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NOTE:  
our reference textbook is Guyton And Hall Medical Physiology. 
Guyton give you long introductions, but they are not that much important. So the lectures will cover 
90% of the information, and they will be nearly enough. But remember all things in the textbook are 
important.  
Now let's start our lecture about: 

Cardiac muscles & ElectroCardioGram (ECG) 

What is the action potential? 

It’s a process that includes:  

Depolarization (because of sodium channels opening) → and then 

Repolarization (potassium channels open) 

Cardiac muscles differ in the way their action potential occurs. Now we want to 

discuss this action potential (AP). How will it happen? Why? Which channels are 

involve in each step? And how does this appear on the electrocardiogram (next 

lecture topic)? What is the electrocardiogram? Why do we do it?  

How is it performed (we will do it in our lab)?  

So our lecture is too easy; just these few topics  : let's go .. 

Remember that the regular action potential 

(for muscles and nerves) appears like this :- 
 

 

** Note it is just 4 ms and the action potential  

will finish 

 

 

Why can’t this action potential (shown in the   

figure) fit heart demands? 

Simply because if this applied to cardiac muscles, there will be no time for 

contraction and pumping the blood. So, How can we give more time for 

contraction?? 

By causing the cardiac muscles to remain depolarized for a longer period of 

time, to give them enough time to pump the blood form the atria into the 

Skeletal 

muscles 
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In contrast to the skeletal muscle which has a short refractory period (no plateau), cardiac 

muscle has a long refractory period because of the prolonged plateau phase of the action 

potential. 

ventricles and then to the circulations, and this prolongation of contraction we is 

called the plateau, it’s caused by the opening of the slow Ca+2 channels. 

(straight line ) …  so we have :-  

Depolarization   →       remain depolarized (plateau)              →  repolarization 

 Na+ influx         →   Ca2+ slow influx (contraction happens)   →    K+ efflux  

 

 

 

 

In skeletal muscles the graph will be very different (as in page 1) because it’s just 

going up and down (no Ca2+ slow channels in skeletal muscles →no plateau). 

Note that the period of AP of cardiac muscles is 250 ms !!!!Much longer than 

skeletal muscles AP;4 ms( The contraction of the cardiac muscles is 15 times 

longer than that of skeletal muscles ). This characteristic causes the heart to 

contract stronger and more efficient.  

Another special characteristic of cardiac muscles is their resistance to spasm, 

unlike the skeletal muscles, where the excitation can be repeated and cause 

tetani. Plateau make the heart resistant to spasm. 

We want more duration of depolarization 

of the cardiac muscles, this is done by 

calcium channels. In heart muscles we 

have Ca2+ channels in addition to Na+ 

and K+ channels, these calcium channels 

maintain the heart cells ( cardiac muscles 

) in action potential about +20 mV. The 

mechanism is that: 

After a sufficient stimulus (stimulus that 

reaches to threshold) Na+ channels open 

allowing Na+ ions to enter the cell 

causing depolarization of the cell. After 

that, slow Ca2+ channels open allowing 

Ca2+ ions to leak to the inside of the cell 

( leak slowly ). This leakage takes a long 

period of time (about200 ms), this is 

what we call the plateau. Then, the 

depolarization happens by the efflux of  

K+ ions out of the cell. 
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This is skeletal muscles AP shows that it 

can be stimulated many times within a 

short period of time  AP& refractory 

periods are very short 

 

 

Refractory period: it is the period during which the muscles can't be re-

stimulated. It’s divided into two periods: 

1) Absolute refractory period: we can’t re‐stimulate the heart while it is in AP it 
is about 95% of refractory period. 
2) Relative refractory period: we can re‐stimulate the heart, but we need a 
stronger stimulus, and it is only the last 5% of refractory period. 
- Refractory period is 0.25-0.3 seconds in the ventricles and 0.15 s in the atria. 
 
As you can see in the below figure, the Refractory period includes mainly the 
time periods during which the depolarization & the plateau occur. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Extra systolic beat (premature contraction): the patient 
will tell you: I feel my heart has stopped for a while. This 
happens when a systole occurs (stimulation) during the 
relative refractory period. After that stimulus, there is a 
pause so the patient feels that his heart stopped for a 
while. 
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All or None law: it states that either all of the cardiac muscle fibers contract 
together or none of them contract. But in skeletal fibers it is applied that the 
fiber will contract or not, so, the all or none law is not applied; meaning it is not 
necessary that all skeletal fibers contract simultaneously. 

To sum up  

- Cardiac muscles must contract at the same time ( all or none ) 
- All febriles in one single fiber must contract at the same time ( all or none ) 
- The muscle ( skeletal ) don’t have to contract at the same time,( the 

strength of its contraction depends on number of fibers)  

Cardiac contraction strength depends on volume of blood inside, NOT on the 
stimulation. But we need stimulus to contract, if there is no stimulus there is no 
contraction. 

Muscle: Skeletal  Cardiac  

 Each fiber is stimulated 
alone and contracts 
alone = every cell (fiber) 
has the choice to 
contact or not  

All of them act as one unit = all cells 
contact at the same time = acts as 
single fiber = syncytium 
(intercalated disk allow cardiac                             
.   muscles to work as syncytium) 

How to 
strengthen the 
contraction? 

By stimulating more 
fibers= increase the 
number of functioning 
fibers 

By stretching it more (not beyond 
the physiological limits, if beyond 
the physiological limits there will be 
heart failure ) = depends on the 
length of the myocardial muscle = 
the more volume of blood enters 
the ventricles → more stretching of 
the muscle fibers → more powerful 
contraction  

Frank-starling law: 
The greater the heart muscle is stretched 

during filling, the greater is the force of 

contraction and the greater the quantity 

of blood pumped into the aorta 
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See the relationship between the mechanical response (blue line) and the 
potential (red line). 
 

Cardiac cycle: 
 

1- Stimulation starts from the SA node → atrium stimulation ( depolarization,  
plateau, and  repolarization, simultaneously atrial contraction ) →  

2- AV node (where the delay happens; this gives time to atria to empty their 
content of blood ) →  

3- Ventricles  ( depolarization,  plateau ,and repolarization and 
Simultaneously ventricular contraction ) → rest of the heart  

 

ECG 
Remember that the atria and the ventricles are stimulated separately; which 
means that during the refractory period of atria you can't stimulate atria but you 
can stimulate ventricles. 
In ECG, all of these actions will appear (we can identify all of these elements) 
 
How can we do an ECG?  
We use physics (electricity), to record potential (detect electricity) we need: 

- Two electrodes, one positive and one negative. 
- Voltmeter.  
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An electrode is an electrical conductor used to make a contact with a 
nonmetallic part of a circuit  

 
As you know, the SA node is present in the right side of the heart (on the wall of 
the right atrium), so we can conclude that we can detect the negativity during 
the depolarization in the right side of the heart (the base), and of the body as 
well.  
 
 
To do an ECG, where is the best place to 
put the electrodes? 
On heart immediately, but this is 
impossible to do so we use electrodes on 
the skin, this is possible because heart is 
surrounded by tissues (composed of fluid 
and ions) which are good conductors. This 
means the electricity will reach the skin 
and we can have the read from the skin but 
the reads will be less than the actual value 
of course (the amplitude will decrease). 
 

So anywhere we put the electrodes we expect to see some sort of Deflection on 
the voltmeter. 

Of course we can detect any electrical activity in the body (like EEG of the brain, 
&electrical activity of the muscles), but the heart is the greatest electrical 
activity, thus the voltages we get are correlated with heart’s electrical activity. 

: When the cardiac impulse passes through the heart, electrical current also spreads from the heart NOTE

to the surrounding the heart. A small portion of the current spreads all the way  adjacent tissuesinto the 

surface of the body. If electrodes are placed on the skin on opposite sides of the heart, electrical 

potentials generated by the current can be recorded; the recording is known as an electrocardiogram 

(ECG) 

https://en.wikipedia.org/wiki/Electrical_conductor
https://en.wikipedia.org/wiki/Electronic_circuit
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Einthoven is the scientist 

that made the ECG and he 

received the Nobel Prize in 

Medicine in 1924. 

 

This picturetells you that in the place 

where depolarization occurs the charge 

turns to negative. (During depolarization, 

the cell’s outer surface charge becomes 

negative, and this causes a negative read 

on the ECG because the electrodes are 

outside the cells.) 

Other way is to put electrodes near the heart to get better results. (The effect of 
other signals will be minimized) 

** Einthoven's method: in his method we put 3 
electrodes  

 one on the right arm  

 one on the left arm  

 one on the left leg 

These 3 electrodes make a triangle called Einthoven’s triangle, assuming that the 
center of this triangle is the heart.  

If we connect the three electrodes we will get these leads: 

Connecting the right arm with the left arm → lead 1  

Connecting the right arm with the left leg → lead 2 

Connecting the left arm with the left leg → lead 3

 

There is no connection with the right leg, 
because the direction of current from the base of the heart (right side) to the 
apex ( left side ).But we connect it as reference (like earthing in electricity). 

These three leads are bipolar leads, because they connect two points in the 
body. They record the difference between these two points. Whereas unipolar 
leads measure the potential of only one point as we shall see.  
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The sequence of impulse:  

The impulse starts in SA node so the right arm is always negative, why? 
Because in the resting state, the resting potential is positive ( outside the cells ) 
→ when the depolarization starts ( excitation ) the outer membrane’s potential  
becomes negative, and this negativity will appear on the right arm since it’s at 
the side of the right atrium and SA node.  

By contrast, the left leg is always positive because the current always directed 
toward the apex, and the left arm is at the apex’s side.  

 

Notes: 

- Always, the current flows from the area of negativity to the area of positivity. 
*At the time in which the AP starts, the area of negativity will be the base of 
the heart (near the SA node) and the area of positivity will be the apex (away 
from the SA node; the AP didn’t reach it yet). So the flow will be :  
Base  Apex 

- Getting a –ve or +ve reads depends on how you connect the electrodes; if  
you connect the negative electrode with the area of negativity and the 
positive electrode with the area of positivity you will get a positive read. If 
you do the opposite you will get a negative read.  

- You can get a positive or a negative read only when there is a difference in 
the potentials between the two points. The read will be ZERO during the 
resting (polarized) state (because all charges will be positive; no difference) 
and during the depolarized state (that is, all charges will be negative; no 
difference).  
* Examine the following figure and try to apply the previous 3 notes on it 
(note the reads when +ve or –ve) 
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The left arm is relatively +ve or -ve : 

In relative to the right arm ( which is always –ve) → left arm is positive ( lead 1 ) 

In relative to the left leg ( which is always +ve ) → left arm is negative ( lead 3 ) 

* * The maximum voltage must be within lead 2, because it is parallel to the 
direction of the current (base to apex). 

When we take the summation of the three leads = zero (it is a closed Electrical 
Circuit).  
In other way lead 2 value must be = lead 1 + lead 3 

The center of the triangle is the heart and the summation of all leads = zero 

 

To sum up:  

- According to Einthoven’s triangle, there are 3 voltmeters with their 
electrodes connecting between the right arm, the left arm and the left leg.  

- So, there will be current flow between each points and the others. This 
current can be detected by the voltmeter.  

- According to Einthoven’s law, we can calculate the value of any potential 
if we know the other two potentials in the triangle.  

- The bipolar leads can be used to diagnose different cardiac arrhythmias; 
abnormalities in the period of times between different waves of the cycle.  
(if it’s prolonged or shortened). 
 
 
But what If we want to diagnose abnormalities in the waves themselves 
(e.g. if there’s something wrong in the QRS complex itself; meaning 
abnormalities in the ventricles)? 
In this case, the bipolar leads can’t help us, Chest leads are used in such 
situations.  
In chest leads method, ECGs are recorded with one electrode, the positive 
one, placed on the anterior surface of the chest directly over the heart (on 
any point (v1, v2 … v6) .This electrode is connected to the positive 
terminal of the electrocardiograph, and the negative electrode is 
connected to the right arm, left arm, and left leg all at the same time.   

L 2   =   L 1   +   L 3 

Einthoven’s Law. Einthoven’s law states that if the ECGs are recorded simultaneously with the 

three limb leads, the sum of the potentials recorded in leads I and III will equal the potential in 

lead II. 
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Chest leads (unipolar leads)  

Other way is to put electrodes on chest directly, they use specific places in the 
heart to identify different areas ( to examine many parts of the heart ). So they 
put 6 markers on the chest and named C1,C2 ….C6 (or V1 ,V2….V6 ). 

V: vector    C: chest.  

Each one has its position and related to specific part of heart. These places are 
chosen considering the surface anatomy of the body. 

 

 

These leads are the active electrodes 
(positive ones). The negative one is the 
summation of the three bipolar leads 
(which is zero). In other words we measure 
the actual voltage in a point, so called 
unipolar leads.  

- If the current is going to the positive 
direction we will have positive 
voltage. 

- If it is going to the negative direction 
we will have negative voltage. 

 The sign of current depends on where 

we put the electrodes and the 

direction of the current. 

Lead symbol Place  Related part in heart 

V1 fourth intercostal space to the right 
of the sternum. 

Right ventricle. 

V2 fourth intercostal space to the left 
of the sternum. 

The sputum between the 
ventricles. 

V4 fifth intercostal space in the left 
midclavicular line. 

Anterior of the left ventricle 

V3 in between V2 and V4. Anteroseptal aspect of the 
left ventricle. 

V5 anterior axillary line within fifth 
intercostal space. 

Anterolateral aspect of the 
left ventricle. 

V6 middle axillary line within fifth 
intercostal space. 

Lateral aspect of the left 
ventricle. 

In some books there is extra posterolateral electrode. But this is not important. (the doctor only mention this 
piece of information) 
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Leads and related parts 

of the heart 

Leads surface anatomy and their related 

position to the thoracic cage. 

These chest leads help us in 
myocardial infraction patients 

to identify which part is 
affected by the infraction. 

 

Tells you where to place each lead. 

 

 

 

 

 

 

 

 

 

 

 

 

 

So when we connect the right arm with the +ve electrode and the left arm with 
the –ve electrode:  The current goes from right to left (because it always flows 
from the area of negativity to the area of positivity regardless each area to which 
electrode is connected).  The thing that differs is the sign of the current (i.e. the 
read’s sign). 

 

Leads in real patient. 
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Leads

Unipolar leads 

Chest leads ( 6 
leads ) 

We have 
unipolar limb 
leads ( later )

Bipolar leads 
The three leads 
(lead 1 ,2 , & 3) 


