
In a conventional “12-lead ECG”, ten electrodes are placed on the 
patient's limbs and on the surface of the chest. The overall magnitude of 
the heart's electrical potential is then measured from twelve different 
angles ("leads") and is recorded over a period of time (usually ten 
seconds). In this way, the overall magnitude and direction of the heart's 
electrical depolarization is captured at each moment throughout the 
cardiac cycle. 
 
The 10 electrodes in a 12-lead ECG are listed below.  
Electrode name:  Electrode placement 
RA: On the right arm, avoiding thick muscle. 
LA: In the same location where RA is placed, but on the left arm. 
RL: On the right leg, lower end of inner aspect of calf muscle. (Avoid bony 
prominences) 
LL: In the same location where RL was placed, but on the left leg. 
V1: In the fourth intercostal space (between ribs 4 and 5) just to the right 
of the sternum (breastbone) 
V2: In the fourth intercostal space (between ribs 4 and 5) just to the left 
of the sternum. 
V3: Between leads V2 and V4. 
V4: In the fifth intercostal space (between ribs 5 and 6) in the mid-clavicular line. 
V5: Horizontally even with V4, in the left anterior axillary line. 
V6: Horizontally even with V4 and V5 in the mid-axillary line. 
 
 
Sequence of contraction: During 
each heartbeat, a healthy heart has 
an orderly progression of 
depolarization that starts with 
pacemaker cells in the sinoatrial 
node, spreads throughout the 
atrium, and passes through the 
atrioventricular node down into the 
bundle of His and into the Purkinje 
fibers, spreading down and to the left 
throughout the ventricles.  
 
This orderly pattern of depolarization 
gives rise to the characteristic ECG 
tracing. To the trained clinician, an 
ECG conveys a large amount of 
information about the structure of 
the heart and the function of its 
electrical conduction system. Among 
other things, an ECG can be used to 
measure the rate and rhythm of 
heartbeats, the size and position of 
the heart chambers, the presence of 

Figure 1. The location of electrodes on 
the thorax. 

Figure 2. six “leads” determined via four electrodes.  The inset plot illustrates a typical 
trace for a single heart contraction.  The trace shape depends on the electrode locations 
used to measure (and/or calculate) it. 

 
 



any damage to the heart's muscle cells or conduction system, the effects of heart drugs, and the function of 
implanted pacemakers. 
 
Leads I, II and III are called the limb leads. The electrodes that form these signals are located on the limbs – one 
on each arm and one on the left leg. The limb leads form the points of what is known as Einthoven's triangle. 
 
Lead I is the voltage between the (positive) left arm (LA) electrode and right arm (RA) electrode: 
I = LA - RA 
 
Lead II is the voltage between the (positive) left leg (LL) electrode and the right arm (RA) electrode: 
II = LL - RA 
 
Lead III is the voltage between the (positive) left leg (LL) electrode and the left arm (LA) electrode: 
III = LL – LA 
 
Interpretation of the ECG is ultimately that of pattern recognition. In order 
to understand the patterns found, it is helpful to understand the theory of 
what ECGs represent. The theory is rooted in electromagnetics and boils 
down to the four following points: 
 

• depolarization of the heart towards the positive electrode produces 
a positive deflection 

• depolarization of the heart away from the positive electrode 
produces a negative deflection 

• repolarization of the heart towards the positive electrode produces 
a negative deflection 

• repolarization of the heart away from the positive electrode 
produces a positive deflection 
 

Thus, the overall direction of depolarization and repolarization produces 
positive or negative deflection on each lead's trace. For example, 
depolarizing from right to left would produce a positive deflection in lead I 
because the two vectors point in the same direction. In contrast, that same 
depolarization would produce minimal deflection in V1 and V2 because the 
vectors are perpendicular, and this phenomenon is called isoelectric.  
 
 
The common virtual electrode, known as the Wilson's central terminal (VW), is produced by averaging the 
measurements from the electrodes RA, LA, and LL to give an average potential across the heart. The formula is 
as follows: 

 
 
  

Figure 3 The “QRS” (ventricular 
depolarization) waveform is upright 
in a lead when the depolarization 
axis is aligned with that lead's 
vector.  If it is oppositely directed, it 
appears negative.  Its direction will 
invert if its axis moves from one 
side of the lead to the other during 
heart contraction. 



The three main components of the ECG represented by VW (shown at 
the right) are the P wave, which represents the depolarization of the 
atria; the QRS complex, which represents the depolarization of the 
ventricles; and the T wave, which represents the repolarization of the 
ventricles. 
 
Changes in the structure of the heart and its surroundings (including 
blood composition) affects the voltage patterns measured at the leads. 
A normal rhythm produces four entities – a P wave, a QRS complex, an 
a T wave – each with a fairly unique pattern. 
 

• The P wave represents atrial depolarization. 
• The QRS complex represents ventricular depolarization. 
• The T wave represents ventricular repolarization. 
• Atrial repolarisation is typically hidden in the much more 

prominent QRS complex and normally cannot be seen without 
additional, specialised electrodes. 

 
 
 
Augmented limb leads 
Leads aVR, aVL, and aVF are the augmented limb leads. 
They are derived from the same three electrodes as leads 
I, II, and III, but they use a central terminal as their 
negative pole. The central terminal is a combination of 
inputs from two limb electrodes, with a different 
combination for each augmented lead. It is referred to 
immediately below as "the negative pole". 
 
Lead augmented vector right (aVR) has the positive 
electrode on the right arm. The negative pole is a 
combination of the left arm electrode and the left leg 
electrode: 

  
 
Lead augmented vector left (aVL) has the positive 
electrode on the left arm. The negative pole is a 
combination of the right arm electrode and the left leg 
electrode: 
 

 
Lead augmented vector foot (aVF) has the positive 
electrode on the left leg. The negative pole is a 
combination of the right arm electrode and the left arm 
electrode: 

 
 
Together with leads I, II, and III, augmented limb leads aVR, aVL, and aVF form the basis of the hexaxial reference 
system, which is used to calculate the heart's electrical axis in the frontal plane. 
 
 
 
  

Figure 5. The anatomical coordinate system used to define 
directionality of the heart deploarization wave.  
Dysfunctional regions of the heart (injured muscle or scar 
tissue) will be reflected in the ECG. 

 
 

Figure 4. The typical voltage across the 
“virtual electrode” defined by Wilson´s 
central terminal. 



A typical 12 lead ECG may look like this: 
 

 
 
  



Concept Questions (Electrocardiogram or ECG): 
 

1)! Consider the sequence of ventricular polarization from the perspective of “Lead II”. Sketch the “QRS” 
complex, labelled with the four instances below (A,B,C,D). 

 
 

2) Consider now only “Lead I”.  Within one heart beat cycle (duration 1s) sketch a Lead I trace that could 
reasonably corresponds to: 
a. The depolarization of the atria (80-100 ms) 
b. The immediately subsequent, depolarization of the ventricles (60-100 ms) 
c. The repolarization of the ventricles: consider that the time for both ventricular depolarization and 

repolarization is 0.30s. This can range from 0.20 to 0.40 seconds depending upon heart rate. 
Sketch the sum (superimposed waveform) of these traces.   Does it look reasonable?   

 

3) Some typical “exam style” multiple choice questions on muscle (requires knowledge from the 
lecture slides). Choose the best answer from available choices.  

 
Which of the following is NOT a function of muscle? 
o Stabilize Joints 
o Generate Heat 
o Filtering Wastes 
o Maintain Posture 
o Produce Movement 

 
The sarcoplasmic reticulum is good for: 
o eliminating threatening alien life forms 
o producing myoglobin 
o Forming terminal cisternae 
o Releasing calcium to enable actin---myosin binding 
o None of the above!  

 

 

 



Which muscle tissue is voluntary, and bears striations? 
o skeletal muscle 
o smooth muscle 
o multiunit smooth muscle 
o cardiac muscle 

 
During an action potential, calcium is released into the sarcoplasm, near the actin and 
myosin molecules. Which of the following is the best explanation of what the calcium 
does? 
o The calcium binds to the actin and myosin and makes them work together. 
o The calcium breaks apart ATP to ADP and P. 
o The calcium removes the tropomyosin block. 
o The calcium causes the release of acetylcholine. 

 
When the neuron stimulates a muscle fiber, what molecule diffuses across the gap between 
them? 
o calcium 
o acetylcholine 
o sodium 
o sodium and potassium 

 
Onset of the action potential, associated with the rapid opening of sodium channels is called: 
o Plateau 
o Initiation 
o Depolarization 
o Repolarization 

 
When ___ concentration rises inside the contractile fiber, contraction of the muscle occurs.  
o Potassium 
o Sodium 
o Chloride 
o Calcium 

 
All of the following are true about repolarization, EXCEPT:   
o Membrane potential returns to resting potential (-90 mV) 
o Is associated with potassium outflow 
o Occurs before the plateau phase of the action potential 

 
The normal path of impulse conduction in the heart is:  
o SA node - Purkinje fibers - AV node - AV bundle - bundle branches 
o SA node - AV node - Purkinje fibers - AV bundle - bundle branches 
o SA node - AV node - bundle branches - AV bundle - Purkinje fibers 
o SA node - AV node - AV bundle - bundle branches - Purkinje fibers 

 
 

 
 


