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- This sheet is written according to the record of section 2.  
- Resources: 

1- The record 
2- Slides  
3- Guyton and Hall Textbook of Medical Physiology, 12th edition.  

- In these ECG lectures, concepts become easier as you go through the 
material. It's very difficult to understand and memorize everything at the 
first glance. Think, understand, and draw everything yourself.  

- Some of the things here are revision for the last lecture and many things are 
just said as an introduction to the next lecture, so this sheet is not long. It's 
just full of old stuff.  
___________________________________________________________ 

 
 
Electrocardiography (ECG) 
 
It is the process of recording the electrical activity of the heart. In the physiology 
of the CVS, we are concerned with learning the normal ECG, and how to use it to 
know the basic abnormalities that can be detected on it. 
 
In this lecture, we will talk about:  
- Revision (ECG waves, intervals and segments). 
- Einthoven's law and triangle.  
- ECG leads (Bipolar limb leads, unipolar limb leads and chest leads).  
 

- If you are still not well-understanding the basis of electrical current flow and its 
relationship with ECG waves, go to the last two pages (there are some explanations 
from Dr. Najeeb lectures, that will make your life way easier).  
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Now, we are going to talk about the electrical events in the heart:  
 
First, we have to understand one important thing. How the impulse travels through 
the heart?  
See this video.  
https://www.youtube.com/watch?v=te_SY3MeWys 

 

As you see, the impulse travels from the atria to the ventricles in this order:  
Atrium à Delay in the AV node to allow the atria to fully contract and fill the 
ventricles before ventricular depolarization and contraction à Ventricles.  
 
- In the ventricle there are 3 stages of depolarization and contraction:  
Depolarization starts at the septum, then goes down as far as the apex and then 
back to the base (posterior aspect of the ventricle).  
So, the three stages of ventricular depolarization are:  
1- Septal Depolarization (Q wave) 
2- Major Ventricular Depolarization (R wave) 
3- Basal Depolarization (S wave) 
__________________________________________________________________ 

Now, let's quickly revise the normal ECG waves, intervals and segments that we've 
talked about in the last lecture.  

There are 4 main electrical events that occur in the heart:  
1- Atrial depolarization          2- Atrial repolarization  
3- Ventricular depolarization   4- Ventricular repolarization  
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- Atrial repolarization and ventricular depolarization occur at the same time, so atrial 
repolarization doesn't show up on ECG, as it's masked by the stronger ventricular 
depolarization.  

- So, now we have 3 events left, and each is represented by waves on ECG.  
- P wave represents atrial depolarization. This wave is slow because the atria have 

slow-conducting system.  
- We said that the ventricles contract in 3 stages: septal, major and basal, and these 

are represented by Q, R and S waves, respectively.  
- QRS complex is called a complex because all these waves refer to one thing, which 

is ventricular depolarization.  
- The septum and the base (posterior aspect of the ventricle) are very small, that's 

why they create very small waves. Whereas, the major part of the ventricle is big 
and that's why it creates a very high peak, which is the R wave.  

 
- T wave represents ventricular repolarization.  
- The electrical activity always precedes the mechanical activity. P wave precedes 

atrial contraction. QRS complex precedes ventricular contraction. T wave precedes 
ventricular relaxation. 

- Note: T wave, which represents repolarization, is expected to be seen as a negative 
deflection, but it's a positive deflection on ECG. Why is that?  
 
Because depolarization and repolarization don’t start from the same point 
(Depolarization goes from the endocardium to the epicardium and from the base to 
the apex, while repolarization goes from the epicardium to the endocardium and 
from the apex to the base).  
 

- Additional information from Dr. Najeeb (But it's important to understand AV 
bundle blocks later): 

- Now, if you compare the R wave to the P wave, you will definitely notice that 
the P wave is slow and the R wave is very fast. Why?  
The atria have slow-conducting system, which is the atrial myocardial cells à 
Flow of current is slow à Atrial depolarization takes a long time à P wave is 
slow.  
The ventricles get their current from the Purkinje System (which is a specialized 
fast-conducting system) à Flow of current is fast à Ventricular depolarization 
takes a short time à R wave is fast.  
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- Now, why does that occur?   
 
Logically: 

- To memorize it, think of it in this way. The depolarization wave is coming from 
the SA node, AV node and then through the AV bundle it's coming into the 
septum. The endocardium is closer, so this is where depolarization starts. And 
since depolarization wave goes towards the  
apex, then we say "it moves from the base to the apex".  
 

- Repolarization goes the other way around. 
 
Physiologically, there are two possible explanations:  
1- The action potential of endocardial 
fibers is longer, so it depolarizes first but 
repolarizes last. Whereas, the action 
potential of epicardial fibers is shorter, 
so it depolarizes last but repolarizes first.  
 
2- During ventricular contraction, intraventricular pressure (i.e. pressure inside the 
myocardium of the ventricle) increases. This pressure is the highest close to the 
endocardium and the lowest close to the epicardium, and this may change the 
electrolyte environment in the endocardium to the extent that delays repolarization. 
 

- Also, you can notice that ventricular depolarization (black line) occurs almost at 
the same time with atrial repolarization. This is why atrial repolarization doesn't 
show up on ECG.  

- Can you think of one situation at which atrial repolarization may appear?  
 
Yes. It's when ventricular depolarization is delayed. For example, AV block delays 
ventricular depolarization, so both events don't occur simultaneously and hence 
they both appear on ECG. (We will talk about this in next lectures).  
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Standardized ECG: 
 

- x-axis: Time  
- y-axis: Voltage  
- The speed of the machine is 25 

mm/sec.  
- Each square is 1 mm.  
è 1 second is represented by 25 

square on ECG paper.  
è Each square represents 0.04 sec.  
- Last lecture, we talked about 

calculation of the heart rate from 
ECG paper. Typically, we look at 
two successive R waves (R-R 
interval). R-R intervals is the duration of the cardiac cycle, and the number of 
cardiac cycles per minute equals the heart rate.  
ex: Cardiac cycle = 0.8 seconds à Heart Rate = 75 Beats/min  

- When the duration of the cardiac cycle decreases, heart rate increases and vice 
versa.  

- Normal range of heart rate (60-100) beats/min. Below this is bradycardia and 
above it is tachycardia.  
 
Intervals: 
1- P-R interval: represents the duration of atrial depolarization and repolarization. 
 
- Normal duration: 0.16 sec  
- P-R interval shouldn't exceed 0.20 sec. If it exceeds this range, this indicates that 
there's a delay in AV conduction.  
- Also known as P-Q interval, but because Q may be absent on some ECGs, we 
prefer to use P-R to standardize the terminology.  
 
2- Q-T interval: represents the duration of ventricular depolarization and 
repolarization. 

- Normal duration: 0.35 sec   
- Can be lengthened by electrolyte disturbances, conduction problems; coronary 
ischemia, or myocardial damage. 
 
3- R-R interval: represent the time between two successive ventricular 
depolarizations (i.e. the duration of the cardiac cycle).  

- Intervals always include waves. 
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- To know the duration of cardiac cycle, we can use any two successive points on 
ECG. We can use R-R interval, P-P interval or any other points. But for the sake of 
simplicity, R-R intervals are the easiest to use because the R wave is always 
prominent on ECG.  
 
 
Segments 
Segments on ECG represent isoelectric lines (no waves).  
 
We said at the beginning of the last lecture that the electrical potential is zero at 
times of complete depolarization or complete repolarization (because at these 
times, all cells have the same charge, and there would be no current moving to be 
recorded by the Galvanometer).  
 
1- P-R segment: this is very small.  
2- S-T segment: This represents the time between the end of depolarization and the 
start of repolarization in the ventricles (i.e. the plateau of phase 2 of ventricular 
action potential).  
 
Here, we don't care about the 
duration of the segment but rather 
we look at itif it's elevated or 
depressed from the isoelectric line. 
Both elevation and depression of 
the S-T segment indicate ischemia.  
 
- Ischemia may develop into infarction. So, a patient with S-T elevation or 
depression on ECG should be kept under control to avoid the development of MI.  
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Now, we will talk about the vectors of current flow in the heart during 
depolarization and repolarization of the atria and ventricles: 
 
 

1- Atrial depolarization:  
The wave of depolarization is going from 
the SA node towards the AV node.  
This flow is indicated in arrow 1 
(downward, leftward and anteriorly).  

2- Septal depolarization: the wave is going in 
the direction of arrow 2.  
This vector is directed away from positive 
electrodes (as we will see when we talk about the limb leads), so it appears as a 
negative deflection (Q wave).  

3- Major ventricular depolarization: going in the direction of arrow 3.  
 
Remember: When a positive vector is going towards the positive electrode, the 
reading would be positive. And, when it's going towards the negative electrode, the 
reading would be negative. 
 
Now, we will talk about the leads used to record ECG.  
 
To record ECG, we have to look at the electricity of the 
heart from different views, that's why we use more than 
one lead. For example, if we use only one galvanometer to 
record the electricity of the heart, it will record it but it 
wouldn't be enough to give us a complete picture of what's 
going on in the heart.  
 
Nowadays, we use a 12-lead ECG. These 12 leads 
are as the following:  
1- Six leads on the limbs.  
2- Six leads on the chest.  
 
- Each lead provides a view of the electrical activity 
of the heart between two points. Limb leads 
provide a view of the heart from the frontal plane, 
while chest leads provide a view of the horizontal plane.  
	

1	

3	

2	

- From	Wikipedia:	
Lead	(in	electricity):	an 
electrical connection 
consisting of a length 
of wire or metal pad 
that comes from a 
device. 	
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- At any moment in time, there is electrical flow in the heart. This 
electrical flow has a value and direction, so it can be represented by a 
vector. All the time, there are vectors in the heart and from them we can 
find instantaneous currents.  

- From these currents, we can find the 
resultant vector. (See the arrows).  

- All these currents represent positive 
vectors (because depolarization is a spread 
of positive ions). 

- When the positive vector is directed 
towards the: 
a- positive electrode, it will be recorded as a positive deflection. 
b- negative electrode à negative deflection.  
c- When there's no current flowing, there would be an isoelectric line.  

This is how the electrical activity is translated into graphical representation on the 
ECG machine.  

Now, we will talk about the 12 leads (6 limb leads and 6 chest leads).  
 
A. Bipolar Limb Leads. 
 
Bipolar limb leads means that we are connecting the leads to upper and lower 
limbs (hence the "limb") and we connect positive and negative electrodes (hence 
the "bipolar").  
 
- There are 3 bipolar limb leads (Leads I, II and III). In these leads, we have 
galvanometers with two electrodes, the positive attached 
to one limb and the negative is attached to another.  
 
- To get a positive deflection on ECG, we have to arrange 
the electrodes so as to get a positive deflection in all leads. 
Knowing that the vector of the major parts of the heart is 
directed downwards, leftwards and anteriorly, where 
would you expect the positive electrode to be attached?  
 
Note: We said anteriorly because the heart is a 3D structure.  
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To get a positive deflection, the positive electrode should always be on the left 
limbs rather than the right.  
 
- In all leads, we use the right arm, left arm and the left foot. The right foot is 
considered an earth (ground lead). 
 

 
 

 

 
 
 

 

 

 

 

 

 

 

 

Note: The right arm is always negative and the left foot is always positive. 

- Einthoven's Triangle: 
Einthoven made an equilateral triangle. The heads of this triangle 
represent the RA, LA and LL, with the heart at the center.  
- An equilateral triangle is also equiangular, that is, all three internal 
angles are congruent to each other and are each 60 degrees.  

 
األعمدة المقامة من منتصفات أضالع المثلث متساوي األضالع تلتقي في نقطة واحدة وتمثل مركز الدائرة 

 ). Sorry, but I don't know how to write it in Englishالمرسومة داخل المثلث وتمس أضالعھ. (

Lead I:  
positive electrode à left arm  
negative electrode à right arm  
 
The recording would be positive	

Lead II: 
negative electrode à right arm 
positive electrode à left foot  
 
The recording would be positive	

Lead III:  
positive electrode à left foot  
negative electrode à left arm  
 
The recording would be positive	
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- Einthoven’s Law: 
 
It states that the electrical potential of any limb equals the sum of the 
other two (+ and - signs of leads must be observed).  
   L II= L I + L III 
 

- If lead I = 1.0 mV, Lead III = 0.5 mV, then Lead II = 1.0 + 0.5 = 1.5 mV 
 

The physical basis of Einthoven's law:  
Einthoven's law depends on Kirchoff's second law, which states that the directed 
sum of voltages in any closed network =0.  
 
What Einthoven did is that he changed the direction of electrodes in lead II, so as 
to make it opposite to the closed circle. (Look at the following two figures, they 
will clarify this point).  

 

 

 

 

 

 

 

 

 

 

 

According to Kirchoff's law:  
LI + LII + LIII = 0 
 
Because the three vectors are forming a 
closed network. 

As the direction is changed in this case:  
 
LI+ LIII + (-LII) = 0  
à LII = LI + LIII  
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- This represents the contribution of each lead to the resultant vector. We got these 
by making two lines, one extending from the head and another from the tail.  

- Note: The resultant vector is directed downwards, leftwards and 
anteriorly.  

 

- If we draw a circle 
inside this 
equilateral triangle 
that touches its 
sides, its center 
will be the same as 
the center of the 
triangle. In order to 
introduce other 
leads into the picture, it's more appropriate to transform this triangle with 
its vectors into a circle.  

 
- Vector transformation means to move the vectors in a parallel way (i.e. 

without changing the direction or the value).  
 
- We use this circle to know the mean electrical axis. In this case (in the 

figure above), the mean electrical axis is 60 degrees.  
 
- We will talk about mean electrical axis and its calculations in the next two 
lectures. For now, just know the following information.  
- Physiological normal range of mean electrical axis is between -30 and 

+110.  
- Clinically, the normal range is between 0 and +90.  
- If the mean electrical axis is above +90, we say that the patient has right 

axial deviation.  
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- If it was below 0, we say that the patient has left axial deviation.  
 

B. Augmented Unipolar Limb Leads 

Here, we use the three limbs as the bipolar leads but the difference is that we 
connect two of the limbs to the negative electrode and the third to the positive 
electrode.  
 
The idea here is that we connect the two limbs to the negative electrode through  
very high resistance (5000 ohms). So, there would be no current moving because 
of the high resistance and the voltage will be almost zero.  
 
The third limb is connected to the positive electrode and its voltage is thus 
recorded.  

 

- aVRà Right arm to the positive electrode and the other two to the 
negative.  

- aVLà Left arm to the positive and the other two to the negative.  
- aVFà Left foot to the positive and the other two to the negative.  

 

Why is the recording negative in aVR? 
When we talked about the bipolar limb leads, we said that the positive electrode is 
always attached to left limbs in order to get positive deflections on ECG. But here, 
the positive electrode is attached to the right arm (i.e. the resultant vector is against 
the positive electrode), so the recording would be negative.  

 

 

This is the recording of 
the six limb leads on 
ECG. 
Three bipolar and three 
unipolar limb leads. 
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C. Chest Leads (Precordial Leads): 

Here the positive electrode is placed on 
the anterior surface of the heart and the 
negative electrode is attached to the 
three limbs with very high resistance.  

 

- When there's high resistance, 
no current will move and the 
voltage will be zero, that's 
why when something is 
attached to the negative 
electrode through very high 
resistance, the electrode is 
called "indifferent electrode".  
 
 

- Based on what we've learned 
during this lecture, can you 
now explain the negative 
deflections in V1 and V2?  
 
I hope you can :D. To know 
the answer, see Guyton page 
126 (12th edition).  
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