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O Heart
Perfect thy motion within you
Waves of life run on thou smile….
Knowledge and skill in the field of electrocardiography are constantly changing
with the new researches and understanding.
With humble words I wish to say that everything of ECG basics is not covered
within this book. Here I am putting only some of my articles related to ECG basics.
It is only a step toward the vast ocean of knowledge. I may be excused for any error
or omission.
With thanks and regards

DEDICATED
TO ALL THE
FELLOW COLLEAGUES
Thinkers , the illuminated seers urge by
their thoughts the Fire of Knowledge to
dwell in their house.
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ECG
TAMING THE ECG THROUGH THE WINDOW OF TIME :
HISTORICAL PERSPECTIVE

DR. D.P. KHAITAN

MD (MEDICINE) FCGP(IND) FIAMS(MEDICINE) FICP
SYNOPSIS
Introduction

Opening the pages of time, trailing through and casting the events
of evolution though a tedious task but it would throw a light to
understand the basics of ECG.
Electrical current accompanies every heart beat, firstly
demonstrated in a frog (1842: Carlo Matteucci, a professor of
physics at the university of Pisa).

Concept of 'Action
Potential'

The bioactivity of the heart depends upon the gradient difference of
action potential engrafting the impulse propagation along the cardiac
membrane, brought about by the ionic movements from outside to
inside and from inside to outside

Grey box = extracellular compartment
Red box = intracellular compartment
(here demonstrated by ventricular action potential)
Discovery of Human ECG
Using a Capillary
Electrometer

Augustus D. Waller searched a way out to record the electrical
activities of the beating heart by applying surface electrodes
strapped to the front and back of the chest in 1887 (the recording
was called the electrogram at that time).
He recorded two distorted deflections - ventricular events
(depolarization- V1 and repolarization- V2). He did so by using the
mercury capillary electrometer.
Waller had recorded 2000 tracings with different heart disorders
before his death.

Discovery of ECG Waves

In 1893 Einthoven coined the term electrocardiogram
(Elektrokardiogramm) but he transferred the credit to Waller as a
token of brotherly respect to his colleague who came out initially
with the recording of two waves on ECG.
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Einthoven's discovered and named the waves initially as ABCD and
later on coined PQRST for the waves on ECG
Mathematically corrected curve was superimposed by Einthovens
over the uncorrected curve obtained earlier and thus eliminated the
confusion in between ABCD and PQRST – inked green and red
respectively for the clarity of vision.
As per modern concept :P = Atrial depolarization ; Q (small q) =
Interventricular septal depolarization; R = Main ventricular mass
depolarization; S = Depolarization of the ventricles at the base of
the heart; T = Ventricular repolarization (It is to be noted that
electrical activity towards a lead causes an upward deflection
and electrical activity away from a lead causes a downward
deflection.)
String Galvanometer
1901

The discovery of string galvanometer by Einthoven in 1901
enabled him to record the very small electrical currents produced
by the human heart.

Einthoven's Triangle

Einthoven inscribed the famous equilateral triangle formed by lead
I, II and III at its side and derived a very important calculation what
he called ‘ the manifest potential difference in the heart’ now
known as Electrical axis

The manifest potential difference in
the heart

A new concept of an electrical vector came into existence :
To his statement “The curve must represent under all
circumstances and in every moment, the algebraic sum of all the
potential differences which at that moment are developed in the
heart. ” His this thinking might have hinted the concept of the
manifest potential difference having a definite magnitude and
direction
There should be no surprise why Einthoven was awarded with
Nobel prize in 1924 ‘for his discovery of the mechanism of the
electrocardiogram’.

The Concept of The
Central Terminal: Dr.
Frank N. Wilson 1932

First time in 1932 Dr. Frank N. Wilson of the uiversity of Michigan
developed the concept of the ‘Central terminal’ – and by his name
it is known as ‘Wilson Central Terminal’ (WCT). He adjoined the
three limbs to form a common terminal electrode. This central
terminal represents the minimal flow of current (almost equivalent
to zero) across this.
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Augmented Unipolar Leads
Dr. Emanuel Goldberger
1942

An unique system of recording the ECG image through an extra
window in between 600 (i.e. at 300 ) – placed the positive
unipolar leads on the left arm (aVL), right arm (aVR) and left
leg (aVF)
Goldberger Central Terminal (GCT): Goldberger also
thought that the three 5 K resistance of Wilson central
terminal (WCT) were not necessary and they could be replaced
simply by 3 plain wires to form a terminal for recording of
unipolar limb leads

The Birth of the Chest
Leads: American Heart
Association and Heart
Society of Britain and
Ireland

The credit goes to the American Heart Association and the Heart
Society of Britain and Ireland which in 1938 published their
recommendation for recording the current flow from inside to outside
over the horizontal plane by placing the exploring lead opposite the six
sites – namely V1 through V6 across the chest. The ‘V’ stands for
‘Voltage’

Remarkable Point to be
Noted

Any precordial lead from V1 to V6 records the electrical potential from
the small area of the underlying myocardium in respect to the electrical
axis; it records all the net electrical events viewed from the selected
site. This is also true with the augmented unipolar limb leads (This is a
sharp contrast from the limb leads which record the potential difference
against two limbs – not recording electrical potential from the
underneath myocardium as such)

The standard 12-lead ECG

Einthoven’s triangle
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A diagrammatic
illustration of 12-lead ECG

The recording of ECG waves is the two-dimensional record in clinical
practice – one over the vertical plane (limb leads) and the other over
the horizontal plane (chest leads). This is the elementary concept.
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TAMING THE ECG THROUGH THE WINDOW OF TIME :
HISTORICAL PERSPECTIVE
A Narrative Review

Dr. D.P KHAITAN
MD (MEDICINE) FCGP(IND) FIAMS(MEDICINE) FICP

A step towards the understanding of history behind the evolution in electrocardiogram might
enable us to deal efficiently with the present. A clear understanding of its deficiencies
possibly pushed the physicians and scientists to correct and to evolve a good model of this
non-invasive tool in cardiology.
Deep in evolution there are so many gallops of discoveries – celestial events in science
bringing a renewed splendorous lightning of the knowledge over the surface and the heart
woke to white dawn of gleaming wonder on the tracings of ECG.

Introduction
The prediction of Sir Thomas Lewis (British Cardiologist) in the early 1910s that “the time
is at hand, if it has not already come, when an examination of the heart is incomplete if
this new method is neglected”, quickly became a reality.
Opening the pages of time , trailing through and casting the events of evolution though a
tedious task but it would throw a light to understand the basics of ECG.
A chain of moments needs to be witnessed step by step.
It is itself a thunder surprise when a scientist visioned with the lightning thrill that electrical
current accompanies every heart beat, firstly demonstrated in a frog (1842: Carlo Matteucci, a
professor of physics at the university of Pisa). It was the voice of an animal which hinted
towards a new discovery. Since time immemorial animals always carved the pathway of
discoveries in medical science.

Concept of ‘Action Potential’
Standing still does not lead to the motion in perpetuation. Steps are to be forwarded ahead to
furnish a motion in action. The bioactivity of the heart depends upon the gradient difference
of action potential engrafting the impulse propagation along the cardiac membrane, brought
about by the ionic movements from outside to inside and from inside to outside . The life is
in triumph when every bio-tissue is nourished by the contractile venture of the heart. The
myocardial cells are having different electrophysiological properties : automaticity with the
current genesis at SA node and its propagation through the conducting system to the cardiac
myocytes– a synchronous activity to propel the blood onwards. The heart maintains the
rhythmicity of its footsteps through the journey of ‘ACTION POTENTIAL’ which sweetens
the heart, otherwise the life would be dead in asystole with no action potential.
WHAT A CHARIOT-WHEEL HISTORICAL INCIDENCE – CARLO MATTECUCCI, A
PROFESSOR OF PHYSICS OF THE UNIVERSITY OF PISA REVEALED THE FACT
THAT ELECTRICAL CURRENT ACCOMPANIED EVERY HEART BEAT IN A FROG –
1842.
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Let us review the steps in brief involved during cardiac action potential.

2

1

3

0
4

AP

4

T

QT Interval

Fig. 1.1

Phase 1

Extracellular
Na+
Intracellular

QRS

P

Phase 0

Phase 2

Phase 3

Phase 4
K+

Ca+
K+

K+

K+

Na+

The grey box indicates extracellular compartment and the red
space below indicates intracellular compartment.
There are important physiological differences between the cardiac
pacemaker cells (SA node) and those non-pacemaker cells in the
cardiac myocytes
(The standard model used here to demonstrate the cardiac action
potential is that of the ventricular action potential) .

The inside of the cardiac membrane is more negative than the outside. The main ions
responsible for the same are 3Na+outside the cells and 2 K+ inside the cells.
Inward current facilitated through Na+ conductance brings positive charge inside the
cell and depolarizes the cardiac membrane (Phase 0)
A new turning point before repolarization sets in with the rapid inactivation of the Na +
channels – K+ channels open and then close rapidly, allowing for a brief flow of
potassium ions out of the cell, making the membrane potential slightly more negative.
This is referred to as a ‘notch’ on the action potential wave form. ( Phase 1)
The next phase is the phase of plateau – stage of an alliance for cardiac contractility to
take place. This is caused by transient increase in Ca2+ conductance which results in an
inward Ca2+ current and by increase in K+ conductance as illustrated above. During
this phase outward and inward currents are approximately equal but with reverse
polarity on either side. This phase is responsible for the large duration of the action
potential and is important in preventing irregular heart beat (Cardiac arrhythmia)
(Phase 2)
During this phase Ca2+ channels are closed and K+ channels remain open resulting in a
large outward K+ current which ensures a net outward positive current ( Phase 3).
During this phase the inward and outward currents are equal with the resetting of the
cardiac potential brought about mostly by Na+- K+ ATPase pump (keeping 3 Na+ out
of the cell and 2K + into the cell , for every single ATP consumed) and is also helped
by Na+ - Ca2+ exchanger (Phase 4)
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The modern era of medical science has witnessed the concept of cardiac action potential –
such a detailing was previously inexistent - lying in the pages of history uninked for years
together. The scientists invented the instrument – ECG machine to record the changes of
cardiac action potential in the form of waves (labelled P,QRS,T & U) . This was the secrecy
of the cardiac spirit to be traced on the paper, giving a lot of informations to us.

Discovery of human ECG using a Capilliary electrometer
The history witnessed so many Hills of discoveries unique in its shadows and brightness both
– the modern 'Techno Architect' of ECG machine is the gift of such a discovery. ECG using
a capilliary Electrometer was the new start. Such an initial discovery of ECG using a
capilliary Electrometer seemed to be a child play but it was a weaving aspiration to the new
discovery.

V1

+

V2

Hg

Two distorted deflections - ventricular events
(depolarization- V1 and repolarization- V2) .

Capilliary
H2SO4

Fig. 1.2

-

The discovery of Human ECG using a Capillary Electrometer had been credited to the name
of British physiologist Dr.Augustus D. Waller of St. Mary’s Medical school of London. It
was the start of armoured march towards the discovery of a non-invasive tool of ECG – the
seed of new discovery. Augustus D. Waller searched a way out to record the electrical
activities of the beating heart by applying surface electrodes strapped to the front and back of
the chest in 1887 (the recording was called the electrogram at that time). He did so by using
the mercury capillary electrometer.
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A brief of the Capillary Electrometer
The mercury capillary electrometer was designed in 1873 by the French Physicist Gabriel
Lippman (1845-1921).
The capillary electrometer was consisting of a fine capillary tube (20 to 30 mu), the lower
end of which was immersed into a small column of mercury with a small amount of sulphuric
acid above this. The one end of wire was connected to the upper end of capillary, also
containing a small amount of mercury , being connected to the bottom column of mercury as
illustrated in Fig 1.2. By applying the two electrodes one to the front and one to the back, the
recording was obtained. Measurement was based on the displacement of mercury meniscus mercury contracts and expands according to the potential difference.Waller recorded two
distorted deflections, as he said initially - ventricular depolarization and repolarization. The
P wave was not discernible with the 1887 apparatus. Permanent records were obtained by
projecting a magnified image of the moving meniscus on sensitized paper moving uniformly
at right angles to the direction in which the image was displaced. Waller’s classic
demonstration of the human ECG was from the intact human heart (1887). There were only 2
distorted deflections : ventricular depolarization and repolarization. Waller had recorded
2000 tracings with different heart disorders before his death.
THE ELECTROCARDIOGRAM WHISPERED MORE TO THE EARS OF DUTCH
PHYSIOLOGIST DR. WILLIAM EINTHOVEN : SO MANY UNATTAINABLE
INITIAL DISCOVERIES REVEALED BY HIM:

Discovery of ECG waves
Einthoven in the early years of his research had many ECG recordings with the improved
capillary electrometer bringing the dream into reality. Einthoven in 1900 presented a
galloping concept that bioelectric signal of the diseased heart might differ from the
normal one. This thrilled Einthoven towards the development of an improved method of
recording the ECG, an onward journey to conquer the prevailing deficiencies on recording.
In 1893 Einthoven coined the term electrocardiogram (Elektrokardiogramm) but he
transferred the credit to Waller as a token of brotherly respect to his colleague who came out
initially with the recording of two waves on ECG. Below is the sketch recorded by Einthoven
with the modified capillary electrometer and he named the waves as ABCD. The tracings
below were mathematically corrected waves as ABCD by Einthoven himself; a strange but a
real resemblance to subsequent tracings obtained with the help of the string galvanometer
later on.
C
D
A
B

Two distorted waves recorded
by Augustus D. Waller.

Named waves as ABCD by
Einthovens

Fig. 1.3

C
A
B

D
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During these early years of research Einthoven first time coined the ‘PQRST’ designation
for the several deflections on Electrocardiogram as it is known today. Perhaps Einthoven
was very much strived by Decartes (1596-1650) , a French scientist who first narrated the law
of refraction and he labelled some of the points on the curves as P. We should have a peacock
eye introspection – PQRST stands its position in the second half of English alphabets as
illustrated below, N has other meaning in mathematics and O is used for the origin of the
Cartesian coordinates as timing event, P is simply the next letter encountered. The ‘PQRST’
so designed are still used on ECG for the different waves – a dream of William Einthoven
came to be true.

English alphabets
1st half

A B C D E F G H I J K L M

2nd half N O P Q R S T U V W X Y Z
The stages of evolution in naming the waves of ECG are illustrated as below (the
contributions of both Augustus D Waller and William Einthoven are highlightened)

Augustus D Waller

William Einthoven

Stage1(by using a capillary electrometer)
Two distorted deflection – V1 & V2 Named the same deflection as A & B after
(V stands for Ventriuclar events)
first two English albhabets.
Stage 2 (with improved capilliary electrometer by Einthoven)- recorded extra atrial activity
(Named A - Atrial as by Waller)

Named P (Atrial) – possibly studied Decartes
Law of refraction wherein the starting point
of the curve was P and hence , Einthoven
chosen the P for the purpose.

Stage 3 (with more refined Lippman capillary electrometer)

--

Recorded four waves and he named them
A B C D (A for Atrial electricity , B for first
downward
deflection
of
ventricular
electricity, C for first upward wave of the
next ventricular activity and the D for
upward wave of the last ventricular activity).
Stage 4 (Developed a mathematical formula that compensated for the inertia of the mercury
column and the friction of the capillary wall of the refined capillary electrometer.)
And the Nomenclature of PQRST came into
-existence (the reasoning of naming these
waves as PQRST already explained earlier)
Stage 5 (With the advent of sensitive string galvanometer by Einthoven)
PQRST further confirmed. Later in 1903
-Einthoven discovered and added the U wave.
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Mathematically corrected curve was superimposed by Einthoven over the uncorrected curve
obtained earlier and thus eliminated the confusion in between ABCD and PQRST (as
illustrated below) – inked green and red respectively for the clarity of vision.

R
P
q

T
s

Fig. 1.5

Einthoven used ‘O……X coordinate’ for timing events

Fig. 1.4
As per modern concept :P = Atrial depolarization ; Q (small q) = Interventricular septal
depolarization; R = Main ventricular mass depolarization; S = Depolarization of the
ventricles towards the base of the heart; T = Ventricular repolarization (It is to be noted that
electrical activity towards a lead causes an upward deflection and electrical activity
away from a lead causes a downward deflection.)
A PRELIMINARY REPORT ON STRING GALVANOMETER WAS PUBLISHED BY
EINTHOVEN IN 1901 a more detailed inscription in 1903 included a report of ECG , being
taken with his instrument of string galvanometer. The string galvanometer was essentially
composed of a thin silver-coated quartz filament, (about 3 m thick) which was attached like
a string in a strong magnetic field. When an electric current was conducted through this
quartz filament, the filament revealed a movement which was recorded by the means of
photographing with a considerable magnification; this movement was similar to the
movement of the capillary electrometer. It was possible to regulate the sensitivity of the
galvanometer very accurately within broad limits by tightening or loosening the string. The
extreme thinness of the string with its minimal mass caused its delicate movement to be
recorded on the Bromide paper (the string was placed in between the narrow space of two
strong poles of magnet) – creating a strong electromagnetic field as illustrated in brief by the
following diagram.
Collimator

BULB

S

String

Collimator

N

Electrode

Voltage Induction

S - South Magnet Pole

Fig. 1.6

P-QRS-T

N = North Magnet Pole

The true image of the moving string is
passed through the cylindrical lens to get it
to be focused upon the BROMIDE (Br) PAPER
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If we have a gliding glimmer view of the modern concept of cardiac electrophysiology, the
ionic signals precede by the electrical current that can be recorded on ECG paper. This is to
be noted here that the mercury column movement of the Waller capillary electrograph was
brought about by the inflow of the cardiac current created by the cardiac field. But
Einthoven’s discovery of so sensitive string movement put across the electromagnetic field
provided a wonderful example of the recording of the flow of the cardiac current. To me
there are three factors responsible for the improved recording to this Einthoven’s technology.
1. The electrical current was picked up by the thin silver coated quartz filament (about
3 m thick) very easily.
2. So created electromagnetic field causes sideways displacement of the filament in
proportionate to its current flow.
3. The string galvanometer was easier to use, free from damping and more sensitive,
eliminating the inertia and the friction effect of the mercury capillary electrometer.
The Einthoven’s original apparatus in Leiden (the place of his clinic - a city in the west
Netherland ) was so huge in size almost occupying 2 rooms, weighing 600 pounds including
the enormous electromagnet and requiring 5 people to operate it. A huge uninterrupted
continuous flow water was needed for cooling the electromagnet. The buckets of saline were
used as electrodes with the subject immersing his two hands and left foot inside. The clinical
use of the immobile equipment placed in the laboratory in Leiden to his clinic at the
Academic Hospital was almost a mile away as described in his paper on the
telecardiogramme– such a distance recording was the birth of the new events known as
telecardiograpy.

The discovery of string galvanometer by
Einthoven in 1901 enabled him to record the
very small electrical currents produced by the
human heart.

DR. WILLIAM EINTHOVEN
Fig. 1.7
In 1906 Einthoven published his first presentation of normal and abnormal
electrocardiogram recordings, that included the imprints of the hypertrophy of all the
different four chambers of the heart, the U wave for the first time, notching of the QRS,
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ventricular premature beats tracings , etc. The electrical activity of the heart was abbreviated
as EKG (In German language – Elektrokardiogramm).
This took almost a run of 10 years from 1901 onwards to realize the clinical significance of
this Einthoven’s discovery of the string galvanometer to be applied in clinical practice of
cardiology. And then it witenssed a gradually expanding clinical application of
electrocardiography in different cardiac conditions. Many arrhythmias were clarified.
The prediction of Sir Thomas Lewis (British Cardiologist) in the early 1910s that “ the time

is at hand, if it has not already come, when an examination of the heart is
incomplete if this new method is neglected”, quickly became a reality.
Some important contributions are also
credited to Einthoven’s journey of EKG
understanding – the endless labour of whom opened the beginning of some basic fundamental
concepts – the delivery of his lecture in 1912 addressing at the Chelsa Clinical society in
London describing an equilateral triangle formed by his standard leads I, II and III, later
called Einthoven’s Triangle.
To understand Einthoven’s triangle, we should look at the following facts :Einthoven inscribed a tri-axial bipolar system with 3 leads known as standard leads I,
II and III.

R = Right shoulder
L = Left shoulder
F = Left foot (originally midpoint of
the pubis was chosen by Einthoven
as left foot representative)

Fig. 1.8

The manifest potential difference in the heart

Einthoven’s triangle is an imaginary formation of three limbs triangle used in
electrocardiography, as illustrated above. The shape forms an inverted equilateral
triangle with the heart lying at the centre that produces zero potential when the
voltage are summed up (Einthoven’s law).

The manifest potential difference in the heart – His remarkable concept of
biophysics set forth a new concept first time in the history of ECG. Einthoven
inscribed the famous equilateral triangle formed by lead I, II and III at its side and
derived a very important calculation what he called ‘ the manifest potential difference
in the heart’ now known as Electrical axis.
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A new concept of an electrical vector came into existence :
To his statement “The curve must represent under all circumstances

and in every moment, the algebraic sum of all the potential
differences which at that moment are developed in the heart. .” His this
thinking might have hinted the concept of the manifest potential difference having a
definite magnitude and direction.
Einthoven made many major contributions to electrocardiography after 1913, and he
taught and lectured widely on the subject until his death. He never published a book
of his achievements.
There should be no surprise why Einthoven was awarded with Nobel prize in 1924
‘for his discovery of the mechanism of the electrocardiogram’.
Briefly, the Einthoven’s contributions in the field of electrocardiography are
summarized below. For his countless efforts, the only word in my dictionary ……. is
to salute him with regards.
He coined PQRST-U for the waves on EKG.
He built very sensitive string galvanometer for recording the waves on ECG.
He used three limb leads, which became known as Einthoven’s triangle.
On the basis of this triangle he gave the concept of ‘the manifest potential difference
in the heart’ – now known as electrical axis.
The concept of the telecardiogram (Einthoven introduced Le Telecardiography in
1906 by which a cable connected his instrument to the hospital a mile away to have
the distant recording of the waves on ECG).

A GLIMMERING VIEWS ON THE SERIES OF INPUTS BY OTHER
DIFFERENT RESEARCHERS
T

The concept of the Central terminal :Dr. Frank N. Wilson 1932

First time in 1932 Dr. Frank N. Wilson of the uiversity of Michigan developed the concept of
the ‘Central terminal’ – and by his name it is known as ‘Wilson Central Terminal’ (WCT).
He adjoined the three limbs to form a common terminal electrode. This central terminal
represents the minimal flow of current across this. And to further bring down the quantum of
the current to the minimum (almost equivalent to 0) he introduced the 5K resistance to each
terminal of the unipolar limb leads (Right arm – RA, Left arm – LA and Left Leg – LL).
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Thus combining all the terminals of the three (each through 5 K resistance) he succeded in
creating a central terminal with the minimal possible quantum of the potential difference.
In nutshell, this Wilson Central Terminal was formed by connecting a 5 K
resistance to
each limb electrode and adjoining them together. This terminal represnts the average of the
limbs potential possibly near about 0 (Zero). This can be illustrated by the following
diagram.

RA

LA

LL
5K

Fig. 1.9

Wilson Central
Terminal

AUGMENTED UNIPOLAR LEADS :
DR. EMANUEL GOLDBERGER 1942
Einthoven’s concept of ‘triaxial bipolar leads’ placed the three leads I, II and III , each at the
angle of 600 apart. It seemed a possibility that the gap area in between 60 0 might hidden the
recording of the electrical segment in between, which would have otherwise imparted some
more information by placing an extra limb system in between them. In 1942, Dr. Emanuel
Goldberger of Lincoln Hospital, New York, succeeded in the construction of unipolar limbs
lead system – an unique system of recording the ECG image through an extra window in
between 600 (i.e. at 300). He placed the positive unipolar leads on the left arm, right arm and
left leg for the purpose. This system provided more detailed coverage of the frontal plane
within 300 of range. Since the recorded signals from these unipolar leads were small,
Goldberger devised a separate central terminal (Wilson Central Terminal minus 5 K
resistance ) to augment these small signals by 50%.
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aVL

aVR
- 1800
+ 180

O0

300

0

III
Fig. 2.0

aVF

II

I

Hexaxial Lead System :
Einthoven’s three limb leads + augmented limb leads

Fig. 2.1
This unipolar limb leads were named as augmented unipolar limb leads – aVL, aVR, aVF.
First time in the history of ECG evolution, there was possible to record the electrical activity
from the right arm – a lead (aVR) looking opposite to the direction of electrical vector – a
very useful discovery.
This aVR lead gives a useful information viewing the right
upper side of the heart such as outflow tract of the right
ventricle and the basal part of the septum. This lead also gives
reciprocal information from the left lateral side of the heart as
well.

Goldberger Central Terminal (GCT): Goldberger also thought that the three 5 K
resistance of Wilson central terminal (WCT) were not necessary and they could be replaced
simply by 3 plain wires to form a terminal for recording of unipolar limb leads.

The birth of the chest leads : American Heart
Association and Cardiac Society of Great Britian.
The credit goes to the American Heart Association and the Heart Society of Britain and
Ireland which in 1938 published their recommendation for recording the current flow from
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inside to outside over the horizontal plane by placing the exploring lead opposite the six
sites –namely V1 through V6 across the chest. The ‘V’ stands for ‘Voltage’. A conjoint
adventure led the foundation of the Chest leads – the birth of recording the electrical current
of the heart over the horizontal plane. A mystery of knowledge came into existence.

V6

V5

V1

V4
V2

V3

Fig. 2.2

Eyes of Precordial Leads
A remarkable point is to be noted here :
Any precordial lead from V1 to V6 records the electrical potential from the small area of the
underlying myocardium in respect to the electrical axis; it records all the net electrical events
viewed from the selected site. This is also true with the augmented unipolar limb leads (This
is a sharp contrast from the limb leads which record the potential difference against two limbs
– not recording electrical potential from the underneath myocardium as such)
.
The modern concept of ECG recording is credited to the laboured efforts of the different
researchers. The meet of the adjoining sculptured efforts of all had given birth to the science
and art of electrocardiographic recording – the medical science enjoys today.
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Hexaxial System – Einthoven’s leads I, II and III + Augmented unipolar
leads of Dr. Emanuel Goldberger (aVR, aVL and aVF) : An integral part
of standard 12-lead ECG over the frontal plane
(Here V is the abbreviated from of vector e.g. aVR = Augmented Vector right )

The followings graphic representation are presented for the purpose (the details already
described in the preceding pages)

Goldberger Central Terminal = Wilson
central terminal without 5 K resistance

The lead
connected to the
right leg works
as a neutral lead
just to complete
the electrical
circuit.

Point to be noted
*LeoSchamroth – An Introduction to
ELECTROCARDIOGRAPHY - EIGHTH
ADAPTED EDITION – Basic Principles
P – 6 (‘ With distances greater than 15 cm
from the heart, the decrement in the intensity
of the electrical field is hardly noticeable.
Consequently, all electrodes placed at a
distance greater than 15 cm from the heart
may, in an electrical sense, be considered to
be equidistant from the heart ’).
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The standard 12-lead ECG
This consist of three limb leads (I , II, III) , three augmented limb leads (aVR , aVL and aVF)
and six precordial leads V1-V6. There is a potential difference in between positive exploring
electrode and the negative electrode , as illustrated with the following table. If the
depolarizing wave is towards the positive electrode , an upward deflection will be recorded.

Einthoven’s triangle

Fig. 2.3
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Summary of the important landmarks
electrocardiography related events
1842 CARLO MATTEUCCI,
Professor of physics of the university
of PISA.
1887 DR. AUGUSTUS D.
WALLER, British physiologist of St.
MARY’S MEDICAL SCHOOL
LONDON.
1901 DR WILLIAM EINTHOVEN
DUTCH physiologist

in

the

evolution

of

Electrical current accompanies every heart beat
in a frog.
He recorded electrical activities from the
human heart by using a capillary Electrometer.

He built string galvanometer based 3 lead EKG
machine and delineated P-QRS-T-U waves.
With the use of three limb leads, he created the
famous Einthoven’s triangle. (awarded the
nobel prize 1924 “for his discovery of the
mechanism of the electrocardiogram”).
He invented a central terminal – An indifferent
1932 DR. FRANK N. WILSON, an
reference terminal of almost zero potential
American cardiologist, University of
(WCT).
Michigan
1938 American Heart Association and Recorded the current flow over the horizontal
plane by placing the exploring lead covering six
the Cardiac Society of Great Britian
points of the chest: V1-V6.
Invented unipolar limbs system with
1942 DR. EMANUEL
augmentation of the voltage by 50%
GOLDBERGER, cardiologist of
Lincoln Hospital, New York
Recommendation for Standardization of 12 lead
1954 American Heart Association
ECG

Concluding remark
It should not be the end of ours endeavour in discovering more and more : some newer pages
might be added to the field of electrocardiography. While writing this article I have two
points in my mind (i)
(ii)

A step towards the understanding of the history behind the evolution in
electrocardiogram might enable us to deal efficiently with the present.
This might push the scientists and physicians both to evolve a few further steps so
that the heart might embrace a brightening dawn of glimmering wonder on this
subject. This was their seer dreams and we should not stop dreaming further
in uncovering the facts lying within the depth, it is still to be researched for
the sake of suffering humanity.

We should always keep in mind that one page is always remaining vacant for the
further research to be inked on this field of electrocardiography.
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Further suggested reading
1. A brief review : history to understand fundamentals of electrocadiography MajdAlGhatrif, MD and Joseph Lindsay, MD (J Community Hosp Intern Med
Perspect 2012) –
https://pubmed.ncbi.nlm.nih.gov/23882360/
2. A Concise History of the ECG –
https://en.ecgpedia.org/wiki/A_Concise_History_of_the_ECG
3. Naming of the Waves in the ECG, with a Brief Account of Their Genesis – J. Willis
Hurst, MD – https://www.ahajournals.org/doi/full/10.1161/01.CIR.98.18.1937
4. Chou’s Electrocardiography in clinical practice (sixth edition) – BorysSurawicz,
M.D., M.A.C.C & Timothy K. Knilans, M.D - Page 1-25
5. LeoSchamroth – An Introduction to ELECTROCARDIOGRAPHY - EIGHTH
ADAPTED EDITION – Basic Principles , P – 6
6. On Recording the Unipolar ECG Limb Leads via the Wilson’s vs the Goldberger’s
Terminal : aVR, aVL, and aVF Revisited
Author – John E Madias, MD, FACC, FAHA
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2572021/
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SYNOPSIS
Abstract

Dr. William Einthoven labelled the different waves on ECG (with
the nomenclature of PQRST with the later addition of U wave)
from the second column of the English alphabets.
Einthoven was much attracted by the work of Descartes (15961650), a French scientist, who narrated the ‘Cartesian Coordinate
System’ (utilizing the letter ‘P’ first time). He undoubtedly
studied the work of Descartes in details and chosen the letter
‘P’ to name the first atrial activity on ECG.
Aims : To reveal occult mystery behind naming the waves of ECG
by Einthoven in the light of ‘Cartesian Coordinate System’ – A
three dimensional space concept.

There should be no surprise and doubt that the concept of threedimensional configuration of vectocardiogram seemed to be
always present in the mind of Dr. Einthoven but he died in 1927
soon after being awarded by Nobel Prize in 1924. I feel the
necessity of revealing this occult mystery of his brain in
naming the waves on ECG through the concept of Cartesian
Coordinate System and vectocardiogram both, though the
concept of vectocardiogram was not existent to his time
(Schellong’s publication in 1936 was an outstanding early
report on spatial vectocardiography).

Introduction

The nomenclature of PQRST with the latter edition of U wave
from the second column of the English alphabets

Einthoven chosen the latter ‘P’ from the Cartesian Coordinate
System of the Descartes as first wave of atrial activity on ECG

Discussion

Netherlands
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There is no surprise why Einthoven(A Dutch physiologist) was
attracted towards Descartes (A French philosopher, physicist
and mathematician) if we remember the French-Dutch
relationship. This refers to the interesting interstate relationship
between French and Netherlands (two close countries).

France

Cartesian Coordinate System imparts the concept of three
dimensional geometrical space with Timeline
P was the first letter used by Descartes on his Cartesian
Coordinate system. He drew a line P perpendicular to the OXY
plane (think of this plane as a floor of XOY). Three
dimensional space created here are X O Y, X O Z, Y O Z, all
are at right angles. Timeline (O-X) is the universal
accompanion of three dimensional space in continuum.

DR. William Einthoven built a string galvanometer - 3 leads
based ECG machine and the first time he recorded the waves on
ECG and named them as 'PQRST'. Similar to the Cartesian
Coordinate system Einthoven also used the letter O-X to mark
the timeline on his ECG graph

A Three Dimentional
Concept of Cartesian
Coordinate System and
Vectocardiogram

Dr. Einthoven’s mind was wondrous in the ocean of knowledge
on ECG. Possibly there was three dimensional configuration
concept of cardiac electrical activities in his mind. By studying
the three dimensional concept of Cartesian Coordinate System he
picked up‘P’ from this system and so it become essential here to
have a glimpse of both the two in comparison. .

Three dimensional space =
XOY , XOZ, YOZ with ‘P’
perpendicular to the OXY
plane.

Three vector loops – P (atrial
depolarization , QRS
(ventricular depolarization and
T (ventricular repolarization)
suspended in the three
dimensional cardiac electrical
space.

Concluding Remark
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Dr. William Einthoven being the father of ECG system had put
the nomenclature to the waves of ECG very intelligently.
In Nutshell the following points are to be considered :
The letter ‘P’ had been chosen from the Cartesian
Coordinate System.
The inclusion of PQRST possibly indicates its borrowing
from the second half of the English alphabets and it is here
wise to mention that PQRST stands its position also in the
second half of English alphabets.
Dr. William Einthoven's knowledge of mathematics was so
great that he developed a mathematical formula which
compensated for the intertia of the mercury column and the
friction of the capillary wall of the refined capilliary
electrometer. The Cartesian coordinate system was also
based on mathematics-cum-geometry system. There is no
surprise that the concept of three-dimensional
configuration of vectocardiogram was also seeming to
be present in his mind but he died (1927) soon after
being awarded with nobel prize in 1924. That’s why,
most possibly he had chosen the letter ‘P’ from the
Cartesian Coordinate System.

OUTLINE
Abstract
Background
Aims
Materials and methods
Results
Conclusion
Introduction
Discussion
A Three Dimensional Concept of Cartesian Coordinate System and
Vectocardiogram
Concluding Remark
References
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NAMING THE WAVES ON ECG BY DR. WILLIAM EINTHOVEN :
A CRITICAL REVOLUTIONARYANALYSIS
A Narrative Review

DR. D.P. KHAITAN
MD (MEDICINE) FCGP(IND) FIAMS(MEDICINE) FICP

DR. William Einthoven, a Dutch physiologist built a string galvanometer - 3 leads based
ECG machine and the first time he named the waves on ECG as 'PQRST'. He laboured well
and wide and painted so many pages with his discoveries on different aspects of ECG. There
should be no surprise why Einthoven was awarded with Nobel Prize in 1924 for ‘his
discovery of the mechanism of the electrocardiogram’.

Abstract
Background : Dr. William Einthoven labelled the different waves on ECG (with the nomenclature
of PQRST with the later addition of U wave) from the second column of English alphabet. Einthoven
was much attracted by the work of Descartes (1596-1650), a French scientist , who narrated the
Cartesian Coordinate system (utilizing the letter P first time). He undoubtedly studied the work of
Descartes in details and chosen the letter ‘P’ to name the first atrial activity on ECG.
Aims : To reveal occult mystery behind naming the waves of ECG by Einthoven in the light of
Cartesian Coordinate system – a three dimensional space concept.
Materials and Methods : Einthoven was possessing a genius intellect. It would be very interesting
journey to know his mind. So many pages had been inked by the discoveries on ECG made by
Einthoven. One would be further thrilled by revealing some hidden secrets still lying in dormancy in
the depth of the brain of Einthoven. It is a fact that no one else other than him would be in a position
to explore his mind. His mind was wondrous in the ocean of knowledge on ECG. He was
possibly the greatest mind of his time having a visionary idea on the concept of ECG and he
was the person who had chosen PQRST initially for naming the waves on ECG.
Einthoven was much attracted by the work of Descartes. Only the methods to read the brain of
Einthoven is to study simultaneously the work of Descartes who first time imparted the concept of
‘Cartesian Coordinate System’ – a concept of three-dimensional space.
It also becomes essential to understand the concept of Vectogram with three-dimensional
presentation of the cardiac electrical activity to have a correlation in between the two.
Results : By the analytic approach both Cartesian Coordinate System and Vectocardiogram system
are interrelated with respect to three-dimensional space. Possibly this would had come to the
intelligent brain of Dr. Einthoven.
Conclusion : There should be no surprise and doubt that the concept of three-dimensional
configuration of vectocardiogram seemed to be present in the mind of Dr. Einthoven but he died in
1927 soon after being awarded by Nobel Prize in 1924. I feel the necessity of revealing this occult
mystery of his brain in naming the waves on ECG through the concept of Cartesian coordinate
system and vectocardiogram both, though the concept of vectocardiogram was not existent to his
time (Schellong’s publication in 1936 was an outstanding early report on spatial vectocardiography).
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Introduction
Dr. William Einthoven (1860-1927) , Physiologist from Netherlands labelled the different waves on
ECG (with the nomenclature of PQRST with the later addition of U wave) from the second column
of English alphabet.

Einthoven was much attracted by the work of Descartes , who narrated the Cartesian Coordinate
system (utilizing the letter P first time). He undoubtedly studied the work of Descartes and chosen
the letter ‘P’.
The whispered voice of Einthoven through the ‘PQRST’ is still ringing today in the ears of medical
fraternity.

Discussion
Revealing occult mystery behind naming the waves of ECG by Dr. William Einthoven in the light of
Cartesian Coordinate System and the principle of Vectocardiogram (VCG) - a revolutionary concept
is being dealt with.
Dr.William Eithoven (Dutch Physiologist) was much attracted towards the work of French Rene
Descartes , a great philosopher, physicist and mathematician who invented the principle of
Cartesian Coordinate System. This is to be mentioned here that Einthoven picked up P from the
Cartesian Coordinate as a first letter to be designated for the first ECG wave (atrial activity).
There is no surprise why Einthoven was attracted towards Descartes if we remember the FrenchDutch relationship. This refers to the interesting interstate relationship between French and
Netherlands (two close countries) .

This is surprising fact that Dr.
Hein J.J Wellens, Father of
Modern electrophysiology also
resided in Netherlands, worked
as Professor at the University of
Maastrict.

Netherlands
France

Fig. 1.1
Dr. Einthoven was the personality who invented string galvanometer based ECG machine including
the concept of 'Einthoven's Triangle' and so many relevant facts related to ECG. There is a dire need
to understand the Cartesian Coordinate system to reveal the occult mystery of naming the
waves of ECG. Similar to the Cartesian Coordinate system Einthoven also used the letter O-X to
mark the timeline on his ECG graph.
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As per Cartesian Coordinate system , a three dimensional space is created by the system of axis
and three numbers. The point of the origin of such three dimensional axial system , the letter 'O'
(Zero) put at the centre. All measurements are made from this 'O' point - three mutually
perpendicular axes OX , OY, OZ through O.

Although it does not look like but the angles XOY,
XOZ, YOZ all are at right angles.

Fig. 1.2
The transfer of the events into three-dimensional diagram as below :

P was the first letter used by Descartes on his
Cartesian Coordinate system. He drew a line P
perpendicular to the XOY plane (think of this plane
as a floor). Three dimensional space created here are
X O Y, X O Z, Y O Z, all are at right angles. The
point ‘O’ is the central origin of all these three planes.

Fig. 1.3
Here it would be better to delineate ECG graph bearing the different waves PQRST against the
'O….X axis' time events by Dr. William Einthoven. The mathematically corrected curve was
superimposed by Einthoven over the uncorrected curve obtained earlier and thus eliminated the
confusion in between ABCD and PQRST (as illustrated below) – inked green and red for the clarity
of vision.

Fig. 1.5
Einthoven used ‘O……X coordinate’ for timing events

Fig. 1.4
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This becomes also essential to understand the concept of vectogram. The purpose
of the inclusion of vectocardiogram (VCG) here is to introduce the threedimensional presentation of the cardiac electrical activity. For the inscription of
each wave on ECG , there are three corresponding vectors of electrical activities
with three-dimensional representation. The vector loops formed by three cardiac
electrical activites - atrial depolarization (P), ventricular depolarization (QRS) and
ventricular repolarisation (T). The assembly of these three loops are located within
thoracic space. Thus, this vectogram is recorded as the projection of the loops
on three dimensions surrounding the heart within the thorax , as illustrated
below :

Central point

Atrial loop
(P wave)

Ventricular
repolarisation loop
(T wave)

Ventricular
depolarization loop
(QRS complex)

Fig. 1.6
Three Dimensional View of Electrocardiographic Waves - P,QRS, T as per
Vectocardiographic representation
This would be better to mention here again to have a bird's eye view of threedimensional geometric illustration as per Cartesian Coordinate system.
Central point

P was the first letter used by Descartes on his
Cartesian Coordinate System. The purpose of the
coordinate system is to point the origin of three
dimensional axial system originating from the
centre 'O'. P is the common denominator of all the
three dimensional space…P (x,y,z). The entire
concept illustrates the interrelationship with
geometry.
Fig. 1.7
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A three dimensional concept of Cartesian Coordinate System and
Vectocardiogram
The Cartesian Coordinate system and cardiac vectogram both are having threedimensional orientation. And it gives the impression that both coordinate system and
vectocardiogram are interrelated with respect to three-dimensions. Possibly this would
had come in the intelligent brain of Dr. William Einthoven.

T loop
P loop
QRS loop

Cartesian Coordinate System

Fig. 1.8

Vectocardiographic current within the
throax as P loop, QRS loop and T loop

Fig. 1.9

Concluding remark
Dr. William Einthoven being the father of ECG system had put the
nomenclature to the waves of ECG very intelligently.
In Nutshell , the following points are to be considered :
The letter ‘P’ had been taken from the Cartesian Coordinate System.
The inclusion of PQRST possibly indicates its borrowing from the second half
of English alphabet and it is here wise to mention that PQRST stands its
position also in the second half of English alphabet.
Dr. William Einthoven's knowledge of mathematics was so great that he
developed a mathematical formula which compensated for the intertia of the
mercury column and the friction of the capillary wall of the refined capilliary
electrometer. The Cartesian coordinate system was also based on
mathematics-cum-geometry system. There is no surprise that the concept
of three-dimensional configuration of vectocardiogram seemed to be
present in his mind but he died (1927) soon after being awarded with
nobel prize in 1924. This was the most possible reason why he had chosen
the letter ‘P’ from the Cartesian Coordinate System.
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SYNOPSIS
Introduction

The recording of 3D cardiac electrical activity is having a definite
advantage of understanding with more clarity.
Vectocardiogram (VCG) credited to Dr. Frank (1950) made
possible the recording of three vector loops ( atrial depolarization,
ventricular depolarization and ventricular repolarization) , being
generated onto three dimensional space – frontal, horizontal and left
sagittal plane during each cardiac cycle. Each loop is having its
vector with the magnitude and direction of propagation
The chest is considered as cylinder with these three loops located at
the centre. Within the torso chest there is a circular plane keeping
the positive and negative field in balance, through which the loops
are suspended. This plane lies perpendicular to the vector loops.

Recording of VCG from
The Body Surface

Vectocardiography (VCG) is a method of recording the magnitude and
direction of the electrical forces that are produced by the heart by
means of a continuous series of vector that create curve lines around a
central point.
The periods in the cardiac cycle having no electrical activity,
corresponding to the isoelectric PR, ST and TP intervals of the ECG
will not the evident in the stationary record of the spatial
vectocardiogram

Atrial (P) Loop
Atria being thin-walled structure with a longitudinal spread activation
inscribes small atrial loop which is also responsible for P wave on 12
lead ECG. Due to relative lack of across transmural transmission the
recorded atrial wave is having the smallest loop and amplitude

Ventricular (QRS) Loop

The initial septal activation (septal wave) from left to right is lost
within the QRS loop and is not recorded. The subsequent steps are :
1 ventricular depolarization towards the anteroseptal region.
2 and 3 indicate activation of the major portion of the ventricular
myocaridum from endocardium to epicardium resulting in the
current flow towards the left and downwards
4 Late activation of posterobasal portion of the left ventricle, the
pulmonary conus and the uppermost portion of the interventricular
septum till the ventricles are completely depolarized returning to 0
(zero) central point , completing the nscription of ventricular loop.
The loop is having a semicircular circumscribed shape
of the electrical pathway with vectorial axis pointing towards left
and downward.
(transverse propagation from endocardium to epicardium creating a
greater potential difference across the thicker ventricular
myocardium resulting in the inscription of the biggest wave QRS of
ECG series).

Ventricular (T) Loop

T wave genesis from the posterobasal epicardium → further spread
to the anterobasal epicaridum → the rest of the epicardium till the
repolarization gets completed.
The shorter subepicardial AP causes this zone to repolarize earlier
than the longer AP found in the subendocardial cells , also
responsible for positive T wave
( basis of T wave genesis on 12 leads ECG is the same).

Spatial QRS-T Angle

The structural and functional myocardial changes delay the starting
point of takeover from the ventricular depolarization by the ventricular
repolarization with a somewhat delayed onwards journey from epicardium
to endocardium
widening of QRS-T angle.

Crossing of T loop over QRS
loop forming QRS-T angle

A Comparison in Between
Vectocardiogram And 12
Lead ECG

Vectocardiogram
A better understanding of the
spatial distribution of electrical
activity of the heart by three
loops genesis.
The isoelectric PR, ST and TP
invervals with no electrical
activity would not be recorded.
Not helpful in the analysis of
cardiac rhythm.
Costly instrument with longer
time needed.

12 Lead ECG
Familiar explanation for the
changes in different
cardiac/noncardiac disorders.
ECG waves with different
isoelectric segments recording
with well explanation.
Very helpful in the analysis of
cardiac rhythm.
The machine is cheaper and
handy.
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Biophysical Principle of 12
Lead ECG

A coincident voltage gradient generated by cellular electrical
activity within the heart is responsible for any wave to be recorded
by 12 lead ECG.
No potential gradient across the membrane means isoelectric line on
ECG.
Either cardiac depolarization or repolarization is not an instant
event - it takes some time to inscribe a wave and accordingly is the
width of the wave.
Fully depolarized atria or ventricles have a vector indicating the
outflow of the electrical current in a particular direction with a
particular magnitude. Ventricular repolarization vector behaves in
the same way.
The exploring electrode monitors the maximum positive deflection
aligned with the direction of vector and gradually the amplitude of
the recorded wave decreases as being away from the vector and
beyond 900 there is either equivalent or negative wave deflection.

OUTLINE
Aims and Objectives
Introduction
Atrial Depolarization Loop
Ventricular Depolarization Loop
Repolarization Loop
(Basis of T Wave Genesis of 12 lead ECG also discussed)
Spatial QRS-T angle
Three Dimensional Vectocardiogram
A Comparative Chart :
Vectocardiogram and 12 lead ECG
12 Lead ECG Recording
Over frontal and horizontal planes
Biophysical Principle of 12 lead ECG
Concluding Remark
Further Reading Suggested
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CARDIAC ELECTRICAL ACTIVITY– REVOLUTIONARY CONCEPT
A Narrative Summary

DR. D.P. KHAITAN
MD (MEDICINE) FCGP(IND) FIAMS(MEDICINE) FICP

Man himself and his surroundings are three-dimensional having height, width and depth. It is
the three-dimensional projection which makes one to visualise fully and to appreciate the
situation accordingly. The mind is also accustomed to the inflow of such information coming
from all the directions. Any event presenting with three-dimensional imaging imparts all the
relevant informations to the mind to be analysed with more clarity.

Aims and objectives
To discuss the three-dimensional impression of the cardiac electrical activity
(vectocardiogram) and to compare this with 12 lead ECG – with reference to its
understanding.

Introdution
Everyone might have personalized the experience of 3D movie. There is a lot of contrasting
traits in between 3D and 2D movies. The brain understands in a better way with 3D
imaging projection which happens to be a natural phenomenon in the surroundings. In the
heart there is also a display of three-dimensional cardiac electrical activity. But on 12 lead
ECG only 2D recording of the cardiac electricity is possible. To my opinion if the mental
picture of 3D cardiac electrical activity is being presented to the mind, this would create
a definite advantage of understanding with more clarity.
Let us enjoy the concept of 3D cardiac electrical activity like 3D movie and this was made
possible with the aid of vectocardiogram. The three-dimensional Vectocardiogram (VCG)
correlates closely to the cardiac cellular activity making the diagnosis more intuitive and
accurate. This science of electrophysiology is not a new and Dr. E. Frank in 1950 had been
credited to its evolution. In vectocardiogram three vector loops are being generated onto
three dimensional space (frontal, horizontal and left sagittal planes).
The electrical phenomena during the depolarization and repolarization of both the atria and
ventricles create a real time-related electrical field image during each cardiac cycle. The
ongoing steps of the electrical activities are inscribed as if somebody is drawing the timerelated electrical events on 3D image. The tracings of this electrical inking are obtained by
vectocardiogram.
The heart itself is a three-dimensional structure and accordingly, the real-time related
electrical activities are reflected onto the three-dimensional space - the orthogonal frontal ,
horizontal and left sagittal (depth) planes accordingly. Each cardiac cycle is having a
isopotential zero plane known as 'Null plane' - the more or less the circular plane keeping
the positive and negative field within the torso imbalance. This plane lies perpendicular to the
vector loops created at the centre of the volume conductor.
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T loop
P loop
QRS loop

Fig. 1.1
The Plane of zero potential (Null plane) shown on the above sketch represents the
isoelectric plane. On 12 lead ECG there are also certain isoelectric points due to the
following reasons :
1. After the full atrial depolarization there is a passage of the cardiac current through the
conductive system of the heart - AV node - HIS-purkinje system. This conductive
system though generates electrical forces but these are too small to be detected.
Hence, an isoelectric line is inscribed in between the atrial and ventricular
depolarization known as PR segment on 12 lead ECG.
2. During the phase of ventricular repolarization , there is a segment having a complete
negatively charged state outside the membrane and the completely positively charged
state inside, hence there is no flow of the current across. This segment allows only the
ionic exchange in between K+ and Ca++(keeping ionic balance on either side)for the
purpose of ventricular contraction. So this segment also remains isoelectric known as
ST segment on 12 lead ECG.
3. On the completion of one cardiac cycle there is return of the cellular membrane
gradient towards the resting potential , known as TP segment on 12 lead ECG (also
isoelectric).
On vectocardiogram the origin of cardiac loops is a zero point in 3D space within
cardiac cycle where the heart vector does not move in 3D space, there is no definite
guideline to define this heart vector origin point. In other words the origin of loops is a
common zero point from where the vectorial loops start their journey and ultimately
return to the same point.
The vector loop is the recording of real time related electrical changes as concerned with the
depolarization and repolarization events adopting a particular circumscribed pathway with
electrical inking in three-dimensional real space. Truly to say, this is the display of the
disciplined electrical dance. The inscribed each loop is having a vector - the magnitude and
direction in three-dimensional space. The electrical cardiac vectors are typically displayed on
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orthogonal frontal , horizontal and left sagittal planes. It is to be noted that each loop seems to
be a ball of electrical activity inking the path of its onwards sequential propagation till its
round gets completed. The three inscribed loops of atrial depolarization, ventricular
depolarization and ventricular repolarization are suspended in three dimensional space .

Z

Ventricular
repolarization loop
(T wave)

Atrial loop
(P wave)

Ventricular
depolarization loop
(QRS complex)

Y
Fig. 1.2

X

Atrial depolarization loop
Both the atria which are thin-walled structures are activated longitudinally in continuity - the
excitation wave from SA node is spread throughout , activating the adjacent fibers in
succession. Once the atrial repolarization is completed , it returns to the zero point of origin
forming a loop.
Atrial loop
P wave on 12 lead ECG

Ventricular depolarization loop

1

2

3

4

4

R
Completion of ventricular 0
depolarization

1
3

2

Ventricular loop
Fig. 1.3

q
S

QRS complex on 12 lead
ECG
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The areas inside the ventricular wall, as indicated by the arrow indicate the portion of the
ventricular wall being depolarized in a sequential manner.
The initial septal activation (septal wave) from left to right is lost within the QRS loop and is
not recorded. The propagation of the electrical current during ventricular depolarization is
firstly through the anteroseptal region of the ventricular myocardium and proceeds onwards
causing the activation of the major portion of the ventricular myocardium from endocardium
to epicardium surface resulting in the current flow towards the left and downwards. Further
the current turns upwards causing the late activation of posterobasal portion of the left
ventricle, the pulmonary conus and the uppermost portion of the interventricular septum till
the ventricles are completely depolarized.
This loop of ventricular depolarization so formed is having a semicircular circumscribed
shape of the electrical pathway, usually its vectorial axis pointing towards downwards and
left. The loop provides the information of the pathway of ventricular depolarization and also
its vectorial axis. The forces recorded by loop of ventricular depolarization is represented at
any point in time by magnitude and direction known as vector loop originating at the centre
of the heart. The connecting points of this sequential journey of ventricular depolarization
forms a loop configuration (returning to the point of origin at the end of the cycle). The so
formed QRS loop can be represented as a projection onto the three dimensional space.

Ventricular repolarization loop
The process of repolarization starts from the point where the depolarization ends. T wave is
normally upright. During ventricular depolarization there is transverse propagation of the
impulse from subendocardial to subepicardial surface. Last part of the ventricle to be
depolarized is the posterobasal segment and this is to mention here that the point of
ventricular repolarization starts from this point. Therefore, T wave has the same polarity as
that of the QRS. Subepicardial cells normally have a shorter duration AP than subendocardial
cells. This shorter duration causes them to repolarize earlier than the longer action potential
found in the subendocardium.

T Loop

Z

The start of
T wave loop
( from
Posterobasal
epicardium)

QRS loop

x

Y
Fig. 1.4

Genesis of T loop on Vectocardiogram :
T wave genesis from the posterobasal
epicardium → further spread to the
anterobasal epicaridum → the rest of
the epicardium till the repolarization
gets completed.
(This
epicardial
journey
of
repolarization in the same direction as
that of QRS loop , the T loop also adopts
the same direction with positive T on 12
surface ECG T
)
The shorter subepicardial AP causes this
zone to repolarize earlier than the
longer AP found in the subendocardial
cells , also responsible for positive T
wave.
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BASIS OF T WAVE GENESIS ON 12 LEAD ECG

Endocardium AP
Epicardium AP

Fig. 1.5

The repolarization wave is known as T wave. It is normally upright because of the
following facts :
The process of repolarization starts from the point where the depolarization wave QRS
gets ended . This is to mention here that the last portion of ventricular depolarization is
the posterobasal portion of the left ventricle and that's why , the wave of repolarization
starts from this posterobasal portion of the left ventricle over the epicardial surface. The
wave of repolarization propagates ahead leftward and downwards inscribing upward T
wave in a similar positive direction as that of QRS complex.
Epicardial cells are normally having a shorter duration action potential than endocardial
cells. This shorter duration action potential causes them to repolarize earlier than the
longer action potential found in the subendocardium.
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Spatial QRS-T angle

T Loop

Crossing of T loop over QRS loop
forming QRS-T angle

Z
The start of
T wave loop
( from
Posterobasal
epicardium)

Fig. 1.6

QRS loop

Y

x

This spatial angle is the angle of deviation between two vectors - QRS and T. In healthy
individuals the direction of ventricular depolarization and repolarization having some gap in
between ; this creates a sharp spatial angle in between these two. A large spatial angle points
towards an altered ventricular repolarization sequence, and may be the result of structural and
functional myocardial changes. These alterations in myocardial changes delay the starting
point of takeover from the ventricular depolarization by the ventricular repolarization
with a somewhat delayed onwards journey from epicardium to endocardium.
This spatial QRS-T angle is a stronger risk indicator of cardiac mortality compared to the
other cardiovascular and ECG risk factors. The wide spatial angle is the strongest predictor
for incident coronary heart failure risk and a dominant risk factor for all cause mortality
compared to several other ECG parameters. This angle is a sensitive marker of repolarization
abnormalities. This angle also points indirectly towards the presence of ventricular dispersion
during the ventricular repolarization with a potential risk to ventricular arrhythmias.
On 12 lead ECG , this QRS-T angle normally lies in between 45-600 . Widening of this angle
indicates the presence of a disease. While accessing the significance of QRS-T angle , it must
be kept in mind that T axis is always directed away from the region of pathology as in Left /
Right ventricular hypertrophy with strain, myocardial ischemia due to coronary artery disease
or the fully developed acute myocardial infarction, etc.
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Three dimensional vectocardiogram

Isoelectric point
of Null Plane

Ventricular
repolarization loop
(T wave)

R
P

Atrial depolarization
loop (P wave)

q
Ventricular
depolarization loop
( QRS wave)

T
S

On 12 lead ECG

Fig. 1.7

The important points to be considered are :
Isoelectric (Null plane) - This is more or less the circular plane keeping the positive
and negative field within the torso in balance. This plane generally lies perpendicular
to the vector loops at the centre of the volume conductor of the thorax. In other words,
this is null plane from where the vector loops are suspended in the three-dimensional
space.
Vector loop - The vector loop can be regarded as an electrical loop formed by the
propagation of the electrical current during the cardiac cycle - inscribing separately
three loops attributed to the atrial depolarization, ventricular depolarization and
ventricular repolarization. In other words , each vector loop is formed by a line
connecting the points of the electrical propagation in sequential manner at specified
time intervals. The length of the loop indicates magnitude and its spatial
orientation in the three dimensional space pointing towards its direction.
In nutshell ,vectocardiogram is the display of the vector loops being generated
by atrial depolarization , ventricular depolarization and ventricular repolarization onto the
orthogonal frontal, horizontal and left sagittal plane. The concept of this vectocardiogram
would make 12 lead ECG to be easily witnessed and understood.
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A comparative chart : vectocardiogram and 12 lead ECG
Basic concept - Cellular ionic
changes

Loops orientation on
Vectocardiogram

Atrial depolarization , ventricular
depolarization and ventricular
repolarization are reflected as
Ionic changes across the cellular
three loop vectors with reference
membrane during atrial depolarization to 'Null Plane'.
/ventricular depolarization - P/QRS.

P, QRS and T on 12 lead
ECG

-

+

Cellular membrane

Transient movement of K+
responsible for a notch - J
(junctional) being inscribed at the
end of QRS complex.

R
P
q

Reflected on ECG as isoelectric ST
segment

Ventricular
repolarization
:
Outward movement of K+ ion
with closing of the calcium
channels resulting in potential
gradient across the membrane reflected as T wave.

This phase reflected as TP segment
, an isoelectric line (resuming the
polarized state)

A better understanding of
the spatial distribution of
electrical activity of the
heart by three loops genesis
(VCG is a useful teaching
tool for explaining the 12
lead ECG).
The isoelectric PR, ST and
TP invervals with no
electrical activity will not be
evident in the stationary
record of the special vectocardiogram.
Not helpful in the analysis
of cardiac rhythm.
Costly instrument
longer time needed.

with

T
s

Familiar explanation
for the changes in
different cardiac/noncardiac disorders.

ECG
waves
with
different
isoelectric
segments
recording
with well explanation.

Very helpful in the
analysis of cardiac
rhythm.
The
machine
is
cheaper and handy.
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12 Lead ECG recording on Frontal and Horizontal plane

Fig. 1.8
The recording of three-dimensional view of electrical changes is not possible with 12-lead ECG and here
only two-dimensional picture of electrical changes on vertical (I,II,III , aVR, aVL , aVF) and horizontal
planes (V1-V6) is possible to be recorded , as illustrated above.

Posterior wall
aVR

aVL
RV

LV

LV

I

V6

RV

Inferior wall
II
aVF
VERTICAL PLANE
III

Fig. 1.9

V5
V4
V1

V2 V3

HORIZONAL PLANE
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Biophysical principle of 12 lead ECG
The recording of ECG changes on 12 lead ECG follows certain biophysical principles which
are discussed here :

KEY POINTS
A coincident voltage gradient generated by cellular electrical activity within the heart
is responsible for any wave to be recorded by 12 lead ECG.
No potential gradient across the membrane means isoelectric line on ECG.
Either cardiac depolarization or repolarization is not an instant event - it takes
sometime to inscribe a wave and accordingly is the width of the wave.
Fully depolarized atria or ventricles have a vector indicating the outflow of the
electrical current in a particular direction with a particular magnitude. Ventricular
repolarization vector behaves in the same way
The exploring electrode monitors the maximum positive deflection aligned with the
direction of vector and gradually the amplitude of the recorded wave decreases as
being away from the vector and beyond 900 there is either equivalent or negative wave
deflection.
On the basis of this biophysical principles the following rules are framed :
1) During atrial depolarization the current-flow from SA node across the atria to the
ventricle adopting a longitudinal flow downwards and hence ,due to the relative lack
of transmural transmission the recorded atrial wave is having the smallest amplitude
compared to the other waves on ECG.
PR segment2) After the full atrial depolarization , there is a passage of the cardiac current through
the conductive system of the heart - AV Node - His-Purkinje system. This conductive
system though generates electrical forces but it is too small to be detected and hence
the inscribed isoelectric line is known as PR segment.
3) During ventricular depolarization the current adopts an anatomical-cum-electrical
QRS complex
circumscribed pathway in a sequential way
septal activation of the anteroseptal
region of the ventricular myocardium (q)
activation of the major portion of
myocardium from ENDOCARDIUM TO EPICARDIUM SURFACE (R)
Late
activation of the posterobasal portion of the left ventricle, the pulmonary conus , and
the uppermost portion of the interventricular septum (S).
P WAVE

During ventricular depolarization the current is flowing from the purkinje fibers to the
endocardium, and then transverse transmission from endocardium to epicardium creating a greater transverse potential difference across the thicker ventricular
myocardium resulting in the inscription of the biggest wave QRS of ECG series.
(The repolarization of atria subscribes an isoelectric line, being very smaller
submerges with the end of PR segment and the start of QRS wave and hence , this Ta
is not recordable on ECG).
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STPsegment
WAVE

wave
PT WAVE

TP segment

QTc interval

During the phase of ventricular repolarization , there is a segment having a completely
negatively charged state outside the membrane and completely positively charged
state inside, hence there is no flow of current across. This segment allows only the
ionic exchange in between K+ and Ca++ keeping ionic balance on either side. So this
segment also remains isoelectric known as ST segment on 12 lead ECG.
When the ventricular depolarization gets ended , both the ventricles are being
replolarized synchronously with respect to each other. There is a net vector of vent.
repolarization more or less closer to QRS vector. The ventricular repolarization runs
over the ventricular myocardium from epicardium to endocardium in a reverse
manner to the direction of ventricular depolarization . T waves are normally upright
because the last ventricular cells to be depolarized are subepicardial cells, which
normally have a shorter duration than subendocardial cell. This shorter duration
causes them to repolarize earlier than the longer action potentials found in the
subendocardium.There is a dispersion over myocardium during vent. repolarization.
The amplitude of the T wave is propotional to the dispersion of the repolarization time
at the ventricular surface. Tp-Te (peak of T to the end) represents total dispersion of
repolarization. At Tp -25% of ventricular sites have been repolarized.
(Dispersion has been defined as the difference between longest and shortest
repolarization time)
Once the ventricular repolarization is over, the cellular membrane resumes its original
polarized state of ionic balance. There is no potential gradient difference across with
no flow of current - isoelectric line. This is known as TP segment.
QTc interval indicates the combined time taken by both the phases of ventricular
depolarization and ventricular repolarization. This is measured from the start of the
QRS and the end of T. This QTc interval may be prolonged usually either due to the
prolongation of ST segment or the prolongation of the duration of T wave. In either of
the situation the duration of ventricular dispersion is increased predisposing to the risk
of ventricular arrhythmias.

Concluding remark
The 'Torso throax ' is having three dimensional space with an isopotential plane (Null plane)
having three cardiac electrical loops suspended, being attributed to atrial depolarization ,
ventricular depolarization and ventricular repolarization. This is the concept of cardiac space
with the sparkling of cardiac electrical activities. When one talks of isopotential zone it
means zero potential having non-manifestation. The cellular membrane is completely
insulated except at certain points known as ionic channels through which ions flow occurs.
The ionic current-flow creates three loops - one after the other during atrial depolarization,
ventricular depolarization and ventricular repolarization.
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They are being suspended in three dimensional space. I call this as three dimensional
journey of cardiac electrical activity. This three dimensional perception of cardiac activity is
possible to be picked up through vectocardiogram. But on 12 lead ECG , the electrical
activity is recorded in two-dimensional space. So this discussion is whirled around 'THREE
DIMENSIONAL AND TWO DIMENSIONAL JOURNEY OF CARDIAC ELECTRICAL
ACTIVITY' .Three dimensional spread is the reality and two dimensional spread is its
shadow on 12 lead ECG.

Further reading suggested
1. MARRIOTT'S PRACTICAL ELECTROCARDIOGRAPHY (South Asian Edition 12th Edition) - The Three Dimensional Electrocardiogram –P 76-88.

CARDIAC ELECTROPHYSIOLOGY
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ECG
CARDIAC ELECTROPHYSIOLOGY
DR. D.P. KHAITAN
MD (MEDICINE) FCGP(IND) FIAMS(MEDICINE) FICP

SYNOPSIS
Introduction

The Cardiac Action Potential is a series of brief change in voltage
across the cardiac cell membrane, brought about by fluxes of ions
through ion channels. It can be named as the Integrative
Biochemical Laboratory of the Heart.
Two group of cells
Pacemaker Action Potential (slow action potential) – SA node
(others AV node and purkinje fibers but at a slower rate):
automatic depolarization of the pacemaker cells due to the slow
increase of Na+ ions bringing the membrane potential to a
threshold (-40mV).

SA Node and Its Action
Potential

Non Pacemaker Action Potential (fast action potential)
contractile cells (atria and ventricles): rapid depolarization due
to the opening of fast Na+ channels.
Automaticity :The initial potential being less negative → Na+
channels automatically activated in a slowly rising semi-curve
manner, due to the presence of HCN gated channels (being activated
by low negative membrane potential, the movement of ions through
these channels is known as funny current (Phase 4).
A slowly rising upstroke due to increase in Ca2+ conductance
through L-type calcium channels (Phase 0).
Phase 1 and 2 are absent in the SA node action potential (here
there is no question of myocontraction).
Increase in K+ conductance causing an outward flow of K+ ions.
Once the cell membrane is completely repolarized at about -60mV,
the cycle gets spontaneously repeated (Phase 3)

Spread of Impulse to
Adjacent Atrial Myocytes
Through Transitional Zone
Transitional zone

Surrounding the SA Node there is a transitional zone making
contact with atrial myocytes. The cytoarchitecture of transitional
zone is essential for smooth propagation of AP to exhibit
geometrical arrangements, with some bifurcation channels to
maintain the dynamic flow of the impulse onwards.

| 47
AV Nodal Delay

Due to diminished gap junctions between successive cells in the AV
node with a resistance to the conduction having delay of almost 0.09
sec.
Gap Junction (connexin proteins) : all cardiac cells are electrically
linked with each other through gap junctions, allowing the action
potential pass from one cell to the next.

Rapid Transmission
Through The Ventricular
Purkinje System

Speedy conduction of the AP at velocity of 1.5 to 4 m/s
instantaneous spread to the entire ventricular system due to a very
high level of permeability of the intercalated disc gaps.

Ventricular Transmission

The standard model used to demonstrate cardiac action potential is
that of the ventricular myocytes.
Depolarization (INa) makes the entire myocardium isoelectric but
with reverse polarity on either side so that a harmonized
myocardial contraction may set in without its trembling. Fast Na +
channels bring positive charge inside the cells and depolarize the
cardiac membrane at threshold potential -70 mV.
The repolarization journey starts towards the endocardium by a
transient opening of a specialized channels known as Ito. Then
there is a opening of L-type Ca2+ channels
exchange in
between Ca2+and K+ to bring ‘excitation-contraction coupling’
resulting in harmonized myocardial contraction.
Once the myocardial contraction gets completed, there is a
sequential opening of the different K + channels (Ikr, Iks and Iki).
Restoration of the resting state Na+ - K+ ATP pump and Na+ Ca2+ exchanger
Difference in between endocardial cells and epicardial cells :
o Endocardial cells having little or no expression of Ito channels
without a functional pool of Ca2+
o Epicardial cells with a pool of Ito channels and also a
remarkable functional pool of Ca2+ channels

Phase Wise Classification
of Ventricular Action
Potential

Phase 0 : opening of the voltage-gated Na+ channels allowing the
influx of Na+ inside the membrane
Phase 1 : A short potassium efflux out of the cells through
calcium-insensitive transient outward current (Ito)
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Phase 2 : Opening of L-type (“L stands for long lasting referring
to the length of activation)
Ca2+ channels for the exchange in
2+
+
between Ca and K
Phase 3 : The closing of the L-Type Ca2+ channels with the
opening of K+ channels … Ikr, Iks, Ii in succession.
Phase 4 : Restoration to the previous polarized state by Na+ - K+
ATP pump Na+ - Ca2+ exchanger
The mechanism of
excitation-contraction
couple of the cardiac
muscle

Steps in excitation – contraction coupling are as follows:
Action potential causes the impulse to travel along the
Sarcolemma down to the transverse tubule (T-tubule) system
depolarizing the cell membrane.
Voltage sensitive DHP (Dihydropyridine) receptors open the gate
to allow more calcium entry inside the cells during the Phase 2 of
the action potential.
During the plateau phase of the action potential Ca++ ions enter the
inward of the cells through L- type calcium channel.
This entry of Ca++ triggers more Ca++ release from sarcoplasmic
reticulum through special channel – (ryanodine receptors) – RyR.
With this further release of Ca++ ions there is increase in
intracellular concentration of Ca2+.
Actin and myosin bind, the thick and thin filaments slide past each
other with the help of Ca2+ and the myocardial cell contracts.
Ultimately the cardiac relaxation occurs when Ca++ is
reaccumulated within the Sarcoplasmic reticulum by an active
Ca2+ ATPase pump (the extra calcium ions might be pushed
outside the cardiac myocytes through Na+-Ca2+ exchanger
mechanism whenever such ionic operation is needed).
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OUTLINE
Introduction
The Genesis of Action Potential from SA Node and its Conduction to
the Ventricles
SA Node and its Action Potential
Spread of Impulse to Adjacent Atrial Myocytes Through Transitional
Zone
AV Nodal delay
Rapid Transmission Through the Ventricular Purkinje System
Ventricular Transmission
Phase Wise Classification of Ventricular Action Potential
Cardiac Action Potential at Different Level
(In brief)
The Mechanism of Excitation-Contraction Coupling of the Cardiac
Muscle
Concluding remark
Further Reading Suggested
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CARDIAC ELECTROPHYSIOLOGY
A Narrative Review

DR. D.P. KHAITAN
MD (MEDICINE) FCGP(IND) FIAMS(MEDICINE) FICP

The secrecy of cardiac events gets revealed with the understanding of its electrophysiology a magnificent planning to uncover the truth is needed. The fundamental unit of this playroute smiles through what is known as ‘Action Potential’. The Cardiac action potential
initiates brief changes in voltage across cardiac cell membrane – it is brought about by the
fluxes of ions through ion channels. All these electrocardiac events are well organised sailing
the boat of cardiac life smoothly, without which the life would not be possible.

Introduction
The Cardiac Action Potential is a series of brief changes in voltage across the cardiac cell
membrane, brought about by fluxes of ions through ion channels.
There are two groups of cells contributing to the genesis of action potential :
Pacemaker cells – SA node (others AV node and Purkinje fibers but at a slower
rate).
Non-Pacemaker cells – contractile unit (atrial and ventricular myocytes)
Accordingly , there are two sets of action potentials for the purpose :
(1) Pacemaker Potential (Slow Action Potential) : The start is with the automatic
depolarization of the pacemaker cells due to the slow increase of inner Na+ ions
bringing the membrane potential to a threshold level (-40 mvolt) - so as to cause the
slow upstroke (Slow Action Potential). This slow upstroke occurs due the influx of
Ca++ ions inside the pacemaker cells.
(2) Non-Pacemaker Potential (Fast Action Potential) : This potential seen in contractile
cells (atria and ventricles) that are backed up by rapid depolarization due to the
opening of fast Na+channels.

Fig.1.1
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The genesis of Action Potential from SA node and its conduction to the
ventricles
There is well organised cardiac system that causes the automatic generation of action
potential from the SA node, which is located in the wall of the right atrium, laterally to the
entrance of the superior vena cava, in a region called the sinus venarum (hence termed as
sinoatrial node)
Further steps: All cardiac cells are electrically linked to each other through gap junctions,
allowing the action potential to pass from one cell to the next.
The initial action potential generated from the SA node passes to the atria evoking its
action potential resulting in its contraction.
Through the conducting pathway (AV node – HIS-Purkinje system) the impulse passes to
the ventricles.
The ventricular myocytes evoke its action potential causing its contraction.

SA Node and its Action Potential
The SA node exhibits automaticity – these tissues don't need an external trigger to undergo
depolarization. This can be explained by the fact that the initial potential of this nodal
tissues is less negative compared to the RMP of the contractile units of myocytes. Thus,
this allows Na+ channels to be automatically activated in a slowly rising semi-curve manner.
Its electrophysiology is summarised as below:
The spontaneous depolarization of the pacemaker potential during phase 4 imparts the SA
node its auto-rhythmicty. The presence of the so called pacemaker current generated by
HCN (Hyperpolarization – activated cyclic Nucleotide gated) is abundant over SA Node
and is responsible for the flow of cation – Na+ + K+ (mainly Na+) into the cell. Due to the
unusual property of being activated by low negative membrane potential , the movement
of ions through these channels is known as funny current (If).
The upstroke of action potential phase 0 is created by a slowly increase in Ca++
conductance through L-type Calcium channels instead of by fast Na+ currents.
Phase 1 and 2 are absent in the SA node action potential (here there is no question of
myocontraction).
Phase 3 of repolarization is caused by increase in K+ conductance, causing an outward
flow of K+ ions. Once the cell is completely repolarized at about -60 mV , the cycle gets
spontaneously repeated.

+20
0

SA Node

Millivolts

Ca2+ 0
Threshold _ 40

Na+

4
_ 80

0

3 K+

Fig.1.2

4

Action potential
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Spread of impulse to adjacent atrial myocytes to transitional Zone
Autorhythmic
pacemaker potential
Transitional zone
Fast action
potential

SA node cells with gap
junctions
(elongated cells cut
horizontally so
appearing as oval)

Contractile atrial cells

Intercalated disk
(gap junction)
Fig.1.3
The cellular architecture of the SA node:
The main cellular cluster is consisting of elongated cells densely packed within, making its
contact with each other but not directly to the atrial myocardium. The communicating cells
from these cells to the atrium are 'transitional' cells, making a surrounding rim over the
cellular elements. Numerous autonomic ganglia and nerves are found enclosed inside. The
SA node is mainly under the influence of vagus nerve and increase in vagal tone slows the
heart rate; a decrease in vagal tone accelerates the heart rate. The pacemaker cells are
sensitive to stretch by pressure volume, as well
The cytoarchitecture of this transitional zone makes contract with atrial myocytes and this is
essential for smooth propagation of SA node action potential to exhibit geometrical
arrangements , with sub-bifurcation channel to maintain the dynamic flow of the impulse
onwards.

AV Nodal delay
AV node is situated over the posterior wall of the right atrium just behind tricuspid valve.
There is a momentary delay of the impulse in the AV nodal system, due to the diminished
number of gap junctions between successive cells in the conducting pathway and thus,
there is a resistance to the conduction. There is a delay of almost 0.09 second in the AV
node.
Gap Junction : They are constituted from the connexin proteins that form a core through
which the fluxes of ions may occur across cardiac cell membrane. Since potassium is highest
intracellularly , these ions mainly pass through. The increased potassium in the nearby cells
causes the membrane potential to be increased slightly, activating the fast sodium channels in
case of contractile cells with an initiation of an action potential.
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Rapid transmission through the ventricular Purkinje system
Purkinje fibers are very large fibers, even longer than the ventricular muscle fibers. There is a
speedy conduction of the action potential at velocity of 1.5 to 4 m/s. This rapid propagation
transmits the electrical potential almost instantaneously to the entire ventricular muscular
system. This rapid transmission is offered to the system by a very high level of permeability
of the intercalated disc gaps.

Ventricular transmission
The standard model used to demonstrate cardiac action potential is that of the
ventricular myocytes.
The contractile unit of ventricular myocytes lies in between endocardium and epicardium.
The current of depolarization is spread through endocardial cells with an inner rich network
of Purkinje fibers adjoined with myocytes forming Purkinje-myoctes unit. This allows the
propagation of impulses from endocardium to epicardium and from apex to the base (due to
the spiral arrangements of the ventricular muscle the impulse from the Purkinje fibers takes
the spiral conduction from apex to the base). This is to mention here that the
depolarization makes the entire myocardium isoelectric but with reverse polarity on
either side so that a harmonized myocardial contraction may set in without its
trembling. The repolarization journey starts towards the endocardium firstly by a transient
opening of a specialized channel known as calcium-insensitive transient outward current
(Ito) . The depolarizing current opens L-type current (‘L’ stands for long lasting referring to
the length of activation) and the further opening of Ca 2+ channel is responsible for the
exchange in between Ca2+ and K+ to bring ‘excitation-contraction coupling’ operation
resulting in harmonized myocardial contraction. Once the myocardial contraction gets
completed , there is a sequential opening of different K+ channels in succession and
ultimately restoration of the myocytes to the previous polarized state by Na-K ATP pump
and Na-Ca exchanger.
The concept of ionic channels is summarized as below :
The cardiac action potential reflects a balance between inward and outward current as
per need :
Fast Na+ Channel brings positive charge inside the cell and depolarizes the
cardiac membrane , the threshold potential for this purpose is at -70 mV.
Ito channel (transient outward current) The opening and closing of the channel
rapidly allows a transient flow of potassium ions out of the cell , making the
membrane potential slightly more negative .
Ica2+ Channel The depolarizing current opens L-type current (L stands for
Long lasting reference to the length of activation).
The main potassium channels involved during repolarization are the rapid
delayed rectifiers (Ikr) , slow rectifiers (Iks) and the inward rectifier (Iki).
These currents are known as delayed rectifier currents , because they are slowly
outward activating current. The deactivation of these channels is sufficiently
slower that they contribute outward current throughout phase 3 : the inward
rectifier current Iki makes a significant contribution also during phase 4.

| 54
This is to be mentioned here that depolarization current is only concerned with the reversal of
the polarized state resulting in negatively charged surface outside the cardiac membrane and
positively charged inside. This is possible by the inward current facilitated through Na +
conductance pushing the sodium ions inside the membrane. That’s why , the endocardial cells
are rich in INa showing ‘dome pattern’. This whole happens due to the transmission
through the syncytial ventricular mass and only INa channels are opened during
depolarization.
The repolarization is a journey proceeding towards normal polarity. That’s why , it is
accordingly equipped with genetically determined ion channels – Ito , Ica, Ikr , Iks , Iki
which are opened in succession during repolarization travelling through the syncytial
ventricular mass from epicardium toward endocardium. These epicardial cells exhibits
spike-and-dome pattern brought about by the Ito ion channels to initiate the subsequent
phases of repolarization.
In Nutshell, ‘Cardiac Action Potential’ results with the sequential opening and closing of
genetically determined ion channels (INa, Ito , Ica, Ikr, Iks ,Iki, etc)
The ‘Endocardial cells’ and ‘Epicardial cells’ do not show the ionic mirror image. The
following differences in between two are observed:
o ‘Endocardial cells’ without notch pattern (dome pattern), having little or no
expression of Ito channels. This is to be mentioned here that ‘Endocardial cells’ is
concerned mainly with the depolarization of the ventricles.
o The ‘Epicardial cells’ exhibits spike-and-dome pattern brought about by the pool of
Ito ion channels to initiate the subsequent phases of repolarization.
o In the experiment in canine myocytes no sustained component of L-type Ca2+ channel
was observed in ENDO cells, while with EPI cells a somewhat deeper and longer
notch was associated with a larger population of Ca2+ channels. The notch is
practically absent in ENDO cells, i.e. the major difference between the EPI and
ENDO cells is that EPI cells do have a remarkable functional pool of Ca2+ channel
to be activated while ENDO cells do not.
(Reference :Endocardial versus epicardial differences in L-type calcium current in
canine ventricular myocytes studied by action potential voltage clamp by Tamas
Banyasz et al, https://pubmed.ncbi.nlm.nih.gov/12667947/
The events discussed upto this stage may be summarized with the following formula, as
illustrated within the following table :
Depolarization INa
Repolarization Ito Ica Ikr Iks Iki
Restoration to the resting state by Na+-K+ ATP Pump , Na+ - Ca2+ exchanger

Phase wise classification of Ventricular Action Potential
Phase 1

Phase 2
Phase 3

Phase 0

Fig.1.4

Phase 4

Ventricular Action Potential
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Fig.1.5
The resting membrane potential of ventricular myocytes is about -90 mV indicating
that inside of the membrane is more negative than the outside. The main ion outside
the cell is addressed as Sodium (Na+) , whereas inside the cell is mainly Potassium
(K+)
Inward current facilitated through fast Na+ channel brings positive charge inside the
cell and depolarizes the cardiac membrane , the threshold potential for the purpose is
at -70 mV. Due to the rapid influx of sodium ions , the phase 0 is having steep
configuration – activation and inactivation of these channels almost occur at exactly
same time (Phase 0 rapid depolarization)
A new turning point before repolarization sets in is the rapid inactivation of the Na+
channels – K+ channels (Ito) open and close rapidly, allowing for a brief flow of
potassium ions out of the cell, making the membrane potential slightly more
negative. This is referred to as a ‘notch’ on the action potential wave form.
(Phase 1 transient repolarization)
The next phase is the phase of plateau – stage of an alliance for cardiac contractility
to take place. This is caused by transient increase in ca2+ conductance through
L-type calcium channels (activated by the depolarizing current Na+) which results in
an inward Ca2+ current and by increase in K+ conductance through delayed rectifier
Potassium channels. During this phase outward and inward currents are
approximately equal but with reverse polarity on either side. This phase is
responsible for the large duration of the action potential and is important in
preventing irregular heart beat (Cardiac arrhythmia) (Phase 2 Plateau)
During this phase Ca2+ channels closed and K+ conductance increased resulting in a
large outward K+ current which hyperpolarizes the membrane back towards the K+
equilibrium potential. (Phase 3 rapid repolarization )
During this phase the inward and outward currents are equal due to the resetting of
the cardiac potential brought about mainly by Na+- K+ adenosine triphosphate pump
– again 3Na+ outside the cells and 2K+ inside the cells and also by Sodium-Calcium
exchanger (it removes one Ca2+ from the cell for 3 Na+ into the cell) . During phase
4, the membrane is also permeable to K+ which can travel across the cell through
leak channels , including the inwardly rectifying potassium channels to have fine
tuning of ionic balance. Iki also extends upto Phase 4 for the same purpose.
(Phase 4 resting potential)
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Cardiac action potential at different levels
(In brief)
SA node is having a considerable higher frequency of depolarization (60-100/min) and
overrides the pacemaker activity of AV node. That's why, AV node serves as an electrical
relay station delaying the electrical current sent by the sinoatrial node before the signal is
allowed to pass down to the ventricles. This delay allows atria enough time to empty its
blood contents into the ventricle before ventricle contraction takes place.
SA Node Potential

0
SA Node

SA Node Action Potential
Phase 4
Phase 0
Extracellular

3

Na+

4

Phase 2

Absent

Absent

Intracellular

Phase 3

K+

Atrial Action Potential – typically exhibits a triangular
morphology
A more narrow phase 2 (plateau phase) due to a smaller
calcium influx
influx.(Less muscular atria)
A more gradual repolarization period

Atria

AV Node
1

2
3

Purkinje fiber
4

Ca2+

Phase 1

0

Relay through AV Node with further
propagation.
Action potential in the AV node , like the SA node are
governed primarily by changes in slow inward Ca2+ and
outward K+ currents , and do not involve fast Na + current.
AV nodal tissue like SA nodal cells have also dormant
pacemaker activity but with a slower rate (40-60 per
minute) due to diminished number of gap junctions
between successive cells , with a somewhat resistant to
the conduction.
Ventricular Action Potential
Phase 0

Ventricle

Fig.1.6
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The mechanism of Excitation Contraction Coupling of the cardiac
muscle

Fig.1.7
Steps in excitation contraction coupling are as follows:
Action potential causes the impulse to travel along the Sarcolemma down to the
transverse tubule (T-tubule) system depolarizing the cell membrane.
Voltage sensitive DHP (Dihydropyridine) receptors open the gate to allow more
calcium entry inside the cells during the Phase 2 of the action potential.
During the plateau phase of the action potential Ca ++ ions enter the inward of the cells
through L- type calcium channel.
This entry of Ca++ triggers more Ca++ release from sarcoplasmic reticulum through
special channel – (ryanodine receptors) – RyR.
With this further release of Ca++ ions there is increase in intracellular concentration of
Ca2+.
Actin and myosin bind, the thick and thin filaments slide past each other with the help
of Ca2+ and the myocardial cell contracts.
Ultimately the cardiac relaxation occurs when Ca++ is reaccumulated within the
Sarcoplasmic reticulum by an active Ca2+ ATPase pump (the extra calcium ions might
be pushed outside the cardiac myocytes through Na+-Ca2+ exchanger mechanism
whenever such ionic operation is needed.

Concluding remark
Action potential can be called as the Integrative Biochemical Laboratory of the Heart.
Without its proper concept it would be rather impossible to understand the basic physiology
of the heart and simultaneously it would also be impossible to have the concept of
electrocardiography. Since we have discussed a lot on Cardiac Action Potential , this
becomes important to organize the entire concept in mind as a study tool .
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Further reading suggested
1.
2.
3.
4.
5.

Gyton & Hall Text Book of Medical Physiology – Second South Asia Edition Page
No.- 176 – 177, 183, 186 – 87
BRS Physiology Sixth Edition Linda S. Costanzo, Page No.- 74 – 77
Text Book Of Medical Physiology Second Edition D Venkatesh HH Sudhakar
Page No.- 207
Endocardial versus epicardial differences in L-type calcium current in canine
ventricular myocytes studied by action potential voltage clamp by Tamas Banyasz et
al, https://pubmed.ncbi.nlm.nih.gov/12667947/
Cell-to-cell modeling of the interface between atrial and sinoatrial anisotropic
heterogeneous nets
Gabriel López, Norma P. Castellanos, Rafael Godínez
https://www.biorxiv.org/content/10.1101/082529v2.full

ACTION POTENITAL AND ECG –
A FUNDAMENTAL
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ACTION POTENTIAL AND ECG – A FUNDAMENTAL
DR. D.P. KHAITAN
MD (MEDICINE) FCGP(IND) FIAMS(MEDICINE) FICP
SYNOPSIS
Electrical induction by electrolytes : The electrolytes are
chemical substances, when dissolved in aqueous solvent, they are
separated into cations (+ve ) and anions (-ve) with an uniform
distribution. If two electrodes are applied to such a solution, the
cations (+ve) are attracted to the electrode having a surplus of
electrons (negatively charged) in vicinity and on the other hand, a
anions (-ve) are deviated to the opposite electrode. The potential
difference in between these two electrodes connected with each
other causes the current to flow.
Cardiac Biocellular Current : There is a creation of extracellular
cardiac electrical field due to ion fluxes across the cellular
membranes and between adjacent cells of the cardiac syncytium.
This ionic current is being expressed during depolarization and
repolarization phases of the cardiac cycle. The polarity of the
transmembrane potential creates a dipole oriented in the direction
of its propagation. On the negative pole there lies a summed up of
all the negative dipoles into a single negative unit of dipole and on
the other side there is a creation of single unit of positive dipole .
The Cardiac Electrical Field : Dipole – The positive and negative
charges separated by distance creates so many dipole units. Such
every dipole is having very small electrical field which cannot be
measured but the summed up of these individual dipoles creating a
larger field with a potential difference in a particular direction with
a magnitude (known as vector) is large enough to be recorded.
Thus , the vector is the resultant summed up of all these
smaller dipole currents.
Cardiac Action Potential : There is ongoing ion flux across the
cardiac membrane. During the polarized state the cell membrane of
the contractile unit (atria and ventricles) remains in resting phase
by having positively charged outer surface and negatively charged
inner surface. With the help of Na-K ATPase pump there is an
orientation of 3 Na+ outside the cells and 2 K+ inside the cells.
Further to mention that there are channels over the membranous
phospholipid bilayer which are very selective in respect to these
ionic flow across.
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The Events of Cardiac Action Potential And Genesis of ECG Changes :
A relation of the 'Action Potential ' to the ECG is illustrated below by the following
sketch: (The standard model used to demonstrate the cardiac action potential is that of
the ventricular myocytes)

The inside of the cardiac membrane is more negative than the outside. The main ions
responsible for this state are 3Na+ outside the cells and 2K+ inside the cells
Extracellular

Intracellular

The Rapid Inward cellular current facilitated through Na+ conductance
brings positive charge inside the cell - this depolarizes the cardiac
membrane of the atria and ventricles separately inscribing the P wave for
atria and QRS complex for ventricles.
During phase 1, there is some outward movement of K+ for a transient
period making the membrane potential slightly more negative. This is
referred as a 'notch' over the action potential. The same is being reflected
on ECG as a notch known as j (junctional) point at the end of the QRS
complex.
The plateau in phase 2 is due to the balance between inward movement of
Ca2+ and outward movement of K+. This phase actually corresponds to the
ventricular contraction and is being reflected on ECG as an isoelectric ST
segment.
Replolarization occurs during phase 3 due to the further outward
movement of K+ ions with the closing of Ca++ channels and this phase is
reflected on ECG in the form of T wave.

The phase 3 ends in phase 4 where the resting membrane potential is
brought to the original state mainly by the Na+ - K+ - ATPase pump , other
being Na+/Ca2+ exchanger current and inwardly rectifying K+ current. This
resting phase on ECG is further reflected by TP segment - an isoelectric
line.
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The Registration of Entire Electrical Events on ECG :
R
P
q

T
S

Cellular Membrane

P wave= Atrial depolarization .

Positive deflection (on ECG)
towards the flow of current

To Patient
_
ECG Paper

PR interval = The interval in between the beginning of P
wave to the beginning of QRS complex.
QRS Complex = Ventricular depolarization (both the
ventricles depolarise synchronously).
ST segment= The interval in between the end of ventricular
depolarization and the start of repolarization phase (the end
of S wave / J point and the beginning of the T wave).

+

T = Ventricular repolarization.

Heated stylus moves with voltage
change as paper moves
(The electrical energy produced during
action potential is converted into
mechanical energy to move the stylus)

TP interval = The period of cardiac rest.
QT interval= From the beginning of the QRS complex to
the end of the T wave (depolarization + repolarization).

Basics of ECG Waves :
• When the flow of current is towards the positive electrode of a lead , the deflection
on ECG is having an upward positive wave.
• The reverse is true when the electrical current flows to the opposite direction , it
causes a negative deflection on ECG.
Genesis of QRS

Genesis of P wave
SA Node
AV Node

The analysis of ECG interpretation starts
with an assessment of the P-wave which
reflects atrial depolarization.

Septal activation
from left to right

r/q

Activation of major
portion of
ventricular
myocardium from
endocardium to
epicardium surface

Late activation of
posterobasal portion
of the left ventricle,
the pulmonary conus,
and the uppermost
portion of the
interventricular
septum

R

S
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Genesis of T wave
The process of repolarization starts from the point where
the depolarization wave QRS gets ended . This is to
mention here that last portion of ventricular
depolarization is the posterobasal portion of the left
ventricle and that's why , the wave of repolarization starts
from this posterobasal portion of the left ventricle over
the epicardial surface. The wave of repolarization
propagates ahead leftward and downwards inscribing
upward T wave in a similar positive direction as that of
QRS complex.

T Wave
(magnified)

Epicardial cells are normally having a shorter duration
action potential than endocardial cells. This shorter
duration action potential causes them to repolarize earlier
than the longer action potential found in the
subendocardium

Genesis of U wave

OUTLINE

The T wave is followed by another tiny wave known as U
wave
The origin of U wave is still in question.
Explanation for U wave
After potential resulting from mechanical force in the
ventricular wall
Delayed repolarization of Purkinje fibres
Prolonged repolarization of Mid-myocardial "M-cells"

Introduction
The Electrical Induction by Electrolytes
The Cardiac Electrical Field
Basic Concept of Such Electrical Current
Action Potential (in brief)
The Events of Cardiac Action Potential And The Genesis of ECG
Changes
Basic ECG Waves : P QRS T U
Concluding Remark
Further Reading Suggested
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ACTION POTENTIAL AND ECG - A FUNDAMENTAL
DR. D.P. KHAITAN
MD (MEDICINE), FCGP(IND), FIAMS(MEDICINE), FICP
With reference to the 'Action potential' of the heart, the electrical current is attributed to the
selective ionic transport across the cellular membrane. The ionic influx and efflux through
the intra and extracellular environments are responsible for the genesis of electrical current.
This ionic environment is due to the presence of different electrolytes in the surrounding
vicinity.
Such electrical activities are picked by the ECG producing P, QRS and T waves with
intervening isoelectric lines PR and ST segments.
I would like to quote here the prediction of Sir Thomas Lewis (British cardiologist - 'the
father of clinical electrophysiology ' ) who stated in the 1910s in connection with ECG that
" The Time is at hand , if it has not already come, when examination of the heart is
incomplete if this new method is neglected ". And this is known to all that his
prediction quickly became a reality.

Introduction
The ECG is the graphic recording of electrical events during cardiac cycle. There is an ionic
flow across the cardiac cellular membrane - this flow contributes towards the genesis of
electrical current. The word electricity had been coined denoting the flow of electrical
current by the movement of electrons from the outer orbit of an atom to the atoms in
succession and so on. In other words, the electrical current is a property induced by the flow
of electrons. It has also been shown in science that the flow of ions (positively and negatively
charged) also contributes to the genesis of a field of electrical current as also seen during the
electrolytes influx and efflux across the cardiac membrane. And this ionic movement against
the concentration gradient is responsible for the inception of cardiac electricity which is being
picked up by ECG.

Fig. 1.1

| 64

Electrical induction by electrolytes
Electrolytes are chemical substances , when they are dissolved in aqueous solvent get
dissociated into electrically charged ions. The word 'electro' denotes the state of electrolytes
being in charged ionic state and the word 'lyte' (lytos) indicates the capability of electroytes
to undergo lysis when dissolved in a solvent.
These dissolved electrolytes get separated into cations (+ve) and anions (-ve) with an
uniform distribution in the environment of the solvent. The solution containing the lysed
electrolytes are neutral in nature. If two electrodes are applied to such a solution, the cations
(+ve) are attracted to the electrode having a surplus of electrons (negatively charged) in
vicinity and on the other hand , anions ( -ve) are deviated to the opposite electrode. The
potential difference in between these two electrodes connected with each other causes the
current to flow.
This concept is very essential to understand the fundamentals of ECG.

An Electrolyte is a chemical substance when
dissolved in aqueous solvent, it gets dissociated
into cations and anions which are capable of
producing electricity under circumstances as
explained
Fig. 1.2

_

+
Cellular membrane

Fig. 1.3

With reference to the 'Action potential' of the
heart, the electrical current is attributed to the
selective ionic transport across the cellular
membrane. The ionic influx and efflux through
the intra and extracellular environments are
responsible for the genesis of electrical current.
This ionic environment is due to the presence
of different electrolytes in the surrounding
vicinity.
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The Cardiac Electrical Field
The ionic current so produced runs upto a shorter distance but its glow through the electrical
field is detectable at a considerable distance. The summed up quantum of the electical current
gets spread over the body surface creating the heart's electrical field which is about 60 times
greater in expression than the electrical activity being expressed by the brain. Thus, the
current produced by the heart is spread over the body surface tissues and this electircal field
represents bio-potential electricity generated by the heart. This field is being picked up
through ECG by placing leads across the limbs and chest.
In nutshell ,it can be said that the cardiac action potential generated by the charged ionic
movement across the cell membrane is being reflected upon the ECG in different wave forms
and isoelectric lines.
The credit goes to Augustus D waller who registered first time in the history , the electrical
field on the surface of the thorax, generated by the electrical activity of the human heart in
1887. He was able to record the isopotential lines across the thoracic wall. These electrical
lines are considered to be generated by some ionic currents movement during the
depolarization and repolarization of the cardiac membrane , paving the way through the tissue
of the throax in the form of a dipolar flow. He determined the corresponding dipolar source
and imparted a basic concept of such electrical field to be registered on ECG. The discovery
of Human ECG using a Capillary Electrometer had been credited also to the name of this
British Physiologist Dr. Augustus D waller of St. Mary's Medical School of London.

Basic concept of such electrical current
There are certain important and interesting points to be considered here :
The production of electrical current creating the electrical field is associated with all
the cellular membrane-functioning that deals with electrolytes movement. So it is also
true with the heart.
There is a creation of extracellular cardiac electrical field due to ion fluxes across the
cellular membranes and between adjacent cells of the cardiac syncytium. This ionic
current is being expressed during depolarization and repolarization phases of the
cardiac cycle. The polarity of the transmembrane potential creates a dipole oriented in
the direction of its propagation. On the negative pole there lies a summed up of all
the negative dipoles into a single negative unit of dipole and on the other side there is
a creation of single unit of positive dipole .The connecting link in between these two
poles is the pathway through which an activation propagates ahead due to its
potential difference , as illustrated by the diagram on the next page -
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+

Fig. 1.4

Dipole – The positive and negative charges separated by distance creates so many dipole
units. Such every dipole is having very small electrical field which cannot be measured but
the summed up of these individual dipoles creating a larger field with a potential difference in
a particular direction with a magnitude (known as vector) is large enough to be recorded.
Thus , the vector is the resultant summed up of all these smaller dipole currents .

-

+

Action Potential ( in brief)
Action potential activities within the heart are recorded on electrocardiogram (ECG) in the
form a series of upward and downward waves - P,QRS,T with isoelectric lines in between PR
segment and ST segment - representing the depolarization and repolarization events during
each cardiac cycle.
During the polarized state the cell membrane of the contractile unit (atria and ventricles)
remains in resting phase by having positively charged outer surface and negatively charged
inner surface. With the help of Na-K ATPase pump there is an orientation of 3 Na+ outside
the cells and 2 K+ inside the cells. Further to mention that there are channels over the
membranous phospholipid bilayer which are very selective in respect to these ionic flow
across.
The cardiac action potential being generated from the pacemaker SA node is transmitted to
the atria with the subsequent passing through in continuity from AV-His Purkinje system to
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the ventricles to be activated. Then the next cycle of repolarization sets in. The phases of
depolarization and repolarization make a single cardiac unit to express its cardiac electrical
events.

The events of Cardiac Action Potential and the genesis of ECG changes
A relation of the 'Action Potential ' to the ECG is illustrated below by the following sketch :
( The standard model used to demonstrate the cardiac action potential is that of the
ventricular myocytes)

Fig.1.5

There are two group of cells in the heart , namely the pacemaker cells (the SA node) and the
contractile units (atria and the ventricles) which are normally operative during each cardiac
cycle. The pacemaker cells do not possess phases 1 and 2 of the cardiac action potential lacking the contractile activity.
The inside of the cardiac membrane is more negative than the outside. The main ions
responsible for this state are 3Na+ outside the cells and 2K+ inside the cells.
The events of cardiac action potential and the genesis of ECG changes are outlined as below
in brief :
Extracellular

Intracellular

The Rapid Inward cellular current facilitated through Na+ conductance
brings positive charge inside the cell - this depolarizes the cardiac membrane
of the atria and ventricles separately inscribing the P-wave for atria and
QRS complex for ventricles.
During phase 1, there is some outward movement of K+ for a transient
period making the membrane potential slightly more negative. This is
referred as a 'notch' over the action potential. The same is being reflected on
ECG as a notch known as j (junctional) point being inscribed at the end of
the QRS complex.
The plateau in phase 2 is due to the balance between inward movement of
Ca2+ and outward movement of K+. This phase actually corresponds to the
ventricular contraction and is being reflected on ECG as isoelectric ST
segment.
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Replolarization occurs during phase 3 due to the further outward movement
of K+ ions with the closing of Ca++ channels and this phase is reflected on
ECG in the form of T wave.

The phase 3 ends in phase 4 where the resting membrane potential is brought
to the original state mainly by the Na+ - K+ - ATPase pump , other being
Na+/Ca2+ exchanger current and inwardly rectifying K+ current. This resting
phase on ECG is reflected by TP segment - an isoelectric line.
The PR segment starts from the point of fully depolarized atrial mass and this represents the
time taken for a subsequent journey through the AV node (with a transient stay of 0.09 sec) to
the Purkinje system.
The wave representing atrial repolarization (Ta) is not distinctly visible on ECG because it is
having low amplitude (100-200 microvolts) and usually is hidden inside the ensuing QRS
complex.
The registration of these entire electrical events on ECG are summarised as below:

R
P
q
Cellular Membrane

T
S

Positive deflection (on ECG)
towards the flow of current
P wave= Atrial depolarization .

To Patient

ECG Paper

_

QRS Complex = Ventricular depolarization (both the
ventricles depolarise synchronously).

+

ST segment= The interval in between the end of ventricular
depolarization and the start of repolarization phase (the end
of S wave / J point and the beginning of the T wave).

Heated stylus moves with voltage
change as paper moves
(The electrical energy produced during
action potential is converted into
mechanical energy to move the stylus)
Fig. 1.6

PR interval = The interval in between the beginning of P
wave to the beginning of QRS complex.

T = Ventricular repolarization.
TP interval = The period of cardiac rest.
QT interval= From the beginning of the QRS complex to
the end of the T wave (depolarization + repolarization).
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Basics of ECG waves
When the flow of current is towards the positive electrode of a lead , the deflection on
ECG is having an upward positive wave.
The reverse is true when the electrical current flows to the opposite direction , it
causes a negative deflection on ECG.

GENESIS OF P WAVE
(longitudional transmission)
SA Node
The P-wave, PR-interval and PR
segment

AV Node

Fig. 1.7
Atrial depolarization
The analysis of ECG interpretation starts with an assessment of the P-wave which reflects
atrial depolarization. The PR interval is the distance measured between the onset of P wave to
the onset of the QRS complex. The isoelectric line in between the end of P wave and the onset
of the QRS complex is known as PR segment.

GENESIS OF QRS
(transverse transmission : endocardial - epicardial)

Septal activation
from left to right

r/q
Fig. 1.8

Activation of
anteroseptal
region of the
ventricular
myocardium

Activation of major
portion of
ventricular
myocardium from
endocardium to
epicardium surface

R

Late activation of
posterobasal
portion of the left
ventricle, the
pulmonary conus,
and the uppermost
portion of the
interventricular
septum

S
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GENESIS OF T WAVE
The repolarization wave is known as T wave. It is normally upright because of the
following facts :
The process of repolarization starts from the point where the depolarization wave QRS
gets ended . This is to mention here that last portion of ventricular depolarization is the
posterobasal portion of the left ventricle and that's why , the wave of repolarization starts
from this posterobasal portion of the left ventricle over the epicardial surface. The wave
of repolarization propagates ahead leftward and downwards inscribing upward T wave in
a similar positive direction as that of QRS complex.
Epicardial cells are normally having a shorter duration action potential than endocardial
cells. This shorter duration action potential causes them to repolarize earlier than the
longer action potential found in the subendocardium.

_

T Wave
(magnified)

+

Fig.1.9

GENESIS OF U WAVE
The T wave is followed by another tiny wave known as U wave. The origin of the U wave is
still in question, although most authorities correlate the U wave with after potential resulting
from mechanical force in the ventricular wall.
other reasons for U wave •

Delayed repolarization of Purkinje fibres

•

Prolonged repolarization of Mid-myocardial "M-cells"

Concluding remark
The ionic changes with its movement across the cardiac cellular membrane is responsible for
the genesis of electrical current which is reflected as dipolar lines over the thoracic wall
including limbs. These electrical isopotential lines are considered to be generated by the ionic
current movement during the depolarization and repolarization of the cardiac membrane ,
paving the way through the tissues of the thorax in the form of dipolar flow which is being
registered on ECG.
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Further reading suggested
1. Marriott's Practical Electrocardiography (South Asian Edition - 12th Edition) - Cardiac
Electrical Activity , P- 1-19.
2. GOLDBERGER'S CLINICAL ELECTROCARDIOGRAPHY (Fisrt South Asia Edition)
, P - 6-10
3. LeoSchamroth An Introduction to ELECTROCARDIOGRAPHY (Eight Adapted
Editon), P - 1-19

LIMB LEADS ON ECG :
ELECTROPHYSIOLOGICAL
CONSIDERATION
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LIMB LEADS ON ECG :
ELECTROPHYSIOLOGICAL CONSIDERATION
DR. D.P. KHAITAN
MD (MEDICINE) FCGP(IND) FIAMS(MEDICINE) FICP

SYNOPSIS
Introduction

The heart is the supremo source of electromagnetic flow over the
human body, creating the largest rhythmic electromagnetic field.
The heart’s electrical field is measured by electrocardiogram (ECG) ,
being picked up from the surface of the body.
By 12-lead ECG this cardiac electrical activity is picked up over both
the vertical and horizontal planes. The limb leads are used to detect
the electrical current over the vertical plane.
Limb leads grouped into two : Biopolar (I, II, III) and Unipolar
(aVR, aVL, aVF)

A Basic
electrophysiological
concept

There is a creation of extracellular cardiac electrical field due to ionic
fluxes across cellular membranes.
The polarity of the transmembrane potential – creating a dipole
which is oriented in the direction of ongoing activation.
Dipole – A positive and negative charge separated by a small
distance is known as a dipole. Such a single dipole is having very
small electrical field which cannot be measured but the sum up of
all the individual dipoles create a larger field with more potential
difference which may be large enough to be recorded on ECG. The
flow of current across these two summed up dipoles is from
negative to the positive pole having a definite magnitude and
direction (known as vector).

Einthoven Triangle and
Triaxial Bipolar System

Einthoven Triangle is an imaginary formation of three limb leads
based triangle , useful in electrocardiograpy formed by the two
shoulders (left and right) and the left leg.
This forms an inverted electrical triangle with the heart lying at the
centre.
With respect to the centre of origin of the cardiac current if the
exploring electrode is placed at any point on the body surface beyond
15 cm , there is hardly any noticeable effect on the intensity of the
current. The points of electrodes placement on the three limbs used

by Einthoven were having somewhat larger distance , each more than
15 cm away from the centre of the heart. By considering this fact the
triangle may be assumed to be equilateral in nature as illustrated on
the preceding page.
Einthoven inscribed the famous equilateral triangle formed by leads
I, II and III at its side and derived a very important calculation what
he called ‘ the manifest potential difference in the heart’ , now
known as Electrical axis.
The Concept of the
central terminal : Dr.
Frank N. Wilson

This Wilson Central Terminal was formed by connecting a 5 K
each limb electrode and adjoining them together. This terminal
represents the average of the limbs potential possibly near about 0
(Zero).

Wilson Central
Terminal

Augmented Unipolar
Limb leads : Dr.
Emanuel Goldberger

Unipolar limb leads were named as augmented unipolar limb leads –
aVL, aVR, aVF (aV denotes augmented vector and L, R, F used for
different concerned leads).
Dr. Emanuel Goldberger of Lincoln Hospital, New York, succeeded
in the construction of unipolar limb lead system – an unique system
of recording the ECG image through an extra window in between 60 0
(i.e at 300 ). He placed the positive unipolar leads on the left arm,
right arm and left leg for the purpose. This system provided more
detailed coverage of the frontal plane within 30 0 of range. Since the
recorded signal from these unipolar leads was small, Goldberger
invented a method to augment these small signals by 50%.

Hexaxial Lead System
By combining together
augmented unipolar limb
lead system with that of
Einthoven’s triaxial lead
system it gives birth to the
hexaxial lead system –
this is the display of limb
leads over the frontal
plane.

Hexaxial Lead System
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The Limb Leads

There is a need of specialized group of electrodes to pickup the flow
of the current from the point of origin towards its destination

Important Consideration Firstly
o The hexaxial limb lead system on ECG represents a geometrical
section of the electrical flow through the heart. This sequential flow
of the current creates an electrical axis.
o The connection of right arm and left leg (lead II) imparts a very vivid
picture of the run of cardiac rhythm , including atrial activity.
o The limb leads also record the electrical flow through the transmural

ventricular zone as well
Secondly
o II, III, and aVF : inferior surface of the heart.
o I, aVL : Lateral surface of the heart.
o aVR : Right atrium and cavity of left ventricle.
The aVR is a neglected lead – it faces the right superior surface of
the heart including the basal part of the septum. This lead also gives
reciprocal information from the left lateral side of the heart as well.
Concluding Remark

any exploring lead placed within a range of 900 respect to cardiac
vector records positive current , at 900 equiphasic deflection or no
deflection and beyond 900 negative deflection.
The electrical axis of the different waves are as follows –
P (atrial axis) : 00 to +750
QRS (Ventricular axis) : - 300 to +900
The angle between QRS and T wave axis (QRS-T angle ) ranges
from 450 to 600
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Information about the transmural zone e.g - chamber hypertrophy or
enlargement , ischemic or nacrotic changes , pericarditis etc . The
lead aVR also imparts a lot of informations.

OUTLINE
Introduction
A Basic Electrophysiological Concept
Einthoven Triangle and Triaxial Bipolar System
The Concept of The Central Terminal : Dr. Frank N. Wilson
Augmented Unipolar Limb Leads : Dr. Emanuel Goldberger
Hexaxial Lead System
The Limb Leads
Important Considerations
Concluding Remark
Further Reading Suggested
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LIMB LEADS ON ECG :
CONSIDERATION
CG ELECTROPHYSIOLOGICAL
: A BASIC CONSIDERATION
(PART – I)
A Narrative Review

DR. D.P. KHAITAN
MD (MEDICINE) FCGP(IND) FIAMS(MEDICINE) FICP

O Heart thou are having sparkling illumination, murmuring through a bright reply onto the
graph and smiling through the language of P-QRS-T. The supernal secrecy of electrical flow
is also revealed by its extension through the limbs – the endless labour of Dr. William
Einthoven , Dr. Frank N. Wilson , Dr. Emanuel Goldberger and others as well. We pay ours
salutation to all of them. They were great persons who had opened the door of knowledge on
ECG before the world.

Introduction
The heart is the supremo source of electromagnetic flow over the human body, creating the
largest rhythmic electromagnetic field. The heart’s electrical field is measured by
electrocardiogram (ECG) , being picked up from the surface of the body. Surprisingly to note
here that the electromagnetic field produced by the heart is more than 100 times greater in
strength than the field created by the brain and this can be detected upto 3 feet away from the
body.
By 12-lead ECG this cardiac electrical activity is picked up over both the vertical and
horizontal planes. The chest leads are used to detect the electrical changes over the horizontal
plane and the limb leads are used to detect the electrical current over the vertical plane.

Fig. 1.1
The heart’s electromagnetic rhythmic field enveloping the body surface
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A basic electrophysiological concept
There are certain important and interesting points to be dealt here Production of electrical current with creation of electrical field is associated with all
cellular membranes that deal with electrolyte movement. So it is also true with the
heart.
There is a creation of extracellular cardiac electrical field due to ionic fluxes across
cellular membranes and between adjacent cells of the cardiac syncytium. These ionic
currents are being expressed during depolarization and repolarization of the cardiac
cycle. The polarity of the transmembrane potential – creating a dipole which is
oriented in the direction of ongoing activation. On the negative pole there lies a sum
up of all the negative dipoles into a single negative unit and in the same way on the
other side there is a creation of a single unit of positive dipole. The connecting link in
between these two is the electrical path from where an activation propagates ahead
due to the potential difference , as illustrated by the following diagram –

Fig. 1.2

Dipole – A positive and negative charge separated by a small distance is known as a dipole.
Such a single dipole is having very small electrical field which cannot be measured but the
sum up of all the individual dipoles create a larger field with more potential difference which
may be large enough to be recorded on ECG. The flow of current across these two
summed up dipoles is from negative to the positive pole having a definite magnitude and
direction (known as vector).
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Einthoven Triangle and Triaxial Bipolar System
DR. WILLIAM EINTHOVEN surprised the world by delivering a lecture in 1912 at the
Chesla Clinical Society of London . He framed a new lead system for recording the cardiac
electricity. The triangle formed by these leads was later called Einthoven Triangle.
The credit goes to Dr. William Einthoven who had inscribed a ‘Triaxial Bipolar System’
with three leads known as standard leads I, II and III.

-

R = Right shoulder
L = Left shoulder
F = Left foot (originally
midpoint of the pubis was
chosen by Einthoven as left foot
representative)

Fig. 1.3

Einthoven Triangle is an imaginary formation of three limb leads based triangle , useful in
electrocardiograpy formed by the two shoulders (left and right) and the pubis. This forms an
inverted electrical triangle with the heart lying at the centre , would be explained on the next
page. It is so named after William Einthoven who first theorized its existence.
Einthoven used these limbs points by immersing the hands and foot in saline water to allow
the impulse conduction to be recorded with his invented string galvanometer.
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Einthoven triangle : Further detailing
With respect to the centre of origin of the cardiac current if the exploring electrode is placed
at any point on the body surface beyond 15 cm , there is hardly any noticeable effect on the
intensity of the current (*Reference below). The points of electrodes placement on the three
limbs used by Einthoven were having somewhat larger distance , each more than 15 cm away
from the centre of the heart. By considering this fact the triangle may be assumed to be
equilateral in nature as illustrated below.

I

R

III

II

Fig. 1.4

L

F

Bipolar Limb Electrodes
R – L = Lead I
R – F = Lead II
L – F = Lead III

The manifest potential difference in the heart

The manifest potential difference in the heart – His remarkable concept of
biophysics set forth a new concept first time in the history of ECG. Einthoven
inscribed the famous equilateral triangle formed by leads I, II and III at its side and
derived a very important calculation what he called ‘ the manifest potential difference
in the heart’ , now known as Electrical axis.
A new concept of an electrical vector came into existence :
To his statement “ The curve must represent under all circumstances

and in every moment, the algebraic sum of all the potential
differences which at that moment are developed in the heart. .” His this
thinking might have hinted the concept of the manifest potential difference having a
definite magnitude and direction.

* LeoSchamroth – An Introduction to ELECTROCARDIOGRAPHY - EIGHTH ADAPTED
EDITION – Basic Principles – Page 6 (‘ With distances greater than 15 cm from the heart,
the decrement in the intensity of the electrical field is hardly noticeable. Consequently, all
electrodes placed at a distance greater than 15 cm from the heart may, in an electrical sense,
be considered to be equidistant from the heart ’).
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The concept of the central terminal : Dr. Frank N. Wilson 1932
First time in 1932 Dr. Frank N. Wilson of the uiversity of Michigan developed the concept of
the ‘Central terminal’ – and by his name it is known as ‘Wilson Central Terminal’ (WCT).
He adjoined the three limbs to form a common terminal electrode. This central terminal
represents the minimal flow of current across this. And to further bring down the quantum of
the current to the minimum (almost equivalent to 0) he introduced the 5K resistance to each
terminal of the unipolar limb leads (Right arm – RA, Left arm – LA and Left Leg – LL).
Thus combining all the terminals of the three (each through 5 K resistance) he succeded in
creating a central terminal with the minimal possible quantum of the potential difference.
This Wilson central terminal is used as an indifferent electrode (the electrode connected to
the right leg is usually taken as the indifferent electrode in ECG. This indifferent electrode
forms the reference electrode may be connected to the equipment ground).

In nutshell, this Wilson Central Terminal was formed by connecting a 5 K
resistance to
each limb electrodes and adjoining them together. This terminal represents the average of the
limbs potential possibly near about 0 (Zero). This can be illustrated by the following
diagram.

RA

LA

LL
5K

Fig. 1.5

Wilson Central
Terminal
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Augmented unipolar limb leads : Dr. Emanuel Goldberger
Einthoven’s concept of ‘triaxial bipolar leads’ placed the three leads I, II and III , each at the
angle of 600 apart. It seemed a possibility that the gap area in between 60 0 might had hidden
the recording of the electrical segment in between, which would had otherwise imparted
some more information by placing an extra limb system in between them. In 1942,
Dr. Emanuel Goldberger of Lincoln Hospital, New York, succeeded in the construction of
unipolar limb lead system – an unique system of recording the ECG image through an
extra window in between 600 (i.e at 300). He placed the positive unipolar leads on the left
arm, right arm and left leg for the purpose. This system provided more detailed coverage of
the frontal plane within 300 of range. Since the recorded signal from these unipolar leads
was small, Goldberger invented a method to augment these small signals by 50%.
And this unipolar limb leads were named as augmented unipolar limb leads – aVL, aVR, aVF
(aV denotes augmented vector and L, R, F used for different concerned leads). The
augmented limb leads were designed to derive more localised information compared to the
bipolar leads I, II, III system. From this aim in mind new unipolar leads aVR, aVL & aVF
were constructed, focussing at the point of its placement , as illustrated below in the hexaxial
lead system.

Hexaxial lead system
By combining together augmented unipolar limb lead system with that of Einthoven’s triaxial
lead system it gives birth to the hexaxial lead system – this is the display of limb leads over
the frontal plane.

Negative
aVL field

aVR
- 1800
+ 180

0

O

0

0

30

I

I

Positive
field

III
Fig. 1.6

aVF

II

III

II

Fig. 1.7

Goldberger Central Terminal (GCT) : Goldberger also thought that the three 5 K
resistance of Wilson Central Terminal (WCT) were not necessary and they could be
replaced simply by 3 plain wires to form a terminal for recording of unipolar limb leads.
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The Limb Leads
This consist of three limb bipolar limb leads (I, II, III) and three unipolar limb leads (aVR ,
aVL, and aVF).
The cardiac mass is a syncytium. The current of depolarization from SA node spreads
throughout the heart through a specialized conducting pathway so that the sequential
contraction of atria and ventricles might take place. In other words , the wave of
depolarization is spread through the cardiac syncytial mass towards the non-depolarized area
to be depolarized. There is a creation of electromagnetic field around the heart. The 12-lead
ECG can pickup the pattern of this electrical field bidirectionally – over the vertical (frontal)
and horizontal planes. There is a need of specialized group of electrodes to pickup the flow of
the current from the point of origin towards its destination.

Fig. 1.8
The positive electrode is the anode pole (+ve) and the negative electrode is the cathode pole
(-ve) . The flow of current is from the negative electrode to the positive electrode due to the
potential difference in between these two.

-

+

Important considerations
Two important considerations should be taken into account while interpreting the limb leads
on ECG.
(1) Firstly - The hexaxial limb lead system on ECG represents a section of the electrical
flow through the heart. This sequential flow of the current creates an electrical axis.
The electrical axis of the ECG indicates the major direction of the overall electrical
activity with a magnitude flowing through the heart. The sum up of electrical dipoles
of a particular lead records the changes against the plotted electrical axis i.e the lead
recording the highest amplitude of R is nearest to the axis of the heart.
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The atrial current denoted by P axis on ECG is best recorded on lead II , known as
rhythm lead. The recording of atrial activity with the connection of right arm and left
foot (lead II) imparts a very vivid picture of atrial activity.
The limb leads also record the electrical flow through the transmural zone of the
ventricles as well. This transmural zone extends onwards from endocardium myocytes are depolarized from endocardium to epicardium and are repolarized from
epicardium to endocardium. This zone also imparts a lot of information to be
interpreted on ECG.
Both the zones (longitudional and transverse) have been illustrated with the following
sketch :

-

Fig. 1.9

Endocardium

+
Longitudional form of
atrial activation

Epicardium
Transverse form of
ventricular activation

(2) Secondly – Anatomical relations of limbs leads , as illustrated below :
II, III, and aVF : inferior surface of the heart.
I, aVL : Lateral surface of the heart.
aVR : Right atrium and cavity of left ventricle.
The aVR is a neglected lead – it faces the right superior surface of the heart
including the basal part of the septum. This lead also gives reciprocal
information from the left lateral side of the heart as well.
The determination of the cardiac axis is the essential need while interpreting the ECG and
equally is the significance of the analysis of the transmural vector flowing through a
particular anatomical zone.
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Concluding remark
The limb leads mainly impart two forms of information , as narrated below :
The electrical axis
- When the electrical force is directed towards the positive electrode of a limb
lead , the electrocardiograph records a positive deflection.
- When an electrical force is directed away from the positive electrode of a
limb lead , the electrocardiograph records a negative deflection.
- With the intermediate flow of the electrical force there is either an
recording of isoelectric line or equiphasic wave.
It can be stated , therefore , any exploring lead placed within a range of 900 respect to
cardiac vector records positive current , at 900 equiphasic deflection or no deflection
and beyond 900 negative deflection.

The electrical axis of the different waves are as follows P (atrial axis) : 00 to +750
QRS (Ventricular axis) : - 300 to +900
The angle between QRS and T wave axis (QRS-T angle ) ranges from
450 to 600.
The transverse flow of the electrical current measures the electrical potential across
the transmural zone.
- Information about the states occurring across the transmural region e.g chamber hypertrophy or enlargement , ischemic or nacrotic changes ,
pericarditis etc . The lead aVR also imparts a lot of informations.

Further reading suggested
1. Electric field | Definition, Units, & Facts| Britanica –
https://www.britannica.com/science/electric-field
2. Hyperphysics Concept – http://hyperphysics.phy-astr.gsu.edu/hbase/index.html
3. CHOU’S ELECTROCARIDIOGRAPHY IN CLINICAL PRACTICE (Sixth Edition)
– Section 1. Adult Electrocardiography – P – 1 to 26
4. LeoSchamrothAn Introduction to Electrocardiography (Eighth Adapted edition) P -71

CHEST LEADS ON ECG :
ELECTROPHYSIOLOGICAL
CONSIDERATION
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ECG
CHEST LEADS ON ECG :
ELECTROPHYSIOLOGICAL CONSIDERATION
DR. D.P. KHAITAN
MD (MEDICINE) FCGP(IND) FIAMS(MEDICINE) FICP

SYNOPSIS
Introduction

The chest lead are used to detect the electrical changes over the
horizontal plane.
The recording of ECG is a technical phenomenon by which the flow
of current from the negative pole towards the positive pole is picked
up due to the prevailing potential difference in between these two
with a bright reply onto the graph through the language of P-QRS-T.

Foundation of Chest
Leads

The credit goes to the American Heart Association and the Cardiac
Society of Great Britain which in 1938 published their
recommendation for recording the current flow across the horizontal
plane by placing the exploring lead opposite the six sides over the
chest –namely V1 through V6.

( by adjoining
the three limbs
leads to form a
common
terminal
electrode)

Electrophysiological
concept in recording
through chest leads

The heart is a syncytium and the wave of depolarization is
spread through the cardiac syncytial mass towards the area still
to be depolarized and the reverse is also true that the wave of
repolarization is spread towards the area still to be repolarized.
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The transmural electrical flow from endocardium to epicardium
during depolarization and the reverse is true during repolarization

The direction of electrical flow and recording of a wave on ECG.
1. When an electrical activity flows towards the exploring
electrode, the electrocardiograph records a positive
deflection.
2.

When an electrical activity flows away from the
exploring electrode, , the electrocardiograph records a
negative deflection.

3.

On the transitional zone , the electrocardiograph records
usually equiphasic deflection.

Eyes of Precordial leads
Any precordial lead from V1 to V6 records the electrical potential
from small area of the underlying myocardium with respect to the
electrical axis.
Applied Anatomy and
Physiology

o The anatomical concept :
The right-sided chambers of the heart are located somewhat
anteriorly and the left-sided chambers are located somewhat
posteriorly.
V1/V2 faces right ventricular surface , V3/V4 points toward
transitional zone and V5/V6 faces left ventricular surface.
o The physiological concept:
The sequential flow of electrical current is illustrated below by the
following sketch (Ventricular electrical axis passes downward and
leftward through the thicker left ventricle).

A mirror reflection of the waves recorded on ECG over right and left
ventricle because they are anatomically situated in the opposite
direction to each other (S over the V1/V2 represents the mirror effect
of left ventricular voltage. r/q represents septal activation).
Right ventricular epicardial complex - V1/V2 (rS)
Transistional zone - V3 / V4 (RS)
Left ventricular epicardial complex - V5, V6, aVL, I (qR/qRs)

Further detailing of
waves on ECG
P Waves:
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Since the atrial wall is thinner and the propagation of atrial impulse
adopts relatively the longitudinal pathway of transmission, P is
inscribed as a small wave.

QRS

T Wave

The last portion of ventricular depolarization is the posterobasal
portion of the left ventricle and that's why , the wave of
repolarisation starts from this posterobasal portion of the left
ventricle over the epicardial surface. The wave of repolarization
propagates ahead leftward and downwards inscribing upward T wave
in a similar positive direction of QRS complex.
The last ventricular cells to be depolarized are subepicardial cells ,
which normally have a shorter duration than subendocardial cells.
This shorter duration causes them to be repolariseed earlier than the
longer action potentials found in the subendocardium.

Rotation about the
oblique axis of the heart

Counterclockwise rotation : The transitional zone (around V3/V4) is
shifted towards rightwards from electrical point of view resulting in the
left oriented forces towards the more rightward anterior direction so that
it may appear earlier even through V2 . In other words , electrical
activity of the heart is turned more to the right side.
Clockwise rotation : The transitional zone (around V3/V4) is shifted
towards leftwards resulting in the right oriented forces towards the more
lateral direction. In other words , electrical activity of the heart is turned
more to the left side.
These electrocardiographic presentations are applicable on viewing in
the electrical sense. These electrical changes are usually the result of
increased electrical forces generated either from the left ventricle or the
right ventricle
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CHEST LEADS ON ECG :
ELECTROPHYSIOLOGICAL
CONSIDERATION
ECG
: A BASIC CONSIDERATION
(PART – I)
A Narrative Review

DR. D.P. KHAITAN
MD (MEDICINE) FCGP (IND) FIAMS (MEDICINE) FICP

‘O Heart’ , thy current wraps thou within its sweety flaming arms – a luminous chapter in
the biosphere of electrophysiology. The medical scientists had made the untiring efforts to
register thy heroic power on 12-lead ECG. They succeeded in doing so by conceiving thy
bidirectional flow of current – both in vertical and horizontal planes.
The fleshy ventricular mass catches the descending flow of the current coming from above to
get it transmitted transmurally across its wall. It would be a witful aspiration to be the flameseers of this glorious flow of energy – the display of waves through chest leads on ECG.

Introduction
Each cardiac pulse innovates and dissipates an electric field which wraps it from within and
out. The physical principle states that every changing electrical field is coupled with a
magnetic field as well and this association creates an electromagnetic force around the heart.
The heart is having the largest rhythmic electromagnetic field which is widespread over the
body with its expanding flame even outside its sphere. This is worthwhile to mention here
that the magnetic field created by the heart can be detected upto 3 feet away in its
surroundings. The medical scientists are able to measure the heart’s electrical field by
applying 12-lead ECG over different points of the body surface.
By 12-lead ECG , this cardiac electrical activity is picked up from both the vertical and
horizontal planes. The limb leads are used to detect the electrical current over the vertical
plane and the chest lead are used to detect the electrical changes over the horizontal plane.
The recording of ECG is a technical phenomenon by which the flow of current from the
negative pole towards the positive pole is picked up due to the prevailing potential
difference in between these two with a bright reply onto the graph through the language
of P-QRS-T.

Fig. 1.1
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Foundation of chest leads
The credit goes to the American Heart Association and the Cardiac Society of
Great Britain which in 1938 published their recommendation for recording the
current flow across the horizontal plane by placing the exploring lead opposite the
six sides over the chest –namely V1 through V6. The ‘V’ stands for ‘Voltage’. A
conjoint adventure led the foundation of the ‘Chest leads’ – the birth of recording the
electrical current of the heart over the horizontal plane. A mystery of knowledge came
into existence.
The electrical current across the horizontal cardiac plane is facilitated by framing a
common terminal electrode, against which the electrical events are recorded
through V1 to V6. First time in 1932 Dr. Frank N. Wilson of the Uiversity of
Michigan developed the concept of the ‘Central terminal’ – and by his name it is
known as ‘Wilson Central Terminal’ (WCT). He adjoined the three limbs with 5K
resistance to each one to form a common terminal electrode. This central terminal
represents the minimal flow of current across this, almost equivalent to 0 (zero)
potential.

Precordium

Chest Leads

Negative electrode

Positive electrode

V1

Central Terminal

4th Righ intercostals
space parasternal

V2

4th left intercostals
space parasternal

V3

Midway between V2
and V4

V4

5th intercostals space at
left midclavicular line

V5

Level with V4 at left
anterior auxiliary line

V6

Level with V5 at left
mid auxiliary line

The positive electrode is the anode pole (+ve) and the negative electrode is the cathode pole (-ve)
. The flow of current is from the negative electrode to the positive electrode due to the potential
difference in between these two.

-

+
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Electrophysiological concept in recording through chest leads
The following points are worth mentioning to be considered here :
The heart is a syncytium and the wave of depolarization is spread through the
cardiac syncytial mass towards the area still to be depolarized and the reverse is
also true that the wave of repolarization is spread towards the area still to be
repolarized.
The impulse coming downwards through the purkinje fibers enters the ventricular
wall transmurally , so is the start of the phenomena of depolarization from
endocardium to epicardium. Therefore, transmural electrical flow from endocardium
to epicardium during depolarization and the reverse is true during
repolarization , as illustrated by the following diagram.

Epicardium

Epicardium

Fig. 1.2
The ventricular wall with
Purkinje fibers

Magnified view of ventricular
wall (transmural)

The direction of electrical flow and recording of a wave on ECG
1. When an electrical activity flows towards the exploring electrode, the
electrocardiograph records a positive deflection.
2. When an electrical activity flows away from the exploring electrode, the
electrocardiograph records a negative deflection.
3. On the transitional zone , the electrocardiograph records usually equiphasic
deflection.

Positive deflection

Negative deflection

Equiphasic deflection

Eyes of Precordial leads , as illustrated below :
Any precordial lead from V1 to V6 records the electrical potential from small
area of the underlying myocardium with respect to electrical axis.
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Applied Anatomy and Physiology
The following points seem to be essential to be mentioned in the context of recording over
the horizontal plane through chest leads :
The anatomical concept reveals the fact that this fleshy heart is having a wonderful
anatomical orientation within the thorax – the right-sided chambers of the heart are
located somewhat anteriorly and the left-sided chambers are located somewhat
posteriorly.

Fig. 1.3
V1/V2 faces right ventricular surface , V3/V4 points toward transitional zone and
V5/V6 faces left ventricular surface.
The physiological concept
The sequential flow of electrical current is illustrated below by the following sketch :
(Ventricular electrical axis passes downward and leftward through the thicker left
ventricle)

1

3 Impulse propagation from
apex towards ventricular base

2

Transmural propagation from
endocardium to epicardium

Fig. 1.4
1

Septal fibers : During the transit along the conducting system the septal twig
depolarizes first the septal wall of the left ventricle , which faces the right
ventricle lying anteriorly over V1 and V2 and so there is a small positive
deflection over right ventricular leads (V1/V2) – recorded on ECG as r .
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2 Transmural propagation from endocardium to epicardium : The purkinje

fibers penetrate the endocardium to depolarize the transmural section of the
ventricular wall and during repolarization the reverse is the flow. Whenever an
electrical activity flows from the exploring lead towards the electrical axis, the
electrocardiographic deflection would be positive (R)
3 Impulse propagation from apex towards ventricular base : This is to be

noted that there is fanlike wide distribution of these Purkinje fibers from the
cardiac apex to the base at the top and so there is a turning of impulse
propagation towards the base of the heart. That’s why , the impulse propagates
away from the electrical axis towards the base producing negative deflection
(S) .
In keeping view of the above mentioned facts it can be stated that there is a mirror
reflection of the waves recorded on ECG over right and left ventricle because they are
anatomically situated in the opposite direction to each other (S over the V1/V2
represents the mirror effect of left ventricular voltage. r/q represents septal activation)
In brief it can be innumerated like this :

Right ventricular epicardial complex - V1/V2 (rS)
Transistional zone - V3 / V4 (RS)
Left ventricular epicardial complex - V5, V6, aVL, I (qR/qRs)

Fig. 1.5
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Further detailing of waves on ECG :
P wave :
SA Node
AV Node

Atrial Activation P
Fig. 1.6
The analysis of ECG interpretation starts with an assessment of P-wave which reflects atrial
depolarization. Since the atrial wall is thinner and the propagation of atrial impulse adopts
relatively the longitudinal pathway of transmission, P is inscribed as a small wave. The PR
interval is the distance measured between the onset of P-wave to the onset of the QRS
complex. The isoelectric line in between the end of P-wave and the onset of the QRS complex
is known as PR segment .

QRS :

Septal activation
from left to right

r/q

Activation of
antereoseptal
region of the
ventricular
myocardium

Activation of major
portion of
ventricular
myocardium from
endocardium to
epicardial surface

Fig. 1.7

R

Late activation of
posterobasal
portion of the left
ventricle, the
pulmonary conus,
and the uppermost
portion of the
interventricular
septum

S
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T wave :
The repolarization wave is known as T wave. It is normally upright because of the
following facts:
The process of repolarization starts from the point where the depolarization wave QRS
gets ended . This is to mention here that the last portion of ventricular depolarization is
the posterobasal portion of the left ventricle and that's why , the wave of repolarisation
starts from this posterobasal portion of the left ventricle over the epicardial
surface. The wave of repolarization propagates ahead leftward and downwards
inscribing upward T wave in a similar positive direction of QRS complex.
The last ventricular cells to be depolarized are subepicardial cells , which normally have
a shorter duration than subendocardial cells. This shorter duration causes them to be
repolarised earlier than the longer action potentials found in the subendocardium.

2
1

T Wave

1 = Shorter duration of epicardial potential
2 = Longer duration of endocardial potential

Fig. 1.8
This would be worthwhile to mention here also about the U wave. This occurs immediately
after the T wave and has a small rounded appearance , usually in the same direction as that of
T wave. This is usually best seen in V2 to V4. The casuse of its accurate genesis is still
obscured. It was previously considered to be arising from the late depolarization of the
Purkinje fibers. Now-a-days the cause of its genesis is thought to be related to late
depolarization of mid-myocardial M cells or to the phenomenon of after-potentials.
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Rotation about the oblique axis of the heart
The oblique axis of the heart runs through the transitional zone – usually V3/V4.

Fig. 1.9
The clockwise and counterclockwise rotations of QRS transitional zone on chest leads
(horizontal plane) are well recognized phenomena.
Counterclockwise rotation : The transitional zone (around V3/V4) is shifted towards
rightwards from electrical point of view resulting in the left oriented forces towards the more
rightward anterior direction so that it may appear earlier even through V2 . In other words ,
electrical activity of the heart is turned more to the right side.

V1

V2

V4

V5

V6
V3

Counterclockwise rotation

Clockwise rotation : The transitional zone (around V3/V4) is shifted towards leftwards
resulting in the right oriented forces towards the more lateral direction. In other words ,
electrical activity of the heart is turned more to the left side.
(The corresponding ECG illustrated on the next page)
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V1

V2

Clockwise rotation

These electrocardiographic presentations are applicable on viewing in the electrical sense.
These electrical changes are usually the result of increased electrical forces generated either
from the left ventricle or the right ventricle.
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Concluding remark
Electrical flow recording across the chest wall through the chest leads imparts immense
informations , as stated below in brief :
The magnitude of current
enlargement / hypertrophy.

would

be

increased

in

cases

of

chamber

The breaking of the synchronized flow in between right ventricle and left ventricle , as
in the case of right bundle branch block and left bundle branch block.
The distrubrance of transmural electrical potential during depolarization as happens
with so many conditions including Myocardial infarction.
The start of repolarizaition current in the opposite direction from endocardium to
epicardium might produce discordant T wave.
Epicardial injury of acute pericarditis is also reflected through.
Infiltrative diseases of the ventricular chambers may also give a lot of informations.
And so many other as well.

Further reading suggested
1. Chou’s Electrocardiography in Clinical Practice (Sixth edition) – Section 1 – Adult
Electrocardiography – P 1-26
2. LeoSchamroth An Introduction to Electrocardiography (Eighth Adapted Edition)
Basic Priniple , P 5-19
3. Marriott’s Practical Electrocardiography – 12th Edition - South Asian Edition – P 120
4. Goldberger’s Clinical Electrocardiography – A simplified Approach – First South
Asia Edition – P 2-49

THE CARDIAC ELECTRIC FIELD
AND ITS AXIS – A SIMPLIFIED
APPROACH
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EC G
THE CARDIAC ELECTRIC FIELD AND ITS AXIS
– A SIMPLIFIED APPROACH

DR. D.P. KHAITAN

MD (MEDICINE) FCGP(IND) FIAMS(MEDICINE) FICP

O ‘The Electrical Field’ , thou spread the fire of life to the Heart. Thou also kindle the axis of electrical
energy – the comrade compass of the Heart . The clinicians derive useful deduction and offer the Hymns
of praise to thou majesty.

SYNOPSIS
The electrical axis is considered as the resultant of all smaller dipole currents occurring
sequentially during depolarization of the ventricles , being recorded on ECG in a
particular direction with its magnitude of voltage (in context with QRS axis).
Any exploring lead placed within a range of 900 in respect to cardiac axis records positive
current , at 900 equiphasic deflection or no deflection or beyond 900 negative deflection.
Hexaxial lead system is used for determining the axis. The arrangement of augmented
unipolar leads (aVR , aVL , aVF) with limb leads (I , II , III) frames the ‘Hexaxial Lead
System’ , as illustrated below.
The entire hexaxial system is divided into four quadrants for the purpose of graphing the
electrical axis.

Normal Axis
= -300 to + 900
Right Axis Deviation (RAD)
= +900 to +1800
Left Axis Deviation (LAD)
= -300 to -900
North-West Deviation (NWD) This is also known as
Extreme Axis Deviation
= -900 to -1800

Once the quadrant identification is completed , the final step should be oriented to arrive
to the nearest multiple of 300.
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Abstract
Depolarizing flow of current
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THE CARDIAC ELECTRIC FIELD AND ITS AXIS
– A SIMPLIFIED APPROACH
Abstract
BSTRACT

DR. D.P. KHAITAN
MD (MEDICINE), FCGP(IND), FIAMS(MEDICINE), FICP

The aim of this article is to discuss the basic principle operating behind the cardiac electrical
field and its resultant axis.
Basic principle - The heart creates an electric field around itself. Transmembranous ionic
currents are responsible for the cardiac potentials that are recorded on an ECG. Current may
be considered as being carried by negatively charged and positively charged ions due to its
potential difference. A negative and positive charge separated by a distance creates a
fundamental unit of dipole. Such a single dipole is having very small electrical field which
cannot be measured but the sums of all the individual dipoles creating a larger field with a
potential difference in a particular direction with a magnitude (known as vector) may be large
enough to be recorded. Thus, the vector is the resultant of sums of all these smaller
dipole currents.
Electrical flow is having either a small / nil deflection or an equiphasic response at right
angle with the reference to the vector.
It can therefore be stated that any exploring lead placed within a range of 900 in respect to
cardiac vector records positive current , at 900 equiphasic deflection or no deflection and
beyond 900 negative deflection.

Fig 1.1

In this accompanying diagram with
plotted ECG , the following points have
been illustrated :
The electrical axis being at +600
(as pointed by red arrow),
because there is recording of
positive waves within its range
of 900 on either side (leads I,
aVF and III).
An equiphasic deflection is
recorded over aVL at 900 with
respect to electrical axis.
Beyond 900 with respect to the
electrical axis ,
negative
deflection is recorded over aVR.

KEYWORD : Cardiac electrical field , dipole, vector (Electrical axis)
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Depolarizing flow of current
There is a creation of cardiac electrical field due to ion fluxes across the cellular
membranes. These ionic currents are being expressed during depolarization and
repolarization phases of the cardiac cycle. The sums polarity of the transmembrane
potential creates a bigger dipole oriented in the direction of ongoing activation. On the
negative pole there lies sums of all the negative dipoles into a single negative unit and on
the other side there is a creation of single unit of positive dipoles – the connecting link in
between these two points is the path for the electric current to flow during depolarization.

Depolarization is going on
Fig 1.2

A Journey from ventricular polarized state towards depolarization
Polarized State
The inside of the cardiac membrane is more negative compared to the outside. The
main ions responsible for this status are 3Na+ outside the cell and 2K+ ions inside the
cell. This ionic distribution is responsible for the positively charged outer surface and
negatively charged inner surface of the cardiac membrane. Under this equilibrium ,
there is no flow of current across the membrane. This is known as Polarized state.
Ventricular depolarization
The depolarization signal spreads through the ventricles in different direction , as
illustrated in the diagram on the next page ( Fig 1.3) .
R
o Septal activation from left to right - wave inscribed q/r
o Activation of major portion of ventricular myocardium from endocardium to
epicardial surface - wave inscribed R
o Late activation of posterobasal portion of the left ventricle , the pulmonary
conus , and the uppermost portion of the interventricular septum- wave
qs
inscribed S.
The red arrow (as illustrated in Fig 1.3 on the next page) is pointing the overall mean
flow direction of ventricular depolarization towards the resultant QRS vector on the
frontal plane. The mean direction of the QRS complex with its magnitude of
voltage is known as QRS electrical axis.
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A concept of Electrical axis
Electrical axis , though often ignored , its assessment is a very important consideration while
interpreting an ECG. In the case of ventricular depolarization , the electrical axis can be
considered the resultant of all smaller dipole currents , occurring sequentially during
depolarization of the ventricles, being recorded on ECG in a particular direction with its
magnitude of voltage.
.

QRS axis

Depolarization is going on

The Sequential flow of electrical current across the ventricles
with mean QRS electrical axis (indicated by a red arrow)
Fig 1.3

The electrical Einthoven’s triangle and the manifest potential
difference in the heart
DR. WILLIAM EINTHOVEN surprised the world by delivering a lecture in 1912 at the
Chesla Clinical Society of London . He framed a new lead system for recording the cardiac
electricity. The triangle formed by these leads was later called Einthoven’s Triangle.
The credit goes to Dr. William Einthoven who had inscribed a tri-axial bipolar
with 3 leads known as standard leads I, II and III.

system

Einthoven’s Triangle is an imaginary three limb leads based triangle , useful in
electrocardiograpy formed by the two shoulders (left and right) and the pubis (later pubis
centre was replaced by left foot). This forms an inverted electrical equilateral triangle with
the heart lying at the centre. It is so named after William Einthoven who first theorized its
existence.
Einthoven used these measuring points by immersing the hands and L.foot in saline water ,
keeping this system in contact with his string galvanometer.
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This Einthoven's concept proved to be very useful in the graphing of electrical axis.
Later on we would see that the augmented unipolar leads created by Dr. Emanuel Goldberger
(1942) were also included with the Einthoven's leads to determine the electrical axis easily on
the frontal plane. The triaxial system was converted to hexaxial system. This addition
provided more detailed coverage of the frontal plane within 30 0 of range, so providing the
more accurate determination of the electrical axis.

Concept of electrical Einthoven’s triangle
‘With distances greater than 15 cm from the heart, the decrement in the intensity of the
electrical field is hardly noticeable. Consequently, all electrodes placed at a distance greater
than 15 cm from the heart may, in an electrical sense, be considered to be equidistant from
the
heart.’
(Reference
-LeoSchamroth
–
AN
INTRODUCTION
TO
ELECTROCARDIOGRAPHY - EIGHTH ADAPTED EDITION – Basic Principles P – 6 ).
The three points used by Einthoven were having somewhat larger distance more than 15 cm.
The triangle may be .'assumed to be equilateral in nature , as illustrated below.

Bipolar Limb Electrodes
R – L = Lead I
R – F = Lead II
L – F = Lead III

Fig. 1.4
The manifest potential difference in the heart

The manifest potential difference in the heart– His remarkable concept of
biophysics set forth a new concept first time in the history of ECG. Einthoven
inscribed the famous equilateral triangle framed by lead I, II and III at its side and
derived a very important calculation what he called ‘ the manifest potential
difference in the heart’ now known as Electrical axis.
A new concept of an electrical vector came into existence :
To his statement “The curve must represent under all circumstances

and in every moment, the algebraic sum of all the potential
differences which at that moment are developed in the heart . .” His this
thinking might have hinted the concept of the manifest potential difference having a
definite magnitude and direction.
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Hexaxial Lead System
Einthoven's triangle can be made into a triaxial lead system by sliding the axes of
leads I , II and III , allowing them to intersect at a central point. The augmented
leads of Emanuel Goldberger aVR, aVL ,aVF also create a triaxial lead system and
by combining the system of Dr. Einthoven and Dr. Emanuel Goldberger accorded
birth to hexaxial lead system.

HEXAXIAL LIMB LEAD SYSTEM
By rearranging the augmented unipolar leads ( aVR, aVL, aVF ) and by combining with limb
leads of Einthovens (I, II ,III) - the ' Hexaxial Limb Lead System' came into existence.

aVL

aVR
- 1800
+ 1800

O0

300

III

aVF

II

I

Hexaxial Lead System

Fig. 1.5
By convention the leads are arranged degree wise around a circle shown as above. Lead I is
located at 0o being used as the reference lead. Positive designation gets increased by 30 0
increments in a clockwise direction to +1800 and negative designation gets increased by the
same increment (300) in a counter clockwise direction to -1800( please see the above
diagram). Thus, so oriented negative and positive nomenclature of the various leads are used
by convention for the mathematical determination of the electrical axis. The positive and
negative degrees are nothing to do with the positive or negative pole of the leads. This is to
be mentioned here that this system came into existence because of its conventional and
constant usage.
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Graphing the Electrical axis : a simplfied approach

Fig. 1.6
The entire frontal hexaxial system is divided into four quadrants for the purpose of
graphing the electrical axis.

NWD

Normal Axis
= -300 to + 900
Right Axis Deviation (RAD)
= +900 to +1800
Left Axis Deviation (LAD)
= -300 to -900
North-West Deviation (NWD) This is also known as
Extreme Axis Deviation
= -900 to -1800

Fig. 1.7
Using the method for determining the direction of the axis of the QRS complex in the
frontal plane
Using this method to be described allows almost 'a rounding' of the direction to the nearest
multiple of 30 degrees , sufficient for clinical purpose. Since the frontal axis of the QRS
complex is normally directed leftward and either slightly upward or downward , the axis
occupies the area in between -300 to +900 . That's why , the QRS complex is normally
predominantly positive in both leads I and II.
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In practice , the following steps are adopted :
STEP I : QUADRANT DETERMINATION
Look at QRS complex in lead I and II
QRS Positive in leads I and II

Normal Axis

-300 to +900

QRS Negative in lead I but positive in lead II

Right Axis Deviation

+900 to +1800

QRS complex is positive in lead I but negative
Left Axis Deviation
in lead II

- 300 to -900

A predominantly positive QRS complex in aVR associated with a predominantly or wholly
negative deflection in lead I and aVF- North -west Axis - 900 to -1800
Indeterminate QRS axis is not equivalent to north-west axis. This terminology is used if QRS
complex is equiphasic in all limb leads , then QRS axis cannot be truly plotted. This is usually
encountered with very very low voltage.
STEP II : APPROXIMATION METHOD
Once the quadrant identification as mentioned above is completed , the next step would
be adopted to arrive to the nearest multiple of 30 degree.
For this purpose , the following points are to be considered :
The mean QRS axis refers at 900 to any limb lead showing a biphasic / equiphasic
(QR or RS) complex in the direction of lead that shows relatively tall R wave
Standard lead I is perpendicular to lead aVF.
Standard lead II is perpendicular to lead aVL.
Standard lead III is perpendicular to lead aVR.
The mean QRS axis can be accessed on the basis of one or more of the following
rules :
The mean QRS axis points in midway between the axes of two limb leads that show
relatively tall R waves of equal amplitude.
If all the limb leads (except aVR) are showing predominantly positive wave , the axis
lies in between +300 to +600.
But the following points should always be considered :
The net positive and negative deflection in any lead is obtained by subtracting the
smaller deflection from larger deflection (qR = R - q ; Sr = S - r ; Rs = R - s ) .
On reaching to the nearest multiple of 30 degree , the electrical axis would be in
midway of both the equally positive deflections. And if one deflection is having
more net positivity , the axis should be considered to be tilted towards that lead
by the range of 100.
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Then it becomes easier to graph the mean electrical axis of any particular deflection
with reasonable accuracy with an error of approximately 10 0 (within a few seconds by
the process of inspection , but it comes by gradual practice while interpreting the
ECGs).
And for this purpose , the hexaxial lead system must be kept always either in
mind or on the paper, as illustrated below :

If all the limb leads (except aVR)
are
showing
predominantly
positive waves as in this ECG , the
axis lies in between +300 to +600.
The negative wave over aVR is
plotted against the opposite pole at
+300 as a positive deflection. The
R in lead II is taller as compared to
plotted positive wave of aVR at
+300 and so the QRS axis is
approximately at +500.
Fig. 1.8

Normal Electrical Axis
The normal frontal QRS axis is at - 300 to +900
The atrial axis P and the T wave axis can also be determined by following the same principle
(P axis : 00 to +750). The axis of the T wave should be accessed in relation to that of the QRS
complex (the angle between QRS axis and T wave axis , QRS-T angle normally does not
exceed 450 - 600 on the frontal plane) .

Concluding remark
The determination of the electrical axis on 12 surface ECG constitutes a most important
diagnostic aid while interpreting electrocardiogram. And for the purpose one should be in a
position to interpret the pattern of the different waves with respect to its spatial orientation in
the hexaxial lead system. Then the interpretation becomes a logical and deductive discipline
and this would be easier to have a further interpretation of the concerned ECG.

| 109

Further reading suggested
1. Marriott's Practical Electrocardiography (South Asian Edition - 12th Edition ) , P 2 - 43
2. LeoSchamrothAn introduction to Electrocardiography (Eighth adapted edition),P 20 -27
3. GOLDBERGER'S CLINICAL ELECTROCARDIOGRAPHY (First South Asia Edition),
P 41-49

