normal characteristics of the ECG, and understand the mechanisms underlying the generation of each segment of the ECG. Figure 4.4 shows the various fiducial points in the ECG, and typical values of the various intervals measured from the ECG. 


The P wave is caused by atrial depolarization. The duration is normally not greater than 110 ms. The normal shape of the P wave does not include any notches or peaks. It is normally positive in leads I, II, aVF, V4 to V6. It is normally negative in aVR. It can be positive, negative, or diphasic in the remaining leads. If it is diphasic, then the negative component comes after the positive component and is not excessively broad or deep. An absent P wave in the ECG may signify sinoatrial block, an abnormality in which the impulse from the SA node is not conducted to the AV node. 
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Figure 4.4  The fiducial points on a typical ECG provide diagnostic information such as the QRS width, for evaluating the pacing and conduction phases of the heart. 


The QRS complex is a general term representing activation in the ventricles and is a result of the depolarization of the ventricles. The duration is normally less than 100 ms. The Q and S waves represent negative (downward) deflections on the plot of the lead, and the R wave represents positive (upward) deflections. The Q wave comes before the R wave, and the R wave comes before the S wave. Not all of the Q, R, and S components have to be present on any particular lead. The actual QRS morphology is specified using the letters, q, Q, r, R, s, and S. An upper case letter signifies a bigger size of the wave than the corresponding lower case letter. For example, a QRS morphology consisting of a small downward deflection, followed by a large upward deflection, and then a small downward deflection would be labeled as qRs. Normally, the initial portion of the QRS complex is a narrow q wave in leads I, V6, and aVL, and a narrow r in lead V1 which may sometimes be absent. The end portion of the QRS normally has an S wave in V1, and an R wave in V6 (i.e. no downward deflection after R wave in V6). A QRS complex duration of more than 120 ms can reflect an abnormality due to intraventricular conduction. 


The T wave results from ventricular repolarization. The normal morphology of the T wave is rounded and asymmetrical. In the normal ECG it is positive in leads I, II, V3, to V6, and negative in lead aVR. The polarity may vary in leads III, V1 and V2. The polarity is positive in aVL and aVF, but it may be negative if QRS has a small amplitude. 


The S–T segment is measured from the end of QRS complex (J point) to the onset of the T wave. This segment represents the early stage of ventricular repolarization and under normal conditions is isoelectric (constant potential). It may be slightly elevated in leads I, II, III, and the precordial leads. It is normally not depressed in any lead. A marked displacement of the S–T segment signifies coronary artery disease (e.g. a marked elevation could suggest myocardial infarction).


The P–R interval represents the atrioventricular (AV) conduction time, i.e. the time required for the electrical impulse to propagate from the sinus node through the atrium and the AV node to the ventricles (which results in ventricular depolarization). The normal range of the P–R interval is 120 ms to 200 ms. This interval can vary with heart rate. 


The Q–T interval reflects the total duration of ventricular systole, and is measured from the onset of the QRS complex to the end of the T wave. Normally the Q–T interval is less than half the preceding R–R interval. Q–T lengthening may be caused by bradycardia or hypothermia. 


The U wave, which is not always recorded on the ECG, follows the T wave and usually has the same polarity as the T wave. It is recorded best in leads V3 and V4. It becomes more evident with hypokalemia, bradycardia, and age (Luna, 1993). 

4.1.5 Evaluating diagnostic criteria 

It is important to know how useful the diagnostic criteria or features (e.g. wide QRS > 120 ms) obtained from the ECG, or any other signal, are for detecting abnormalities. The sensitivity, specificity, and predictive value of a certain diagnostic criteria provide information about the discriminatory effect of the criteria.


The sensitivity of a diagnostic criterion is defined as the percentage of people with the abnormality who have the diagnostic criterion. If all subjects who have the disease manifest the criterion or feature, then the diagnostic criterion is said to have 100% sensitivity.


Sensitivity XE  "Sensitivity"  of a criterion (%) =  EQ \F(TP,TP + FN) (100) 
where TP (true positive) represents the number of subject with the abnormality who have the criterion, and FN (false negative) represents the number of subjects with the abnormality who do not have the criterion. The lower the sensitivity of the criterion, the larger the number of false negative cases. 


The specificity (SP) of a test is defined as the percentage of normal subjects who do not have the criterion for abnormality. The smaller the number of normal subjects likely to have the diagnostic criterion, the more specific the test. 


Specificity XE  "Specificity"  of a criterion (%) =  EQ \F(TN,TN + FP) (100) 
where TN (true negative) represents the number of subjects without the abnormality who do not have the diagnostic criterion, and FP (false positive) represents the number of subjects without the disease who have the diagnostic criterion. The lower the specificity the larger the number of false positive cases.


The clinician should know the significance of the diagnostic potential of electrocardiographic-based criteria by using the sensitivity, and specificity values of the criteria. 

4.2  Monitoring strategies

Some of the techniques used in acquiring information on the cardiac muscle include ambulatory ECG monitoring, exercise stress testing, and automated arrhythmia analysis. Each of these techniques are optimized to detect, record, analyze, and diagnose an abnormality in the electrophysiologic system of the heart. 

4.2.1 Ambulatory ECG monitoring

Ambulatory monitoring XE  "Ambulatory monitoring"  is a noninvasive technique used for correlating between a patient’s symptoms and the presence of arrhythmias, evaluating an antiarrhythmic drug therapy, classifying risk in postmyocardial infarction patients, and monitoring pacemaker function such as recording heart rate with different activities (Luna, 1993). Since the occurrence of abnormal cardiac electrical behavior may occur sporadically or in response to certain stimuli, it is important to record the ECG over long periods of time. 


Holter recording XE  "Holter recording"  is a technique for acquiring a continuous ECG. Magnetic tape, and more recently solid-state memory is used to store recordings of the ECG. In the former technique the signal is stored on tape in analog form (frequency-modulated systems are also used), and in the latter case digital compression algorithms may be used to store long-term digital data on a limited memory bank. Modern Holter systems provide sophisticated static RAM technology which can store data recorded over many days. Two ECG leads are often used to ensure an accurate interpretation of the ECG. The recorder is small, lightweight, and acceptable for the patient to wear. Holter monitors can acquire and process the ECG in real time. Current ambulatory monitors can make recordings for several days.


Analysis of the 24‑h tape requires 30 to 60 min to obtain information of arrhythmias and S–T‑segment changes. A report of a compressed version of the ECG is usually available for the clinician to validate the automated results given by the monitor. Modern scanners include features to provide a tabulated summary of relevant data, and record and analyze the Q–T interval variability over a long period. Luna (1993) shows that the variability of the Q–T interval in postmyocardial infarction patients can be useful to stratify risk of malignant ventricular arrhythmias. 


Holter recording is useful for patients who have transient symptoms which suggest a cardiac abnormality. Many patients with a variety of symptoms such as palpitations, dizziness or syncope (transient loss of consciousness), a previous ischemic stroke, and chest pain are diagnosed with Holter recordings. Holter recordings are used to correlate the patient’s symptoms with the presence of arrhythmias. Patients wearing Holter monitors usually keep a record of activities and times when their symptoms occur, so that the activities may be correlated with the ECG recording. 


Holter monitoring provides a method to document the electrophysiologic mechanisms of arrhythmias. Luna (1993) reports a study of 200 Holter monitor tapes of patients who died while being monitored, i.e. an arrhythmia resulted in sudden death. Ventricular tachycardia was the cause of sudden death in 80% of the cases, and bradycardia accounted for the remaining 20% of the cases. Holter monitoring is also used to document pacemaker function and record changes in heart rate with different activities. It can also be useful to detect any malfunctions in the pacemaker pacing or sensing functions. Current ambulatory monitors include a separate channel for recording the pacing stimulus, and can automatically provide information concerning failure to capture, failure to sense, failure to generate an impulse, and percent of beats paced. Even though these features are currently reliable for single-chamber pacemakers, additional work needs to be done for the automatic evaluation of dual-chamber pacemakers analysis (Greenspon and Waxman, 1992).

4.2.2 Exercise stress testing

Exercise stress testing XE  "Exercise stress testing"  is used to evaluate the cardiovascular response (changes in blood pressure, heart rate, and O2 consumption) to exercise. It is useful in the diagnosis and evaluation of ischemic heart disease, and the assessment of cardiac arrhythmias. 


 The heart extracts 70% of the oxygen carried by the blood flowing through the myocardium. During exercise, an increase in myocardial oxygen demand must be matched by an increase in coronary blood flow, otherwise ischemia will result. In the presence of ischemic heart disease (IHD), coronary blood flow cannot increase adequately to meet the demands of the myocardium for O2. This results in ischemia and may be manifested by pain (angina), changes in the ECG S–T segment, ventricular dysfunction, or arrhythmias (Heger et al., 1993).


Exercise capacity is described using the “double product,” the product of heart rate and blood pressure. The exercise testing methodology is designed to produce an increase in heart rate to 85% to 90% of the statistical maximum for the patient’s age and sex. The exercise testing is carried out in a suitable temperature, in an environment equipped for cardiorespiratory emergencies. A bicycle or treadmill is used, and the Bruce or Ellestad protocols are the ones most widely used. The exercise protocols involve multiple stages of increments in intensity of exercise, over minimal intervals of three minutes. Patients are monitored for symptoms such as precordial pain, and hemodynamic changes. The 12-lead ECG is acquired with the patient supine, and standing prior to the test, during each step in the exercise protocol, immediately following the exercise, and at 2-min intervals after the exercise for 10 min (Heger et al., 1993; Luna, 1993). 


S–T segment changes are the most reliable ECG diagnostic criteria of myocardial ischemia. S–T segment changes during the exercise test is due to an intracellular potassium loss resulting from an imbalance between the myocardial O2 supply and demand. The S–T segment changes can be isoelectric, junctional (near the J point of the ECG), a horizontal depression, down-sloping, slow rising, or elevated. A marked horizontal or down-sloping S–T segment below the isoelectric line and which persists for 80 ms is interpreted as a positive test. The depth of the S–T segment depression correlates roughly with the extent of the coronary artery disease. The interpretation of the exercise test should take into account the workload of the exercise, the heart rate and blood pressure response, and the presence or absence of arrhythmias or symptoms. False positive and false negative results are possible during situations of left bundle branch block, left ventricular hypertrophy, Wolff–Parkinson–White syndrome, and changes due to digitalis (Heger et al., 1993; Luna, 1993).


The most important indications for exercise stress testing are for precordial pain, an early diagnostic of ischemic heart disease, and evaluation of a therapy (such as pacemakers) for arrhythmias. In patients with coronary artery disease without heart failure, exercise stress tests are important in that ECG changes provide the information about the course of the disease. Exercise testing has limitations as a diagnostic method. Besides the false result possibility mentioned earlier, death, ventricular fibrillation, myocardial infarction, or serious arrhythmias could occur during the exercise (Luna, 1993). 

4.2.3 Computer analysis of the ECG

Over the past few years there has been an increased trend toward processing of electrocardiogram (ECG) data by microcomputers. Many systems have been designed and implemented to perform signal processing tasks such as 12-lead off-line and real time ECG analysis, Holter tape analysis, and real time patient monitoring. All of these applications require an accurate detection of the QRS segment of the ECG. A few of the techniques that have been developed to process the ECG include QRS complex detection, signal averaging, and S–T-segment analysis.

QRS detection XE  "QRS detection" 
There are many QRS detection algorithms reported in the literature. One example is the real-time QRS detection algorithm developed by Pan and Tompkins (1985) and further described by Hamilton and Tompkins (1986). It recognizes QRS complexes based on analyses of the slope, amplitude, and width. 


The ECG signal is passed through a bandpass filter in order to attenuate noise. The bandpass filter passes the QRS energy centered at 10 Hz, and attenuates the low frequencies characteristic of P and T waves, and baseline drift, and also attenuates the higher frequencies associated with electromyographic noise and power-line interference. Differentiating the bandpassed ECG signal results in the QRS complex being distinguished from the other ECG waves. A nonlinear squaring transformation of the differentiated, bandpassed ECG serves to accentuate the high frequencies associated with the QRS complex. The squared waveform then passes through a moving window (about 150 ms long) integrator. Adaptive thresholds are applied to the output of the moving window integrator, and the differentiated ECG itself resulting in preliminary detection of the QRS complex. 

Signal averaging XE  "Signal averaging" 
Life-threatening ventricular arrhythmias following myocardial infarction are most often due to re-entry of a slow and fractionated wavefront in the ventricle. Studies performed on electrograms from the border zone between normal and infarcted myocardium show that these areas depolarize late, reflecting slow conduction. Thus abnormal, fragmented electrical activity is due to the slow inhomogeneous conduction in this zone. These fragmented electrical signals were recorded in patients with sustained ventricular tachycardia. These electrical signals, the late potentials, occur after the QRS complex or in the S–T segment of the surface ECG as low-amplitude, high-frequency signals. Signal averaging of the ECG is used to record these late potentials.


Signal averaging involves selecting a normal cardiac cycle as a template, comparing subsequent waveforms with the template, and averaging subsequent waveforms which are normal. As more beats are averaged the noise in the ECG is minimized. After signal averaging, the averaged waveform is high-pass filtered at about 40 Hz to remove the S–T segment and the T wave, and thus the late potentials are enhanced.


Computer processing of the signal-averaged ECG involves computing the QRS duration, mean square root voltage of the last 40 ms (MSR), and the duration of the low-amplitude signal (LAS) (amplitude less than 40 µV). A QRS duration greater than 110 ms, MSR less than 20 µV, and LAS greater than 38 ms is considered a positive test for late potentials (Macfarlane and Lawrie, 1989). 


Frequency analysis is also performed to characterize the ECG near the QRS complex. Studies have demonstrated an increase in high-frequency components, 20 to 50 Hz, of the signals from ventricular tachycardia patients compared to that from normal patients. Frequency-domain techniques may demonstrate the presence of late potentials in situations when time-domain techniques are not useful such as when bundle branch block is present (Macfarlane and Lawrie, 1989; Luna, 1993).

S–T segment analysis XE  "S–T segment analysis" 
Tompkins (1993) reports on techniques used in biomedical digital signal processing. It is important to design signal processing algorithms to make measurements of any changes in the S–T segment. 


Weisner et al. (1982) designed a microprocessor​-based device for analyzing the S–T segment. Any efficient technique is used to detect the approximate location of the QRS waveform. The R wave is then defined as the maximal value within 60 ms of the QRS detection mark. The Q wave is the first inflection point before the R wave. An inflection point is detected by a change in the sign of slope, zero slope, or a significant change in slope. The S point is located as the first inflection point after the R wave. A Hanning digital filter can be applied to smooth noisy ECG data before calculating the slope. By searching between the P and Q waves for a 30‑ms  interval of zero slope, the isoelectric line of the ECG can be located and measured. Measurements of the QRS duration, R peak magnitude relative to the isoelectric line, and the R–R interval can then be obtained.


The T point is defined at the onset of the T wave. The J point is the first inflection point after the S point, or may be the S point itself in certain ECG waveforms. The T point is found by first locating the T wave peak (the maximal absolute value, relative to the isoelectric line, between J + 180 ms and R + 400 ms). If a noisy signal does not permit the T point to be found, the upper search limit sample point is used. The T point is then found by detecting a 35‑ms period on the R side of the T wave which has values within one sample unit of each other. If the T point cannot be detected it defaults to J + 120 ms.


With these ECG features, S–T segment measurements can be made by a windowed search method. Two boundaries, the J + 20 ms and the T point define the window limits. The point of maximal depression or elevation in the window is then identified. S–T-segment levels can be expressed as the absolute change relative to the isoelectric line. The S–T slope is defined as the amplitude difference between the S–T-segment point and the T point, divided by the corresponding time interval. The S–T area is also calculated by summing all sample values between the J and T points, after subtracting the isoelectric line from each point. A S–T index is calculated as the sum of the S–T segment and one-tenth of the S–T slope.


Based on the S–T segment measurements obtained in the above analysis, changes in the blood supply to the myocardium can be analyzed.

4.3  Intracardiac electrophysiologic techniques

Techniques for recording from and stimulating specific sites within the heart have been developed. The ability to record the electrical activity from the sinus node, His bundle, and right ventricle, and perform endocardial cardiac mapping and programmed electrical stimulation have improved remarkably. Intracardiac electrocardiographic techniques are useful in the diagnosis and the management of arrhythmias. Diagnosis based on the surface ECG has been greatly supplemented because of the correlation with data available from intracavitary studies.

4.3.1 His bundle electrogram

The His bundle electrogram XE  "His bundle electrogram"  (HBE) helps in determining the location of atrioventricular block. It can also provide additional discriminatory information in addition to that available from the 12-lead ECG, to diagnose abnormalities. The His bundle electrogram XE  "electrogram"  can be obtained by an invasive procedure, or it can be acquired by processing the surface ECG.


The Scherlag technique XE  "Scherlag technique"  (Scherlag, 1969), uses an easy, reproducible method for acquiring the HBE invasively. A catheter, with bipolar electrodes, is inserted through the femoral vein and strategically placed near the tricuspid valve, which is near the His bundle area. Figure 4.5 shows the various locations where catheters can be placed within the heart to record from the atria and ventricles. By noting the electrical activity at different sites within the heart it is possible to note the conduction times within the conduction system of the heart. This is known as endocardial mapping, and abnormal or normal activation of the heart can be determined from this procedure. Recording electrical activity in the right atrium and right ventricle is easy since the catheter can access these locations. However, to record activation in the left atrium a catheter can be inserted into the carotid sinus and this provides access to the posteroinferior (towards the back and towards the bottom) part of the left atrium.
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Figure 4.5 Catheters within the atria and ventricles provide access to specific locations from which to measure electrical activity. The A–H interval is a relatively accurate measure of conduction through the AV node. The H wave is a result of the His bundle activation.  III: lead three of the surface ECG; HRA: electrogram from the upper right atrium; HBE: electrogram from the His bundle near the top of right ventricle. 

Figure 4.5 shows a typical signal that can be recorded from an intracavitary study. The HBE shows the A, H, and V waves. The A wave is a result of atrial activation in the area of the septum close to the AV node. The A wave is coincident with the middle portion of the P wave of the surface ECG. The H wave is a result of the His bundle activation and can be a small biphasic or triphasic deflection occurring during the isoelectric portion of the P–R segment of the ECG. The V wave is a result of the activation of the ventricles, and this coincides with the QRS complex (Helfant, 1974). 


Figure 4.5 shows a signal from the high right atrium (HRA) with a P wave that coincides with the onset of the P wave on the surface ECG. Thus it is possible to measure the conduction time within the atria, by measuring the time from the P wave on the HRA to the A wave on the HBE. The P–R interval of the ECG can be split into the P–A, A–H, and H–V intervals. The P–A interval is measured from the onset of the P wave on any surface ECG (or HRA) to the beginning of the A wave. The A–H interval is measured from the onset of the A wave to initial deflection of the His bundle activation in the HBE. This interval is a relatively accurate measure of conduction through the AV node. The H–V interval is measured from the onset of the H wave to the onset of the V wave or any manifestation of ventricular activity on the ECG. This interval is a measure of the time of conduction through the His bundle, bundle branches, major fascicles and Purkinje fibers. Figure 4.6 shows typical values of each of these intervals. 

	Basal HR
	Conduction time (ms)



	bpm
	P–R
	P–A
	A–H
	H–V

	64 ± 15
	154 ± 19
	37 ± 11
	78 ± 18
	37 ± 5

	77 ± 13
	162 ± 19
	27 ± 9
	92 ± 19
	43 ± 6

	67 ± 10
	172 ± 11
	43 ± 14
	88 ± 21
	41 ± 4


Figure 4.6 The P–R interval on the surface ECG can be segmented into the P–A, A–H, and H–V intervals measurable from the HBE. The H–V interval measures the time of conduction through the His bundle, bundle branches, major fascicles and Purkinje fibers. bpm: beats per minute (Helfant, 1974).


It is possible to detect a beat blocked at the AV node by noting if there is an A wave with no accompanying H wave. A beat blocked below the AV node in the lower segment of the His bundle, or the fascicles below it, is seen as an A wave accompanied by an H wave but with no V wave. It is important to analyze multiple surface ECG leads along with the intracavitary electrograms in order for accurate measurements of the intervals to be made in situations when a particular cardiac activation is isoelectric in one lead of the surface ECG.


The His bundle activation can also be detected by processing the surface ECG. Averaging a sequence of cardiac cycles, which have been aligned to a fiducial point (such as the R wave), results in random noise in the signal being attenuated and the signal of interest, the His bundle signal enhanced. There are limitations to this approach in patients with irregular rhythms or changing AV conduction times. Another approach utilizes a beat-by-beat approach in which averaging is performed on five simultaneous sampling, nearby sites, resulting in a real-time on-line signal. Further processing is performed and the average is computed only if not more than one of the five sampled channels is out of phase with the rest. The resultant waveform then includes the His–Purkinje related signal (Macfarlane and Lawrie, 1989). 


Utilizing an esophageal pill electrode the electrogram from the atrium can be recorded and atrial pacing can also be performed. Burack and Furman (1969) reported a case study in which a patient was paced in an asynchronous fixed-rate pacing mode for 36 h, and then paced in the demand pacing mode for 24 h. A transvenous electrode, 58 cm long, was passed through the nose into the esophagus, and was placed posterior to the left ventricle about 4 cm above the esophageal–gastric junction. This technique can also be used in the case of a patient who cannot perform the exercise stress test protocol. The esophageal electrode is used to pace the left atrium and increase the heart rate (Heger et al., 1993).

4.3.2 Programmed electrical stimulation XE  "Programmed electrical stimulation" 
In order to study the factors that initiate, terminate and sustain ventricular tachycardias (VT), it is important to reproduce these as reliably as possible. Using programmed electrical stimulation (PES), it is possible to initiate clinical tachycardia in patients who have the arrhythmia spontaneously. The therapy for the induced arrhythmia depends on the medical history of the patient. 


PES was initially used to study the mechanisms of clinical arrhythmias. For example, re-entry was found to be the operative mechanism of recurrent sustained ventricular tachycardia. The activation pattern of the arrhythmias can be mapped using endocardial and epicardial catheter recordings, and the site of origin of the arrhythmia identified. Further studies in the area demonstrate that PES can be used to select antiarrhythmic drugs for therapy, but this is not often reliable. The ability to induce the clinical arrhythmia allows the activation sequence during the VT to be recorded and analyzed, and the influence of drugs on the VT to be studied (Greenspon and Waxman, 1992). 


PES involves stimulation of the heart muscle, usually at the right ventricle apex. Studies in the literature show that performing PES at a second site in the right ventricle might help to induce VT. The North American Society of Pacing and Electrophysiology recommends a protocol involving a pulse duration of 1.5 to 2 ms, at twice the diastolic threshold, with up to three extrastimuli (Greenspon and Waxman, 1992).


Different ventricular arrhythmias can result from PES. The induced arrhythmias are classified according to their duration and morphology. A sustained (greater than 30 s) VT is one with a rhythm faster than 100 bpm. A monomorphic VT is one with a constant morphology, whereas a polymorphic VT is one where the morphology changes frequently. Monomorphic arrhythmias suggest that there is only one arrhythmic focus that has a stable entrance and exit site.


PES is increasingly being used in clinical studies. Based on PES studies patients are selected for antitachycardia pacing, automatic implantable defibrillators, and surgical ablative techniques. 

4.4  Arrhythmias from the sinus node

The SA node, under normal conditions, acts as the heart’s natural pacemaker by generating impulses at a rate of about 60 to 100 times/min in most adults at rest. The SA node is affected by the parasympathetic and sympathetic nervous system, hormones, medication, and other pathologic factors. A normal sinus rhythm is one in which the heart beats at a regular rate due to the impulse which is generated in the SA node and propagated through the normal conduction system of the heart. Any abnormalities in the SA node result in an ECG morphology different from that in normal sinus rhythm. Some of these abnormalities may warrant the use of an implanted pacemaker as a therapy and include sinus bradycardia, sinus tachycardia, SA block, sinus arrest, and sick sinus syndrome. Figure 4.7 provides a summary of some of the characteristics of the surface ECG used in diagnosing between abnormalities in the SA node. 

	
	Diagnostic criteria

	Type
	HR (bpm)
	P–R (ms)
	Morphology
	Particulars

	Brad.
	< 60
	N
	P:N; QRS:N
	Low HR

	Tach.
	> 100
	Sh/Lo 
	P:N; QRS:N
	–

	Block

2˚
	N, varies
	N
	P:dropped

sometimes
	PP: (shortens beat dropped)/(related to cardiac cycle)

	Arrest
	N, varies
	N
	P:N; QRS:N
	Abrupt stop of rhythm

	SSS
	Diagnostic criteria related to the particular abnormality.


Figure 4.7  Diagnostic criteria for differentiating between arrhythmias of the sinus node. The diagnostic criteria may differ if concurring with another arrhythmia. Brad: bradycardia; Tach: tachycardia; SSS: sick sinus syndrome; HR: heart rate; N: normal; Sh: short; Lo: long; /: or.

4.4.1 Sinus bradycardia XE  "Sinus bradycardia" 
In sinus bradycardia the heart rate is less than 60 bpm. This heart rate is the distinguishing criteria from normal sinus rhythm. The impulse is generated in the sinus node, and is propagated through the normal conduction system of the heart. 


Sinus bradycardia may be seen in healthy adults who have exercised regularly during their life and thus have increased cardiac muscle tone. Increased parasympathetic activity, certain types of medication, and organic disease of the heart also result in sinus bradycardia. 


The distinguishing feature from the surface ECG is the lower heart rate. The morphology of the different components in the ECG are the same as that for normal sinus rhythm. Figure 4.8 shows an ECG tracing of sinus bradycardia.


Diagnostic criteria: The rate is less than 60 bpm; rhythm is regular; P–R interval is normal; all P waves have the same shape and are upright in leads I, II, aVF, and V4 to V6; QRS complex is normal, but may be different due to other abnormalities (Conover, 1986).


Because of the lower heart rate, the cardiac output may decrease and this results in a lower supply of blood to the brain and other organs of the body. If the heart rate is not very low in this arrhythmia, then the patient will not have any major symptoms. However, if the heart rate is very low, symptoms that are common to marked low cardiac output are observed. These symptoms include dizziness, weakness, chest pain and pressure, shortness of breath, low blood pressure, and lower pulses detectable at the limbs.


 EMBED Word.Picture.8  


Figure 4.8  The top trace manifests bradycardia, i.e. a slower heart rate, as compared to the bottom graph showing tachycardia. 5 big boxes = 25 small boxes = 1 s. From Chou, T. C. 1986. Electrocardiography in clinical practice. 2nd Ed. Grune & Stratton.


If the symptoms are persistent and the patient cannot tolerate them, then treatment is warranted. Medication is reduced if it caused the bradycardia, or administered to increase heart rate. A temporary pacemaker is often used when there has been damage to the cardiac muscle such as with acute myocardial infarction. If the symptoms do not disappear then a permanent pacemaker is required (Catalano, 1993).

4.4.2 Sinus tachycardia XE  "Sinus tachycardia" 
Sinus tachycardia results when the SA node generates impulses at a rate greater than 100 bpm, and these impulses are propagated through the normal conduction system of the heart. 


Physical activity, fever, and anxiety are some of the events that result in sinus tachycardia. Medications that affect the heart directly, or via the central nervous system also cause sinus tachycardia. Hormones such as thyroid cause increased heart rate. Damage to the cardiac muscle due to infarction, heart disease, and infection also cause sinus tachycardia (Catalano, 1993). 


The surface ECG manifests a normal morphology with heart rates above 100 bpm. The increase in heart rate (or decrease in the R–R interval) in most cases results from the decrease of the T–P interval, although it is possible to have a shortened or lengthened P–R interval (Chou, 1986). Figure 4.8 shows an ECG tracing of sinus tachycardia.


Diagnostic criteria: The rate is greater than 100 bpm; the rhythm is regular; the P–R interval may be normal, very long or very short due to other pathologies; all P waves have the same morphology, and are upright in leads I, II, aVF, and V4 to V6; QRS complex is normal, or wide due to other abnormalities (Conover, 1986). 


Patients with sinus tachycardia for a few days are prone to heart failure because the heart muscle does not have a chance to rest. If the tachycardia is intermittent the patient usually does not have any symptoms. At a heart rate greater than 160 bpm, the cardiac output begins to decrease, and patients begin to have symptoms such as chest pain, chest pressure, shortness of breath, occasional palpitations, low blood pressure, or a fluttering feeling in the chest (Catalano, 1993).


Treatment is required to reduce the heart rate until good cardiac output is obtained. The cause of the tachycardia (fever, anxiety, exercise) should be alleviated.

4.4.3 SA block

SA block XE  "SA block"  results when the impulses generated at the SA node are either delayed or not conducted to the AV node. The block can be classified into first, second or third degree block, depending on the degree of abnormality in the impulse transmission.


The electrical activation of the SA node does not show up as a deflection on the surface ECG leads. Thus in first-degree SA block it is not possible to diagnose this arrhythmia directly from the surface ECG, but there is a delay in the conduction of the impulse from the SA node to the AV node. In second-degree AV block there is a larger delay in the conduction of the impulse from the SA node and this is detectable on the surface ECG. In second-degree SA block type I, there is progressive shortening of the P–P interval in the conducted beats before an impulse is not conducted and a beat is dropped. This is due to increasing delays near the sinus node. In second-degree SA block type II, impulses are not conducted from the SA node, and thus the P–P interval is a multiple of the basic normal sinus rhythm. For example, during 2:1 second-degree block of type II, every other impulse of the SA node results in a QRS complex and thus this arrhythmia is difficult to differentiate from sinus bradycardia.


Third degree SA block results when the impulses generated at the SA node are not conducted to the AV node. This situation is not differentiable from sinus node arrest using the surface ECG. P waves are absent because atrial depolarization does not occur, and the patient depends on the activity of another pacemaker in the cardiac pacing system such as from the AV junctional area. Figure 4.9 shows the different manifestations of SA block.
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Figure 4.9  The sinus node activation does not appear on the ECG. The vertical lines indicate sinus node activation instants. During 1˚ SA block there is a delay between sinus node activation and atrial activation. During 2:1 SA block the abnormality cannot be distinguished from sinus bradycardia. In third degree block only the ventricular escape rhythm is recorded. From Chou, T. C. 1986. Electrocardiography in clinical practice. 2nd Ed. Grune & Stratton.

Diagnostic criteria: The rate is normal but it varies because of pauses; the rhythm is irregular; P–R interval is normal; QRS complex is normal but may change as a result of other pathologies; in type I block, P–P intervals shorten until a P wave is dropped and the resulting pauses are twice the shortest cardiac cycle; in type II block the P–P intervals are a multiple of the cardiac cycle (Conover, 1986; Chou, 1986). 


Patients do not have any symptoms if the blocks are transient. In more persistent cases patients complain of skipped beats. If the pauses between two heart beats are 3 s or more, patients may begin to feel dizzy, weak, chest pressure or pain, or even have a transient syncope XE  "syncope" . If the patient had a recent myocardial pathology then the patient should be monitored (Catalano, 1993). 


Treatment is warranted in situations when the blocks are severe and persistent and there is hemodynamic compromise. If medication caused the arrhythmia then the dosage is reduced. Atropine IV is used to stimulate the SA node and to improve the conduction through the atria. If the block is caused by myocardial infarction then a temporary pacemaker is used until injury due to the infarction is healed. If the sinus block appears to be a permanent condition, and symptoms attributable to bradycardia are persistent, then an implantable pacemaker is mandated (Catalano, 1993). Studies in the literature report that sudden death due to bradyarrhythmia were more related to depressed automaticity and (or) SA block than to AV block (Luna, 1993). 

4.4.4 Sinus arrest

Sinus arrest XE  "Sinus arrest"  occurs when the SA node ceases activity and does not generate the impulses necessary to maintain a minimal rate. In this situation subsidiary pacemakers within the natural pacing system (AV junction or ventricles) take over and result in a heart beat, i.e. an escape rhythm is generated.


Since the sinus node does not generate an impulse in this abnormality, the surface ECG does not manifest a P wave, or P–R interval. There is a long pause in the ECG until a subsidiary pacemaker generates an impulse that causes a heart beat. A slower rhythm is then generated by the escape rhythm from a pacemaker in the AV junction or ventricles. Sinus arrest should be differentiated from SA block. Pauses in sinus node activity of up to 2.0 s due to high vagal tone may be found in fit, young people (Bennett, 1989). Figure 4.10 shows a prolonged period of sinus arrest.
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Figure 4.10  The ECG shows periods of sinus arrest. AV block is also present. From Chou, T. C. 1986. Electrocardiography in clinical practice. 2nd Ed. Grune & Stratton.

Patients with sinus arrest may have serious symptoms when the pauses in the ECG are long (3–9 s), and frequent. The symptoms are similar to those for low cardiac output. The patient may feel dizzy, lightheaded, weak and may have episodes of transient syncope (Stokes–Adams syndrome XE  "Stokes–Adams syndrome" ). Shortness of breath, chest pressure or pain, low blood pressure, and weak irregular pulses are also manifested (Catalano, 1993). 


Diagnostic criteria: The rate is normal, but it varies due to the pauses; the rhythm is irregular; all P waves, when present have the same shape; QRS complex is normal unless other pathologies are present; there is an abrupt interruption of the sinus rhythm. The P–P interval between the pause has no fixed relationship to the normal P–P interval (Chou, 1986; Conover, 1986). 


Some patients may have no symptoms and very little hemodynamic compromise due to sinus arrest. However, there is the potential for sinus arrest to develop into asystole (no activity in the cardiac muscle). Thus these patients should be monitored if not treated. In other patients who manifest symptoms, dosage of medication which may have induced the arrhythmia should be reduced. Medication to stimulate the sinus node is administered to increase SA activity. If the sinus arrest is caused by cardiac disease, such as that of the coronary arteries or acute infection, then a permanent demand pacemaker is implanted (Catalano, 1993; Conover, 1986).

4.4.5 Sick sinus syndrome XE  "Sick sinus syndrome" 
On the surface ECG the sick sinus syndrome (SSS), manifests itself as severe sinus bradycardia, sinus arrest, SA block, bradycardia alternating with tachycardia i.e. tachy–brady syndrome, chronic atrial fibrillation which continues even after cardioversion, and AV junctional escape rhythm (Chou, 1986). AV junctional escape rhythm results when a pacemaker in the His bundle triggers a heart beat if the SA impulse is abnormally impeded.


Twenty-four-hour ambulatory ECG recordings are often used to obtain diagnostic information of episodes of bradycardia or tachycardia. If symptoms and rhythm disturbances are infrequent, then intracardiac electrophysiological testing may be helpful (Bennett, 1989). Sinus bradycardia and tachycardia are normal during sleep and physical exertion, respectively.


Diagnostic criteria: The rate is either fast or too slow; the rhythm is irregular; the P–R interval may be abnormal; the QRS complex is normal although other pathologies may prolong it; distinguishing features may include severe sinus bradycardia, sinus arrest, atrial standstill, SA block, sinus bradycardia with recurring atrial fibrillation, bradycardia–tachycardia, transient asystole following tachycardia or cardioversion, paroxysmal atrial fibrillation, or inability of sinus node to accelerate in response to exercise (Conover, 1986).


Intracavitary electrophysiologic studies of the sinus node function and sinoatrial conduction time are performed to diagnose and select therapy for patients. The sinus node can be suppressed if artificially stimulated at rates higher than its intrinsic rate. The sinus node recovery time is the time between the last artificial pacing of the sinus node and the first spontaneous firing of the sinus node. The sinoatrial conduction time can be measured directly using the sinus node electrogram, which records the electrical activity close to the sinus node, and the atrial electrogram which records atrial activity (Macfarlane and Lawrie, 1989). The criteria of sinus recovery time and sinoatrial conduction time are sensitive, but not specific to SSS. More than 40% of pacemakers implanted are due to SSS (Luna, 1993). 


Patients with SSS have symptoms, and are treated, according to the particular type of the arrhythmia. Medications that increase the heart rate (for a bradycardia condition) would tend to increase the heart rate of the tachycardia condition in a tachy–brady syndrome. For tachy–brady syndrome, an effective treatment is to administer cardiac depressant medications that control the supraventricular tachycardia and then implant a permanent demand artificial pacemaker to maintain a minimal heart rate (Catalano, 1993). 

4.5  Atrioventricular block XE  "Atrioventricular block" 
In atrioventricular (AV) block the impulses generated at the SA node are either delayed or blocked in the conduction pathway between the AV node and the ventricles. A first-degree block results in a delay of the conducted impulse, a second-degree block results in intermittent or periodic impulses being blocked, and a third-degree block results in a complete block of the impulse from the SA node to the ventricles. These delays in the conduction of the impulse are manifested on the surface ECG and the His bundle electrogram by increases in certain intervals. Figure 4.11 describes some of the features of the surface ECG used in diagnosing AV block.

	
	Diagnostic criteria

	Type
	HR (bpm)
	P–R (s)
	Morphology
	Particulars

	1˚
	N
	> 0.2
	P: N; QRS:N
	P followed by QRS

	2˚, I
	N
	Increases until blocked
	P: N/blocked

QRS: N
	R–R with block is shorter than twice P–P

	2˚, II
	N
	N
	P: (N/block)

QRS:

  (N/broad)
	P–R interval fixed,

dropped beats

	3˚
	< 60 
	–
	P: regular

QRS: narrow

   or broad
	P and QRS are not associated


Figure 4.11  Diagnostic criteria for differentiating between arrhythmias of AV block. The diagnostic criteria may differ if concurring with another arrhythmia. HR: heart rate; N: normal; P: P wave of ECG; R–R: R–R interval of ECG; P–P: P–P interval of ECG; H–V: H–V interval of HBE; /: or.

4.5.1 First-degree AV block

During first-degree AV block the impulse from the SA node is delayed as it travels to the atrial conduction system. The P–R interval reflects the conduction time of the impulse through the AV conduction system, and with AV block is greater than 210 ms. 


Thus all the P waves on the surface ECG have an associated QRS complex following it. In most situations, the delay occurs in the AV node, but rarely does it occur within the atria or bundle of His (Bennett, 1989). This is validated from the HBE which also gives a more precise location of the block. The delay in the AV node shows up as a prolongation in the A–H time of the HBE. Very rarely is the P–A interval (conduction time between SA node and AV node) prolonged (Helfant, 1974). Figure 4.12(a) shows an ECG trace manifesting first-degree AV block. 

(a)

(b)

(c)

(d)

Figure 4.12  (a) First-degree AV block. (b) Type I second-degree AV block with the Wenckebach phenomenon. (c) Type II second-degree AV block. (d) Third-degree AV block. From Chou, T. C. 1986. Electrocardiography in clinical practice. 2nd Ed. Grune & Stratton.

Diagnostic criteria: The rate depends on the SA node and is normal; rhythm is regular; QRS complex is normal; the P–R interval is greater than the normal value of 200 ms; each P wave is followed by a QRS complex. 


First-degree AV block by itself does not cause patients to have any symptoms, and is not usually treated (Catalano, 1993). However if the arrhythmia is associated with myocardial infarction the situation could progress to a higher degree block. The patient needs to be monitored in these situations. If the patient has persistent symptoms (due to a coexisting abnormality) then medication is prescribed. If the H–V interval is between 55 ms and 75 ms, a pacemaker should be used on patients with persistent symptoms. If the H–V interval is greater than 75 ms, a pacemaker must be used (Macfarlane and Lawrie, 1989).

4.5.2 Second-degree AV block, Type I

In type I second-degree AV block (Mobitz I), there is an increase in the delay at the AV node for each consecutive heart beat until the impulse from the SA node is not conducted. This sequence of incremental delays may be persistent or intermittent. 


The incremental delays at the AV node are manifested on the surface ECG as consecutive beats with increasing P–R intervals, with conduction of the impulse to the ventricles, until one beat is not conducted and results in a P wave without its associated QRS complex. This is known as the Wenckebach phenomenon. The periodicity of the beats is usually given by two numbers (e.g. 4: 3 means 3 P waves in every 4 are conducted). 


After the nonconducted beat, the AV conduction recovers and the sequence starts again with the first beat having a normal P–R interval. The increment in the P–R interval in the subsequent (second conducted) beat is usually the largest (Chou, 1986; Bennett, 1989). The following conducted beats also have prolonged P–R intervals but not with increments as large as the second conducted beat. 


The SA node provides impulses at regular intervals independent of conduction abnormalities in the AV node. Since the P–R interval progressively prolongs, the corresponding R–R interval shortens. This happens due to the consistent rate of the P wave, and the increasing P–R interval, which results in a decreasing R–R interval. Similar reasoning explains the R–R interval containing the blocked P wave being shorter than the sum of two P–P intervals. This situation is not always noticeable since sinus arrhythmia and parasympathetic activity change the SA rate and P–R interval. Figure 4.12(b) shows an ECG trace manifesting type I second-degree AV block. 


The HBE reveals progressive prolongation in the AH interval if the block is at the AV node (Helfant, 1974). Sometimes the block can occur in the His bundle and then the H wave in the HBE is split. The split in the H wave of the HBE progressively lengthens until a beat is blocked and then the A wave is followed by only one part of the split H wave (Chou, 1986).


Diagnostic criteria: Progressive lengthening of the P–R interval until a P wave is blocked; shortening of the R–R interval until a P wave is blocked; the R–R interval containing the blocked P wave is shorter than twice the P–P interval; the rate is normal; rhythm is irregular; P–R interval > 200 ms; QRS complex is normal (Conover, 1986). 


Patients who have a slow heart rate and then present this arrhythmia complain with symptoms related to low cardiac output, such as dizziness, weakness, transient syncopal (fainting) events, chest pressure or pain, slow irregular pulse, and a low blood pressure. A patient might sometimes feel a “skipped beat” when the blocked beat occurs. 


If the arrhythmia is transient there is no specific treatment. In more persistent cases medication may be administered, and in drastic cases (as in when the HV interval is greater than 75 ms), a permanent demand pacemaker is prescribed (Macfarlane and Lawrie, 1989; Catalano, 1993).

4.5.3 Second-degree AV block, Type II

Type II second degree AV block (Mobitz II) is less common than type I and usually involves abnormal conduction in the His bundle or the bundle branches. 


In second degree block there is intermittent failure of conduction of the impulses to the ventricles, and this is manifested on the surface ECG as P waves without its associated QRS complex. The abnormality lies in the His bundle or bundle branches as compared to in the AV node as with first-degree AV block. If the block is in the bundle branches the QRS complexes are broad (Bennett 1989; Chou, 1986). Figure 4.12(c) shows an ECG trace manifesting type II second-degree AV block. 


A block can be in the His bundle itself, in which case the QRS complex is narrow.  The HBE then shows the A and H waves following the P wave of the ECG. It is also possible to have conduction abnormalities within the His bundle (Helfant, 1974).


Diagnostic criteria: The rate is normal; the rhythm is irregular; P–R interval is normal (120 - 200 ms), fixed and consistent, but some P waves are not conducted; the QRS complex may be broad if the conduction defect is in the bundle branches (Chou, 1986; Conover, 1986).


Symptoms that patients complain of depend on the heart rate, and vary from lethargy to more severe cases such as respiratory arrest. Second degree, type II, block is treated immediately since it is associated with sudden death and slow ventricular rates (Bennett, 1989). Medication may be administered to increase the SA rate, a temporary pacemaker may be required if the arrhythmia has developed after myocardial infarction. A permanent pacemaker should be implanted if the arrhythmia does not clear 72 to 96 h after it developed (Catalano, 1993). 

4.5.4 Third-degree AV block

Complete AV block (or third-degree block), occurs when there is a total interruption of the transmission of atrial impulses to the ventricles. The block occurs at the AV node or below the AV node.


The ventricular depolarization (if any) is triggered by a subsidiary pacemaker. Some patients may have a regular P–P interval and different regular R–R interval. There is some controversy as to the meanings of AV dissociation and complete AV block. In AV dissociation, the atrial rate is slower than the ventricular rate, which results from a ventricular ectopic site which intrinsically paces faster than the SA node. In complete AV block, the atrial rate is faster than the ventricular rate (Chou, 1986; Catalano, 1993). Figure 4.12(d) shows an ECG trace manifesting third-degree AV block. 


The shape of the QRS depends on the site of the block and is narrow if the block occurs near the His bundle. The rate is likely to be that of a pacemaker in the AV node or His bundle (40 to 60 bpm). The QRS complex is wide and has a idioventricular rate (20 to 50 bpm) if the block occurs below the bundle of His.


Helfant (1974) reports on studies of patients with complete heart block. The HBE shows the site of the block to be below the level of the AV node when the QRS complexes are wide (greater than 120 ms), and the heart rate is a slow idioventricular rate (less than 45 bpm). But with complete congenital heart block when the QRS is of a normal morphology, the His bundle potentials are temporarily associated with ventricular activity and not with atrial activity.


Diagnostic criteria: The rate is less than 60 bpm; the rhythm is regular; the P–R interval is not relevant; the QRS complex is narrow or broad depending on the location of the subsidiary pacemaker and the site of the block; distinguishing features include regular P waves with a rate less than 130/min; QRS complexes at a rate of less than 60 bpm; and AV dissociation (Chou, 1986; Conover, 1986; Catalano, 1993).


Patients with third-degree AV block and a high heart rate, resulting in sufficient cardiac output, do not have symptoms. However, these patients usually cannot tolerate exercise. Most patients experience symptoms related to low cardiac output, including dizziness, weakness, syncope, pressure and pain in the chest, shortness of breath, and low blood pressure. Stokes–Adams syndrome is caused by intermittent third-degree AV block. This syndrome is marked by transient fainting spells with low blood pressure. It is useful to be able to monitor these episodes in spite of their transient nature (Catalano, 1993).


Third-degree AV block is considered a cardiac emergency unless the patient is tolerating the arrhythmia well. Even in the latter case, the patient should be monitored. Medication may be prescribed to increase the SA rate or increase conduction through the AV node and reduce the degree of the block. If the block is transient a temporary pacemaker is prescribed, otherwise a permanent pacemaker is warranted (Catalano, 1993; Conover, 1986).

4.6  Bundle branch block XE  "Bundle branch block" 
The electrical impulse normally generated at the SA node, travels through the AV node, His bundle, and then through the right and left bundle branches, which spread out into the Purkinje system. The left bundle branch divides into the anterior and superior subdivisions called fascicles. If these pathways behave normally, the right and left ventricles are activated at the same time, resulting in a synchronous contraction of both ventricles. During right (or left) bundle branch block, RBBB (or LBBB), there is an abnormal conduction of the impulse through the right (or left) bundle. The impulse can also be blocked in the anterior or (and) posterior fascicle resulting in anterior hemiblock, posterior hemiblock, bifascicular, or trifascicular block. Figure 4.13 describes some of the features of the surface ECG used in diagnosing bundle branch block.

	
	Diagnostic criteria

	Type
	HR (bpm)
	P-R (s)
	Morphology
	Particulars

	RBBB
	N
	N
	QRS>120 ms


	R' in right PCL Broad S in I, aVL,V6. Delay in deflection in right PCL > 50 ms

	LBBB
	N
	N
	QRS>120 ms

No Q: I, V6
	Broad, notched, R in I, V5, V6. Broad, negative QRS in V6.

	LAH
	N
	N
	QRS: (N/ > 

    by 20 ms)
	LAD of QRS axis

	LPH
	N 
	N
	QRS: (N/ > 

    by 20 ms)
	RAD of QRS axis


Figure 4.13  Diagnostic criteria for differentiating between arrhythmias of bundle branch block.  The diagnostic criteria may differ if concurring with another arrhythmia. HR: heart rate; N: normal; PCL: precordial leads; LAD: left axis deviation; RAD: right axis deviation; /: or.

4.6.1  Right bundle branch block

In RBBB the impulse is blocked in the right bundle branch resulting in a delayed activation of the right ventricle (RV). The left ventricle (LV) is depolarized in a normal manner via the normal left bundle branch. The RV is depolarized later than the LV due to the impulse propagated from the LV through the myocardium. 


The delayed activation of the RV is manifested by a broader QRS (≥ 120 ms). The early part of the QRS complex is the same as that in the normal morphology. The RV septum and free walls then begin to depolarize because of the earlier occurring LV depolarization, resulting in the QRS cardiac vector being directed anteriorly and rightward. The cardiac vector during the delayed RV contraction phase is unopposed by left ventricular forces. Thus a prominent secondary R wave, R', in right precordial leads (V1 and V2) is recorded. The left precordial leads (V5 and V6) as well as lead I record a slurred S wave. The S wave is slurred because of the slower conduction through the cardiac muscle during the abnormal spread of the impulse to the RV. V1 is usually the most important lead for diagnosis of RBBB (Chou, 1986; Bennett, 89). Figure 4.14(a) shows an ECG pattern manifesting RBBB.  


Diagnostic Criteria: A QRS width greater than 120 ms; an R' in right precordial leads with rsR' or rSR' morphology; delay in deflection in right precordial leads greater than 50 ms; and wide S wave in I, V5, and V6; the rate is normal; rhythm is normal; P–R interval is normal; in leads I, aVL, and V6 there is a broad S wave; or secondary T-wave morphology changes (Chou, 1986; Conover, 1986).

(a)

(b)

Figure 4.14  (a) Right bundle branch block, manifested by a wide S wave in leads I, V5, and V6. (b) Left bundle branch block, manifested by an absence of a q wave in leads I, V5, and V6. From Chou, T. C. 1986. Electrocardiography in clinical practice. 2nd Ed. Grune & Stratton.


Variations of the diagnostic criteria exist. The S wave may be small or absent. The initial R wave may be absent or the R' may be smaller than the initial R wave but remains to be wide in V1. The T wave is in an opposite deflection as compared to the abnormal deflection in the QRS complex. The T wave is upright in leads I, V5, and V6 and inverted in the right precordial leads (the normal morphology). A diphasic T wave is also possible. RBBB may be transient or intermittent, usually occurring during a faster heart rate. A partial RBBB results in a similar morphology but the QRS width is between 80 and 110 ms (Chou, 1986).


Patients with RBBB have cardiac output that is minimally compromised. There are no symptoms associated with RBBB, however, in the setting of acute anteroseptal myocardial infarction, a pacemaker may be warranted (Catalano, 1993; Conover, 1986).

4.6.2 Left bundle branch block

A block in the left bundle branch results in a delayed activation of the LV due to electrical activity from the normally depolarized right ventricle. Activation of the interventricular septum is initiated by impulses arising from the right bundle branch and is therefore in the opposite direction to that of normal. The LV begins depolarizing from the right septum, apex, and ventricular free wall. 


The electrical forces from the right septum and ventricular free wall oppose each other and are thus mostly canceled. The activation of the apex, however, results in a depolarization from the endocardium (inner cardiac muscle) to the epicardium (outer cardiac muscle). The cardiac vector during this initial phase is thus oriented leftward, anteriorly, and inferiorly. Thus the small q wave seen usually in lead I and the left precordial leads is absent. 


The activation continues to spread from the right to the left in the septum resulting in a net cardiac vector oriented leftward, posteriorly, and inferiorly. Thus leads V5, V6, and I continue to record an upward R wave. In addition, since the conduction is abnormal and does not follow the Purkinje network, the R wave is notched and slurred. The asynchronous depolarization of the left and right ventricles result in a prolonged QRS duration of 120 ms or more.


The abnormal depolarization of the LV is associated with an alteration of the repolarization phase. The electrical forces during the repolarization phase are opposite in polarity to those generated during depolarization. If the repolarization proceeds in the same right-to-left direction as the LBBB depolarization phase, the cardiac vectors during the S–T segment and T wave are opposite to that of the QRS (Chou, 1986). Thus S–T segment depression and a T-wave inversion are recorded on leads I, V5, and V6. Figure 4.14(b) shows an ECG pattern manifesting LBBB. 


Diagnostic criteria: QRS duration ≥ 120 ms; broad monophasic R wave in leads I, V5, and V6, which is usually notched or slurred; absence of Q wave in leads I, V5, and V6; displacement of S–T segment and T wave in a direction opposite to the major QRS deflection; rate, rhythm and P–R interval are normal; broad and mostly negative QRS in V6; in leads I, aVL, and V6 there is an R wave, no q wave, and no S wave (Chou, 1986; Conover, 1986).


Partial LBBB has a similar morphology as complete LBBB, but QRS width is between 100 or 110 ms. The time of the intrinsic depolarization is prolonged to 60 ms or longer in the precordial leads. The Q wave is absent in the left precordial leads. The R wave in the left precordial leads is notched and/or slurred (Chou, 1986; Bennett, 1989).


In a patient with complete right or left bundle branch block, the H–V interval of the His bundle electrogram represents the conduction time through the functional conduction branch. If the H–V interval is prolonged, this would further indicate that the functional portions of the conduction system are abnormal. Lesions which occur at the origins of either or both of the bundle branches may affect the His bundle. Of patients with RBBB, 23% manifested H–V prolongation, but 81% of patients with LBBB manifested H–V prolongation, implying first-degree block of the right bundle branch. The His bundle itself may have lesions which result in various degrees of heart block, i.e. intra-His bundle block. These are manifested as a split H wave, H and H', separated by 10 to 20 ms or more (Helfant, 1974).


Patients with LBBB have no symptoms that are associated with the block itself. If the arrhythmia has developed recently in association with acute myocardial infarction, there is an increased probability of complete block and a higher mortality rate, and these patients should be monitored closely and prescribed a temporary pacemaker (Catalano, 1993; Conover, 1986).

4.6.3 Left anterior hemiblock XE  "hemiblock" 
The anterior division of the left bundle branch conducts impulses to the anterosuperior (frontwards and upwards) region of the LV, and a block in this pathway results in left anterior hemiblock (LAH). LAH results in a delay in the activation of the anterosuperior portion of the LV, but activation of the posteroinferior portion (caused by the posterior division of the left bundle) is unaffected.


In LAH, the impulse initially spreads inferiorly through the posterior division of the left bundle branch. This results in an initial positive deflection in inferiorly oriented leads (II, III, and aVF) and in an initial negative deflection in the lateral leads (I and aVL). The excitation then begins to spread from the posterior region of the LV to the anterosuperior region. The cardiac vector during this phase will thus be superiorly directed resulting in an R wave in I and aVL and an S wave in leads II, III, and aVF. The forces during this phase are also very prominent and result in the mean QRS to be shifted leftward and superiorly, i.e. a left axis deviation. 


The conduction through ordinary, slow conducting myocardium rather than specialized conducting tissues results in delayed activation of the anterosuperior region and consequently unopposed electrical activity from the rest of the ventricles. Thus the superiorly directed wave is larger than the initial inferiorly directed waves. To diagnose LAH, two criteria must be satisfied: there must be left axis deviation, and the initial direction of ventricular activation must be inferior and to the right, i.e. there must be an initial r wave in leads II, III, and aVF. Figure 4.15(a) shows an ECG morphology during LAH. 


Diagnostic criteria: The rate is normal; rhythm is normal; P–R interval is normal; QRS complex is normal (or lengthens by 20 ms); left axis deviation of the QRS axis in the frontal plane between –30˚ and –90˚; qR or R waves in leads I and AVL; rS complex in leads II, III, and aVF; terminal R wave in aVR and aVL; increased QRS voltage in the limb leads (Chou, 1986; Conover, 1986).

4.6.4 Left posterior hemiblock

In left posterior hemiblock, LPH, the posterior division of the left bundle branch, which conducts impulses to the posteroinferior regions of the LV, is blocked. 


The situation with LPH is opposite to that with LAH. The activation in the posteroinferior region of the LV is delayed. The electrical forces during the delayed activation results in a cardiac vector directed inferiorly and rightward. The delayed forces, as in LAH, are unopposed, and this results in a rightward displacement of the mean QRS axis, i.e. right axis deviation RAD. Since the anterolateral region of the LV is activated early there is an initial R wave in leads I and aVL and a q wave in the inferior leads (II, III, and aVF) (Chou, 1986; Bennett, 1989). Figure 4.15(b) shows the ECG morphology during LPH.

(a)

(b)

Figure 4.15  (a) Left axis deviation during left anterior hemiblock. (b) Right axis deviation during right posterior hemiblock. From Chou, T. C. 1986. Electrocardiography in clinical practice. 2nd Ed. Grune & Stratton.


Diagnostic criteria: The rate is normal; rhythm is normal; right axis deviation, +90˚ to 180˚; P–R interval is normal; a normal or slightly prolonged (20 ms) QRS width; lead I has a rS complex; the inferior leads have a qR complex; or an r wave in aVL (Chou, 1986; Conover, 1986).


The phenomenon of RBBB with right axis deviation is not very common. It suggests complete block of the right bundle and left posterior division. In this situation the H–V interval on the His bundle electrogram measures the conduction through the anterior division of the left bundle. Few cases of RBBB and right axis deviation have been studied and the majority have shown H–V prolongation. A normal His–Purkinje conduction time has been noted occasionally (Helfant, 1974). 

4.6.5 Bifascicular block XE  "Bifascicular block"  

If conduction is blocked in only two of the three fascicles (among the right bundle branch, anterior fascicle, and posterior fascicle), the functional fascicle will conduct atrial impulses  to the ventricles and maintain sinus rhythm. A block in the remaining third fascicle will lead to complete AV block.


The most common type of bifascicular block is RBBB with LAH. The posterior fascicle of the LBB is a stouter structure and has a better blood supply than the anterior fascicle and is therefore less vulnerable. Thus RBBB with LPH is less common. When RBBB and LAH are present, activation begins in the posteroinferior region of the LV. Then the activation spreads abnormally to the anterolateral region of the LV and through the septum to the right ventricle. The first part of QRS morphology is similar to that of LAH and the last part similar to that of a RBBB. Patients with acute myocardial infarction and this type of bifascicular block may develop complete heart block. 


An ECG morphology of RBBB with marked left axis deviation is common. This pattern has aroused interest since several studies indicate that it is the most common pattern antedating the development of complete heart block. According to the trifascicular structure of the conduction system, the RBBB with marked left axis deviation indicates complete block of the right bundle and anterior fascicle of the left bundle. The H–V interval in the His bundle electrogram then represents the conduction time through the posterior fascicle. If this interval is also prolonged, it would indicate a first degree block of the posterior left bundle. The H–V interval measured from the His bundle electrogram helps differentiate whether a patient has in addition to RBBB and left axis deviation, first degree block of the posterior left bundle. This diagnosis can be clinically significant since it may herald the development of complete heart block (Helfant, 1974).


Diagnostic criteria for RBBB with LAH: QRS duration ≥ 120 ms; an RSR' in lead V1, with the R' wave broad and slurred; wide and slurred S waves in leads I, V5, and V6. The first 60 ms of the QRS complex has a frontal plane ÂQRS in –30˚ to –90˚; an initial r wave in the inferior leads (Chou, 1986).


Diagnostic criteria for RBBB with LPH: QRS duration ≥ 120 ms; an RSR' in lead V1, with the R' wave broad and slurred; wide and slurred S waves in leads I, V5, and V6. The first 60 ms of the QRS complex has a frontal plane ÂQRS in +90˚ or more to the right; an rS wave in lead I; and a qR wave in leads II, III, and aVF (Chou, 1986).


Block in anterior and posterior fascicles of the left bundle branch causes complete LBBB. The combination of LBBB and LAD may indicate more disease of conduction tissues than LBBB with a normal frontal axis. P–R interval prolongation is usually due to impaired AV node conduction, but in the context of bifascicular block it is more likely to reflect abnormal conduction in the functioning fascicle (Bennett, 1989). 

4.6.6 Trifascicular block XE  "Trifascicular block" 
A trifascicular block, which results in complete AV block, is a block in the right bundle branch and the two divisions of the left bundle branch. The inherent ventricular escape rhythm has a slower rate and a wide QRS complex since the intrinsic pacer is located at the peripheral part of the conduction system, far from the sites of the block. A change in the morphology of the QRS complex from a previous known bifascicular pattern is indicative of a trifascicular origin of the compete AV block. A recording from the His bundle is required to make a conclusive diagnosis.


If the block in one of the three fascicles is incomplete the ECG will display a bifascicular block with first or second-degree AV block. Thus the possible morphology of the ECG is that of RBBB with LAH or LPH, divisional LBBB and P–R prolongation, or second-degree AV block. The cause of the P–R delay needs to be determined. The long P–R interval may be due to a proximal lesion of the bundle of His. Studies of the His bundle electrogram are needed to determine if it is a true trifascicular block (Luna, 93; Chou, 1986). For example, Figure 4.16 shows how the His bundle electrogram is used to differentiate in the case of first degree heart block associated with RBBB or LBBB and determine if the conduction abnormality lies in the AV node or the His​–Purkinje system. Figure 4.16 shows situations of two patients with a prolonged P–R interval. Patient 1 has an abnormal His–Purkinje conduction time (H–Q = 92 ms), and a normal P–H time (115 ms). Patient 2 has a normal H–Q time (39 ms) with an abnormal AV nodal conduction time (P–H = 175 ms) (Helfant, 1974).

	
	P–R (ms)
	P–H (ms)
	H–Q (ms)

	Patient 1
	210
	115
	92

	Patient 2
	220
	175
	39


Figure 4.16  Measurements from the His bundle electrogram help diagnose between abnormal conduction in His​–Purkinje system (increased HQ interval in patient 1) and abnormal AV node conduction time (increased P–H interval in patient 2) (Helfant, 1974).

4.7  Preexcitation arrhythmias

Preexcitation arrhythmias XE  "Preexcitation arrhythmias"  result when the impulses of the SA node reach the ventricles earlier than normal. The enhanced conduction may be due to conductive muscle (beside the normal conduction pathway) anywhere between the atria and ventricles (Wolff–Parkinson–White syndrome), a segment of the AV node which conducts the impulse faster than usual (Lown–Ganong–Levine syndrome), or Mahaim fibers which are abnormal pathways between the AV node, His bundle, or bundle branches and the ventricles.

4.7.1 Wolff–Parkinson–White syndrome XE  "Wolff–Parkinson–White syndrome" 
The abnormal pathways in the Wolff–Parkinson–White (WPW) syndrome consist of cardiac muscle between the atria and ventricles, which conduct faster than the AV node. These accessory pathways, one on each side of the heart, are congenital and are called the bundles of Kent. In patients with WPW one or both of these bundles of Kent can conduct impulses from the SA node to the ventricles.


An atrial impulse that travels through the accessory pathways results in early excitation of the ventricles. The early activation of the ventricles is manifested on the surface ECG as a short P–R interval and a slurred initial portion of the QRS complex, i.e. a delta wave. The P–R interval is shortened because the intrinsic delay of the AV node is avoided. The delta wave results from the preexcitation traveling through the slow-conducting myocardium instead of the specialized system.


Type A WPW results when the Kent bundle XE  "Kent bundle"  on the left side of the heart acts as the accessory pathway. Thus the left ventricle begins to depolarize before the right ventricle (similar to a right bundle branch block). In type A the delta wave and the QRS complex are upright in all the precordial leads. V1 shows either a notched R wave or RS or RSr' morphology. In type B WPW the bundle of Kent on the right side of the heart conducts impulses prematurely to the right ventricle. The right ventricle thus depolarizes before the left ventricle (similar to a left bundle branch block). The delta wave and the QRS are negative in V1 and V2 but are upright in the left precordial leads (Chou, 1986; Catalano, 1993). Figure 4.17 shows the ECG manifesting type B WPW syndrome.

Figure 4.17  Type B WPW syndrome resembles the morphology of left bundle branch block. From Chou, T. C. 1986. Electrocardiography in clinical practice. 2nd Ed. Grune & Stratton.


The delay of impulses in the AV node serves to protect the ventricles from rapid electrical activity due to atrial fibrillation (350 to 600 bpm). The bundle of Kent however provides a route for high rate impulses to activate the ventricles. Thus patients with atrial fibrillation and preexcitation can have a ventricular response that can lead to heart failure or shock and ventricular fibrillation.


If an ectopic beat in the atria occurs during normal sinus rhythm, reentry tachycardia could result due to the accessory pathway and AV node having different refractory periods. This arrhythmia is an example of paroxysmal supraventricular tachycardia, PSVT, and is manifested on the surface ECG as narrow ventricular complexes in rapid, regular succession. There are no delta waves in this situation. Treatment of this situation is directed at increasing the refractory period of the AV node and includes medication and cardioversion, the latter resulting in the refractoriness of the entire myocardium.


Some patients with PSVT do not present any evidence of preexcitation on the surface ECG. In these situations invasive electrophysiologic studies may reveal a concealed bundle of Kent. This accessory pathway does not conduct impulses from the SA node either because of its distance from the SA node, the length of the bundle, direction of conduction possible, or conduction time involved. However, impulses from the ventricles can be conducted retrograde to the atria, through the concealed pathway. Thus there is no delta wave or P–R interval shortening in the normal sinus rhythm of the arrhythmia. A patient with a normal ECG morphology during sinus rhythm, and an inverted P wave between QRS complexes during tachycardia, should be suspected for concealed preexcitation (Bennett, 1989).


Intracavitary electrophysiologic studies that include pacing the atria at different rates and recording the electrogram help to localize the site of the anomalous pathway (Luna, 1993; Macfarlane and Lawrie, 1989). Right atrial pacing results in greater preexcitation for type B WPW syndrome than for type A WPW. Similarly it is possible to see more preexcitation in patients with type A WPW syndrome if the left atrium is paced, suggesting that the accessory pathway is on the left. Electrograms from the left ventricle record activity coinciding with the delta wave on the ECG for type A WPW syndrome. Recording activity from the right and left atria simultaneously helps determine the location of the retrograde ventricle-atria conduction in patients with WPW and supraventricular tachycardia (Chou, 1986). 


Diagnostic criteria for typical WPW syndrome: the rate is normal; the rhythm is regular; P–R interval is less than 120 ms; QRS complex width is greater than 110 ms; distinguishing features include a short P–R, broad QRS, delta wave, and a tendency towards PSVT and atrial fibrillation or flutter. Secondary T waves may be present.


Diagnostic criteria for concealed WPW syndrome: the rate is normal; the rhythm is regular; P–R interval normal; QRS complex normal; the distinguishing features include normal P–R, normal QRS, and a tendency to PSVT and atrial fibrillation or flutter. 


WPW by itself does not produce any symptoms on patients. However, if supraventricular tachycardia is present with rapid rates, then symptoms present are due to low cardiac output. The patient may feel weak, dizzy, palpitations in the chest, pressure or pain in the chest, or shortness of breath (Catalano, 1993).


Treatment for induced PSVT would involve use of vagal maneuver, and if this is unsuccessful, cardioversion or medication is administered based on the hemodynamic status of the patient. Treatment of atrial fibrillation and a rapid ventricular rate would include cardioversion and avoiding digitalis (Conover, 1986).

4.7.2 Lown–Ganong–Levine syndrome XE  "Lown–Ganong–Levine syndrome" 
In the Lown–Ganong–Levine (LGL) syndrome impulses from the SA node bypass the AV node as they travel accessory pathways. The accessory pathways, James fibers, are extensions of the normal intranodal pathways from the SA node, and these terminate below the AV node on the bundle of His.


The delay of the AV node is bypassed so there is a shortening of the P–R interval on the surface ECG. Since the impulse after bypassing the AV node travels through the bundle of His, i.e. the natural conduction system, the ventricles are depolarized normally, and the QRS complex has a normal morphology. Thus there is no delta wave because the impulse travels through the normal conduction system of the heart after the bundle of His. Figure 4.18 shows the ECG manifesting LGL.

Figure 4.18  The P–R interval is short, and no delta wave is present in the LGL abnormality. From Chou, T. C. 1986. Electrocardiography in clinical practice. 2nd Ed. Grune & Stratton.


Diagnostic criteria: the rate is normal; the rhythm is regular; the P–R interval is < 120 ms; QRS complex normal; distinguishing features include a short P–R, normal QRS, and tendency to PSVT and atrial fibrillation or flutter; no delta wave is present.


The patient does not have any symptoms due to LGL syndrome itself. However, if LGL syndrome is associated with supraventricular tachycardia, symptoms of low cardiac output are present. Treatment is crucial in the case of associated atrial arrhythmias or supraventricular tachycardia. LGL syndrome is treated well with cardiac medications and surgical intervention is dangerous and not often effective (Catalano, 1993).

4.7.3 Mahaim-type preexcitation XE  "Mahaim-type preexcitation" 
Mahaim fibers from the base of the AV node, or top of the His bundle, to the ventricles conduct impulses originating from the SA node and traveling via the AV node directly to the ventricles.


These Mahaim fibers may originate in the AV node, a nodoventricular connection, or in the His bundle or bundle branches, a fasciculoventricular connection. The impulse from the SA node is thus delayed normally at the AV node and then directly travels to the base of the ventricles via the Mahaim fibers. The surface ECG thus manifests a normal P–R interval and the delta wave due to slow conduction via the accessory pathway.


Diagnostic criteria: The rate is normal; the rhythm is regular; P–R interval may be short or normal; QRS complex varies in morphology; distinguishing features include a tendency to PSVT and atrial fibrillation or flutter. The ECG morphology depends on the origin and insertion of the extra fiber, as well as its length.


Treatment is same as for the situation of supraventricular tachycardia with WPW syndrome.

4.8  Supraventricular ectopics

Supraventricular arrhythmias XE  "Supraventricular arrhythmias"  originate above the His bundle, due to impulses generated outside the SA node. Some of these abnormalities may be due to a premature impulse or enhanced automaticity of sites in the atria and include premature atrial contraction, atrial tachycardia, atrial flutter, or atrial fibrillation.

4.8.1 Premature atrial contractions XE  "Premature atrial contractions" 
An ectopic site in the atrium may generate an impulse that prematurely results in a heart beat. This premature atrial contraction (PAC) is caused by regions of atria which also have the same intrinsic rate as the SA node.


The morphology of the P wave generated depends on the site of the ectopic focus. The P wave in this abnormality does not have a smooth morphology as in normal sinus rhythm. If the ectopic site is in the right atrium, the P wave’s axis is directed leftward, posteriorly, and inferiorly. Thus P waves in the limb leads appear normal, while those in V1 through V4 are inverted (Chou, 1986). The ventricles are activated via the normal conduction system, and thus the QRS has a normal morphology. 


The premature ectopic beat may occur very early in the cardiac cycle and overlap with the T wave of the preceding cycle or it may occur just before the normal sinus P wave and result in a fused beat. Ectopic beats generated from the same ectopic site have intervals between them that are approximately the same. Most PACs are followed by an incomplete compensatory pause. The interval containing the PAC is shorter than twice the basic sinus interval because the ectopic beat depolarizes and resets the SA node. Figure 4.19 shows an ECG tracing of the PAC abnormality.

Figure 4.19  The PAC appears as a P wave that is not so smooth. The first PAC is blocked, while the second PAC results in ventricular depolarization. From Chou, T. C. 1986. Electrocardiography in clinical practice. 2nd Ed. Grune & Stratton.

Diagnostic criteria: The rate is that of the intrinsic rhythm; the rhythm is irregular because of the PAC; the P–R interval is normal; the P waves are upright and have the same shape in leads I, II, aVF, and V4 to V6; the P'–R interval may be normal, longer, or shorter than the P–R interval (where P' is the atrial depolarization due to the ectopic beat); the P' may not be conducted to the ventricles; distinguishing features include a normal QRS and a P' wave that is premature and has a different morphology than the normal sinus P wave (Catalano, 1993; Conover, 1986).


Most patients with this abnormality do not have any symptoms. However few patients may feel skipped beats if the PACs are frequent. The cardiac output is not significantly compromised because the ventricles contract normally. The abnormality is treated with medication if the PACs are frequent.

4.8.2 Atrial tachycardia XE  "Atrial tachycardia"  

During atrial tachycardia, a certain area of the atria generates impulses at a rate higher than that from the SA node. This is similar to PACs occurring one after the other.


The ectopic site generates impulses resulting in the depolarization of the atria, and this is manifested on the surface ECG as abnormally shaped P waves. There is no sawtooth pattern in the ECG. The AV node usually conducts all the impulses generated by the ectopic site, but some impulses may be blocked. During intermittent atrial tachycardia, the atrial rate is usually higher than during atrial tachycardia, and the episode begins and ends abruptly.


Diagnostic criteria: The rate is 140–250 bpm; the QRS complex rate depends on ratio of beats conducted; the P waves are ectopic and have different shapes than normal; P waves may be hidden in the preceding QRS or T waves; the QRS complexes are normal although other pathologies may prolong them; the P–R intervals are normal (Catalano, 1993; Conover, 1986).


Patients have symptoms which depend on the rate of the arrhythmia. If the cardiac output is significantly compromised patients have symptoms such as dizziness, syncope, chest pain or pressure, shortness of breath, or chest palpitations. Treatment is prescribed based on the patient’s clinical status and is dependent on how well the arrhythmia is tolerated. Medication that increases the blood pressure, blocks or slows the impulses, and sedates the patient may be prescribed. Cardioversion is administered when other modes of treatment have failed, and hopefully results in only the SA node taking over as pacemaker of the heart (Catalano, 1993). 

4.8.3 Atrial flutter XE  "Atrial flutter" 
When a single area of the atria discharges spontaneously at rates greater than 250/min, then atrial flutter results.


Atrial flutter is manifested on the surface ECG as rapid and regular F waves, i.e. a sawtooth morphology. This pattern is best seen in leads II, III, aVF, and V1. In most situations, the F-wave axis is directed superiorly, and the F waves are thus inverted in leads II, III, and aVF. The downward deflection of the F wave has a small slope, while that of the upward deflection has a higher slope. The F waves may not be noticeable on leads perpendicular to the F wave axis, e.g. lead I. Variations of these criteria are possible (Chou, 1986).


The ventricles cannot contract at rates as high as that possible in the atria. The AV node helps prevent high rate impulses of the atria stimulating the ventricles by blocking some of the excessive impulses generated in the atria in ratios such as 2: 1, (i.e. one out of every two atrial impulses are conducted), 3: 1, and 4:1. Figure 4.20 shows an ECG pattern manifesting atrial flutter.

Figure 4.20  Atrial flutter is manifested by F waves between QRS complexes. Some P waves are blocked in order to protect the ventricles from a high depolarization rate. From Chou, T. C. 1986. Electrocardiography in clinical practice. 2nd Ed. Grune & Stratton.

Diagnostic criteria: The atrial rate is 250–300 bpm, and that of the QRS complexes 125–150 bpm; the QRS complex is normal; the P'–R interval is 260–460 ms, where P' is a nonconducted P wave; distinguishing characteristics include a sawtooth pattern in leads II, III, and aVF, a sharp positive P' in V1 (Catalano, 1993; Conover, 1986).


Most patients do not have any, or have very insignificant, symptoms. The symptoms include a rapid fluttering feeling, palpitations in the chest, or the feeling of skipped beats. If the arrhythmia has just developed, then medication is used to convert it to normal sinus rhythm. If medications are not effective then cardioversion is administered. If the arrhythmia is persistent due to a cardiac disease, then medication is usually prescribed to keep the ventricular rate below 100 bpm (Catalano, 1993).

4.8.4 Atrial fibrillation XE  "Atrial fibrillation" 
Multiple areas of the atria may generate impulses at random, depolarizing different regions of the atria at different times. These impulses result in an erratic quivering of the atria, i.e. atrial fibrillation.


This arrhythmia may be caused by multiple reentry circuits within the atria and results in the atria not filling up during the cardiac cycle. All the impulses from the atria, generated at a rate of 300–650/min, are not conducted to the ventricles because the AV node cannot conduct during its recovery period. Thus the ventricles have an irregular depolarizing rate.


The rapid atrial activity is manifested on the ECG by ‘f’ waves, which are irregular in amplitude, and frequency. These waves are not detectable in all leads but are best seen in lead V1. If these waves are not detectable, then the irregular ventricular depolarizing rate is indicative of atrial fibrillation. Atrial fibrillation can exist with other abnormalities such as WPW syndrome and bundle branch blocks, and this will result in additional changes to the morphology of the ECG (Chou, 1986). Figure 4.21 shows the ECG morphology during atrial fibrillation. 

Figure 4.21  In atrial fibrillation the ventricular depolarizing rate may be irregular, and fibrillatory waves are usually seen in lead V1. From Chou, T. C. 1986. Electrocardiography in clinical practice. 2nd Ed. Grune & Stratton.


Diagnostic criteria: The atrial activity is manifested as waves of varying amplitude, duration, and shape; the ventricular rate may be a controlled rate, 70–80 bpm, or an uncontrolled rate, greater than 100 bpm; the P waves may be absent, jagged, or erratic; the QRS complex is normal (Conover, 1986).


Catalano (1993) reports on symptoms of patients with atrial fibrillation. The atrial contraction normally fills the ventricles to capacity before systole. If atrial contraction is lost, then the cardiac output is reduced by about 10%. This is not a compromise in cardiac output for healthy individuals, however many patients do experience symptoms associated with low cardiac output. A main risk is that clots may form in the left atrium and result in strokes. It is also possible for patients to have symptoms of pulmonary emboli and congestive heart failure. When the atria are contracting irregularly, blood in the atria remains static and begins to clot and this results in pulmonary emboli. These clots may travel to the lungs via the pulmonary artery. If cardiac output is reduced for a long period of time, congestive heart failure results, and associated symptoms include lung congestion.


Treatment is directed towards converting the atrial fibrillation to normal sinus rhythm. Medication is used if the abnormality is persistent, otherwise cardioversion may also be indicated (Catalano, 1993).

4.9  Ventricular ectopics

A ventricular ectopic beat results when an area of the ventricle captures a heart beat due to enhanced activation, reentry, or naturally. Some of the ventricular ectopics arrhythmias are manifested on the ECG as premature ventricular contractions, ventricular tachycardia and flutter, ventricular fibrillation, and ventricular escape.

4.9.1 Premature ventricular contractions XE  "Premature ventricular contractions" 
An area of the ventricle, below the His bundle, may discharge spontaneously before the impulse from the sinus node has captured the heart. The result is a premature ventricular contraction (PVC), and the basic rhythm of the cardiac cycle is disrupted.


The ectopic beat is triggered by a location in the ventricles, and thus conduction will be abnormal. This abnormal conduction is manifested on the ECG as a wide QRS complex. If the ectopic area is in the left ventricle, the impulse spreads towards the right ventricle, and the leads oriented in the direction of the spread of this impulse will show a positive deflection. The repolarization phase is also altered, resulting in changes in the S–T segment and T wave. The S–T segment is depressed and the T wave inverted if the major QRS deflection is upright.


A PVC is usually followed by a compensatory pause, i.e. the R–R interval containing the PVC is approximately equal to twice that of the normal sinus rhythm. This is usually observed if the sinus node is not affected by impulses from the ectopic site (Chou 1986). Figure 4.22 shows an example of a PVC.

Figure 4.22  The compensatory pause is present after the premature ventricular contraction. The R–R interval containing the PVC is greater than the normal R–R interval. From Chou, T. C. 1986. Electrocardiography in clinical practice. 2nd Ed. Grune & Stratton.

PVCs with the same shape and interval between them are assumed to arise from the same ectopic site. The R on T phenomenon occurs when a PVC coincides with the T wave of the previous cycle. Many presentations of PVCs are possible (Chou, 1986; Catalano 1993). 


Diagnostic criteria: The rate is that of the intrinsic sinus rhythm; the rhythm is irregular because of the PVC; the P–R interval is measured from the normal beat and not the PVC; the QRS complex of the PVC is broad and premature, and that of the normal cardiac cycle is normal; there is no P wave associated with the PVC; the T wave of the PVC has an opposite polarity to that of the QRS; there are variations in the frequency and distribution of the PVCs; there is a full compensatory pause following a PVC (Chou, 1986; Conover, 1986).


Most patients do not have any symptoms. However, with frequent PVCs, patients may feel skipped beats or palpitations in the chest. Isolated incidents of PVCs are not dangerous, but medication is prescribed if the patient has frequent PVCs or has myocardial infarction (Conover, 1986; Catalano, 1993).

4.9.2 Ventricular tachycardia XE  "Ventricular tachycardia"  and flutter

In ventricular tachycardia (VT), there is a rapid sequence of three or more ectopic ventricular beats, i.e. similar to a sequence of PVCs. Ventricular flutter results when there is an area of the ventricles that takes over as the pacemaker of the heart. 


During sustained VT, the abnormality lasts longer than 30 s. The onset of the VT provides prognostic information, and thus it is important to classify the VT according to how long it lasts. Mechanisms for sustained VT include reentry and an ectopic focus (Luna, 1993). 


During ventricular flutter XE  "ventricular flutter" , only one area of the ventricle is spontaneously discharging pulses spontaneously and activating the heart. During ventricular flutter the heart beats faster than in VT, and thus can be differentiated by the sine wave morphology of the ECG. The ECG is rounded on the top and the bottom in ventricular flutter, as compared to in VT where a sharp angular configuration due to ventricular depolarization is noticeable, as shown in Figure 4.23.

(a)

(b)

Figure 4.23  (a) Ventricular tachycardia, which is different from ventricular flutter, (b), in that the ventricular complex has a sharp angular morphology. From Chou, T. C. 1986. Electrocardiography in clinical practice. 2nd Ed. Grune & Stratton.

Diagnostic criteria for VT: The rate is 100–170 bpm; the rhythm is regular most of the time; the P–R interval cannot be measured; the QRS complex is greater than 120 ms; distinguishing characteristics include left axis deviation and a monophasic R, QR, qR, or RS morphology in lead V1; AV dissociation may be present; there is an abrupt onset and termination of the abnormality (Chou, 1986; Conover, 1986).


Diagnostic criteria for ventricular flutter: The rate is faster than 250 bpm; the P–R interval cannot be measured; the QRS complex is broad and not presented well; the morphology of the ECG resembles a sine wave, i.e. without defined QRS complexes; it is not possible to differentiate T wave from QRS complexes; the ventricular complex is not recognizable in this situation as compared to in VT  (Catalano, 1993; Conover, 1986).


Patients with VT have symptoms that may or not be tolerated, depending on the heart rate. Patients with heart rates of 100–125 bpm can tolerate it for a long time. They experience fluttering in the chest, shortness of breath, intolerance to activity, low blood pressure, and a low pulse. Treatment is based on whether the patient can tolerate the symptoms or not. Medication may be prescribed. Cardioversion is administered for a rapid termination of VT. Patients with ventricular flutter have the same symptoms as those with VT. However, these symptoms are not tolerated well and are often treated with a tiered implantable cardioverter-defibrillator. Ventricular flutter could progress to ventricular fibrillation if not treated quickly (Catalano 1993). 

4.9.3 Ventricular fibrillation XE  "Ventricular fibrillation" 
When the electrical activity in the ventricles is unsynchronized, the cardiac output is significantly compromised and this abnormality is known as ventricular fibrillation.


Ventricular fibrillation is caused by reentry or a multiple of ectopic sites. Patients with ischemic heart disease are at a greater risk of having ventricular fibrillation.


The rhythm during this abnormality is irregular and chaotic. Figure 4.24 shows that, during ventricular fibrillation, the ECG manifests deflections of varying amplitude and shape with no well defined P, QRS, or T waves. 

Figure 4.24  During ventricular fibrillation, the ECG trace is erratic with no discernible QRS complexes. From Chou, T. C. 1986. Electrocardiography in clinical practice. 2nd Ed. Grune & Stratton.

Late potentials are found in the majority of patients with sustained and inducible VT. Late potentials are more common in patients with sustained VT than those with ventricular fibrillation and has a good sensitivity and specificity for detecting patients at high risk of malignant ventricular arrhythmias.


Diagnostic criteria: The rate, rhythm, P–R interval, and QRS complex are not defined well on the ECG; the distinguishing feature includes a chaotic morphology without any QRS complexes.


Patients with ventricular fibrillation have no circulation of the blood. There is no blood pressure, no respiration, and no pulse is detectable. The patient’s skin becomes cold, and the pupils remain fixed and dilated. Immediate treatment is crucial or the patient will die. The patient should be administered cardiopulmonary resuscitation as soon as possible. Electrical defibrillation and medication should be administered immediately (Luna, 1993; Catalano, 1993). 

4.9.4 Ventricular escape beats XE  "Ventricular escape beats" 
When the pacemaker sites in the region above the ventricles fail to trigger, or in the presence of a conduction block, there may be an interval of time that is greater than the intrinsic firing rate of the natural pacemakers in the ventricles, when there is no ventricular depolarization. A natural pacemaker in the ventricle then initiates the heart to beat, resulting in a ventricular escape beat, (VEB).


The impulses from the higher sites in the conduction system do not activate the ventricles. Thus the ECG shows the VEB without a P wave before it. It is possible to have a P wave dissociated with the following VEB or a retrograde one after the VEB. The QRS complex has a morphology similar to that of a ventricular ectopic beat. Figure 4.25 shows an example of an ECG tracing with VEBs. 


Diagnostic criteria: The rate is normal but usually slower than usual; the P–R interval is measured from the normal cardiac cycle because the VEB does not have an associated wave before it; the QRS complex of the escape beat is broad; a distinguishing feature is a broad QRS complex followed by a long pause; the escape beat has an attached T wave in a direction opposite to that of the QRS complex (Catalano, 1993; Conover, 1986).

Figure 4.25  A blocked premature atrial contraction results in a ventricular escape beat. From Chou, T. C. 1986. Electrocardiography in clinical practice. 2nd Ed. Grune & Stratton.

Patients with VEBs do not have any specific symptoms but may feel skipped beats during the long pause before the escape beat. The cardiac output is reduced because of the slower ventricular rate, and thus patients also have symptoms resulting from low cardiac output. Treatment of VEBs involves increasing the rate of the basic rhythm by prescribing medication (Catalano, 1993).
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4.11  Instructional objectives

4.1
Explain the function of an electrocardiograph.

4.2
Describe the generation of the instantaneous cardiac vector and the use of different lead systems in measuring it. 

4.3
Describe the morphology of any lead of the standard 12-lead ECG, given the instantaneous cardiac vector.

4.4
Describe normal characteristics of the ECG.

4.5
Justify the use of Holter monitoring and explain its technique.

4.6
Describe the utility and technique of stress testing in diagnosing arrhythmias.

4.7
Explain the automated analysis of the S–T segment.

4.8
Describe the technique used in acquiring the electrogram from the left atrium.

4.9 
Describe the intracavitary electrophysiologic technique used to study sinus node function.

4.10
Describe the arrhythmias associated with the sinus node, and for each describe the features on the 12-lead ECG and HBE and symptoms of the patient that are diagnostic.

4.11
Describe the arrhythmias associated with atrioventricular block, and for each describe the features on the 12-lead ECG and HBE and symptoms of the patient that are diagnostic.

4.12
Describe the arrhythmias associated with bundle branch block, and for each describe the features on the 12-lead ECG and HBE and symptoms of the patient that are diagnostic.

4.13
Describe the arrhythmias associated with preexcitation, and for each describe the features on the 12-lead ECG and HBE and symptoms of the patient that are diagnostic.

4.14
Describe the arrhythmias associated with supraventricular ectopics and for each describe the features on the 12-lead ECG and symptoms of the patient that are diagnostic.

4.15
Describe the arrhythmias associated with ventricular ectopics and for each describe the features on the 12-lead ECG and symptoms of the patient that are diagnostic.
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