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Fundvmental Vector Concepts

ELEml\ccARDmGKAPm strives to measure po
tential (forces) created by the heart m terms of
magmtude direction nd duration of action
Vector concepts greatly simphfy analysis of
these forces The use of vectors to express
mathematic1l quintities 1s as old as mathematies
iself They were apphed fo electrocardiography
by Emthoven The understanding of electro
cardiography begins with an understanding of
simple vector prmaples

What Is a Vector? It 1s ¢ symbol used to de
scribe the charactenstics of a force  The magm
tude of the force 1s represented by the length of
the vector The arrow head (termmus) of the
vector indicates the direction of the force A
vector used to describe 1 force m two dimen
sions (flat surface) 1s drawn ns a flat arrow A
spatial vector representation 1s used to describe
a three dimensional force (Fig 1) The dur
tion of action of a force 15 not expressed by a

™0 ANTERIOR POSTERIOR
OIMENSIONAL SPATIAL SPATIAL
VECTOR VECTOR
Figure 1

vector unless the magnitude has been cony erted
to time units A force of one dyne acting for ten
sec 1s still a one dyne force represented by one
umt length (1 unit equals 1 dvne) Expressed

mn time units 1s dvnes X seconds such a force
would be equal to ten dyne seconds and repre
sented by ten units length (1 unst equals 1 dyne
second)

What Is the Pont of Ongin® The maxumum
effect of a force occurs at a pownt  The force 15
said to act on this pomt  In vector termmology
this pomnt 1s called the pont of ongin  One end
of any vector 1s 1ts pomt of ongm and the other
end 15 the head (termius ) mdicating the direc
tion of the vector and evtent of 1ts magmtude

What Is an Instantaneous Vector? A vector
without duration of tune » 1n mstantaneous v ec
tor It acts only at a pomt m time In electro
cardiography 1t 15 often of mterest to speak of
1 vector actng at one particular time mnteryal
thus the vector acting momentanily at 04 sec
after the onset of an event 1s spoken of as the 04
sec vector Such a vector 15 an mstantineous
vector and acts onhy at that time nters 1l At
05 sec after the onset of the same tvent the
vector might be entirely different 1n magmtude
and direction The 05 vector would be another
nstant ineous vector

What Is a Resultant Veetorp When two or
more vectors are.acting on 2 common pomt of
ongmn their net effect can be represented bn ¢
single vector Such 1 vector 15 called 2 result int
vector (Fig 2) It represents the effectn e force
of all the vectors The resultant vector 15 nog

tqu(;l to the magnitud, of all the vectors eerng
on th y

¢ point nor does it hate a consstent rele.
tonship to ther magnitude
What Is a Coordmate®

Aoy stoughe
drawn through the pomt of Py

onTa b 2 coordy
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RESULTANT
VECTOR

Figure 2

nate Its length can be marked off mnto umts of
measure The effect of a vector n the direction
defined by the coordinate (hne) can be deter
mined by constructing a perpendicular from the
coordinate to the tip of the vector (Fig 3) The
units along the coordinate equals the effect of

COORDINATE

______Ju.

Figure 3

the vector m that direction  This value 1s the
coordinite value of the vector The value may
be expressed 25 positise or rinus units by desig
nating one end of the coordimite positive wnd
the other negatine

The coordinate value of the vector 1s spoken
of as its projection upon the coordinate All
electrocardiographic leads are coordinates and
measure forces that are projected upon them
Any vector ¢an be described n terms of 1ts pro
jection upon three mutually perpendicular co
ordinates (\ Y Z) The \ coordinate (trans
verse) defines the left to nght location of the
terminus  The Y coordinate (vertical) defines
the vector termimnus above or below the pomnt of
ongin The Z coordinate (sagttal) Jocates the
vector terminus anterior or posterior to the point
of ongm (Fig 4)

What Are Component Vectors® The umts of
magmtude d utpon the coord AN

y
e —————— —=
| T
ll S
x—S ; I !
| H 1
| i
| [
4 | ’ !
| 1 I
| !
] | |
) R
7 | 7/
s/ 7
s (e
s [
A b

Figure 4
Z can be expressed as vectors  The three vectors
X\ Y Z are component vectors The resultint of
three such vector components 1s equal to the
magnitude and direction of the spatial vector
They are perp lar vector T t
(Fig 5) Any spatl vector can be resolved
mto 1ts three perpendicular components The
magmtude of the spatial vector can be caleu
lated from 1ts perpendscular components from
the simple formula
(Spatial vector)? = X + Y + Z¢

Any spatial vector may have multiple compo
nent vectors and multiple coordmates but it
can have only three mutually perpendicular co
ordmates and three mutually perpendicular
components

How Is the Coordmate Value of a Vector
Calculated? \When the angle between 1 vector
and a given coordmate ts known the projection
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Figure 5

of the vector on the coordinate can be calcu
lated without constructing a perpendicular
(Fig 6) Tius 15 done by using the prneiple of
the nght tnangle  The yector 15 the hypotenuse
of a nght tnangle 1nd the coordmate s the ad
jacent side The cosime® of the wngle trmes the

The «oune of n angle 15 equal to adyicent sde dwided
by the hypotenu e

COORDINATE AXIS
H

o

magmtude of the vector equals its coordmate
rvalue

Cos = » Vector Magnitude = Coordinate

Value

What Is a Plane? A plane expresses two i
mensions of a vector and has two perpendicular
coordinates It 1s a f8at surface The frontal
plane (X Y) 15 made up of the X Y coordinates
The transcerse plane {\ ) 15 composed of the
N Z coordmates The sagittal plane (Z Y) 15
the Z Y coordmates These plines are mutually
perpendseular to each other Any two of them
ean be used to determine a spatial vector as two
perpendicular planes mclude all three mutuvally
perpendieular coordmates (A Y Z)

The principle of measuring a vector from 1ts
projection upon a phne or flat surfice 1 fre
quently used m electrocardiography  The mag
nitude of a vector measured by a plne dimm
1shes as the vector 1s rotited away from its flat
surface (Fig 7) Considenng the frontal plane
as the vector 15 rotated wway from the A 1 co
ordinates the frontal plwne sector becomes
smaller Finally when the vector 1s paralle] ta
the Z coordinate its entire magnitude 1s meas
ured by the Z coordinite  Such a vector has no
projection upon the X or Y coordinate and has
no magnitude value m the frontal plane Both
N and Y are perpendicalar to 2 and the frontal
plane s perpendicular to such a veeter A simple
rule 1s wllustrated there 15 no force at any pomt
on a plane perpendicidar ta a vector The direc-
tion of a vector ¢ be determmed by locating
its perpendicular pl e as the veetor 1s 90° away

Figure 6 from this plane
T ] A ]
St A v lx e % /-7}
At x s : % A )'
k| i 2 !
i H
S, i A ! 1
e N i !
% e ! 9% i !
v o oyl o | i
% ! 0%, 1 s
0 o H I
PRFO, PO SS——— ——
U ON s 7
s yd e
o Va ,/

Figure 7
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What Is the Law of Parallelograms® The re The Law of Sunple Consccutive Vector Ad
sultant of two vectors acting upon a common  dition  The addition of vectors upon 1 common
pomt can be determined by constructmg 1 paral  pomt onc after another will cause the resultant
lelogram (Fig 8) The two vectors are two ad  vector to change with the addition of each vec
jacent sides (a b) of the pirallelogram The tor Consider eight vectors of equal magmtude
diagonal of the parallelogram 1s the resultant (P) consecutnvely added to each other upon a
vector (¢) The magmtude of the vectors act  common poimnt (O) and directed 45 away from

Figure 8

g on the common pomt can be determined each other (Fig 9) The addition of vector 2
from the sides of the parallelogrim (¢ L) to vector 1 creates the resultant 1 Note that
Note that b = b as they are opposite sides of Ry 1s the diagonal of a stmiparallelogram while
the parallelogram knowing only @ and ¢ the V1 and V2 are the adjacent sides of the paral
magmtude of the vector b can be determined by lelogram The addition of vector 3 to vectors 1
merely measuring the distance between vector ind 2 creates the resultant vector 2
@ and ¢ or the length of b The two adjacent The 1ddition of cich new vector causes the
sides of the parallelogram equals the magnitude  resultant vector to rotate a distance equl to the
of the actng vectors and the dingoml equals  added vectors magmtude  The rotating result
their effect or resultant ant vector deseribes an external pathway com
It 15 very important to realize that the ding  prised of the sides of a polvgon The length of
onal of the parallelogram 1s not equnalent to the sides of the polvgon 15 equil to the total
the magmtude of the acting vectors Amv tnn  magmtude of all the vectors acting on the com
angle 1s a semiparallelogram  When one side of  mon pomt In this instance the magnitude of
a triangle 1s 1 component (actmg) vector (1) the aght vectors wcting on the common pomt
nd the other the resultant vector (¢) the other 15 8 The sum of the length of the sides of the
component vector (b) can be determmed from poligon 1s also 8P The graph of the rotating
the I of parallelograms resultnt vectors 15 1 polygon The resultnts

v5

Ligure 9
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ongmiting from the center of ongm may be
called central resultants Note that the magm
tude of the acting vectors 1s never equal to the
central resultants A law m1y be formulated
The consecutie addition of vectors upon a com
mon pownt will cause the central resultant to
rotate describing a polygon  The length of the
sudes of the polygon s equal to the magmtude
of the vectors added to cach other

i

45 aw 1 from each other there will be no effec
tne force until subtriction begns With the
subtraction of vector 1 an effective force 15 cre
ated by the remaming seven vectors The sub
traction of vector 2 changes the resultant agamn
The resultant vector changes with each addi
tiona] subtraction A law mav be formulated
The successie subtraction of vectors from a
common potnt causes a resultant vector to be

Figure 10 The sregular shaped polygon 15 created bv unequal vectors acting upon the pomnt of ongmn

that the simultaneous action of such unequal vectors would have a resultant 1n this cise R7  The resultant of

severnl vectors acting on a common pomt can alwavs be determined in this manner In the previons illustrations
the resultant has been zero and the polygon was a closed pols gon

The Law of Sunple Consccutive Vector Sub
traction The subtraction of vector forces one
after another from & common pomt creates a
similar situation as consecutive addition  Given
eight vectors of equal magmtude (P) directed

Fagure 9 15 drawn to scale as geometric proof of the law
The method of polygon formation must apply to every situ
ation wherein vectors are assumed to act upon a common
point or center Tle polygon finds its ongin n tte law of

! Whenever resultant vectors
are assumed 10 act on 2 pomnt the sides of a polyyon can be
constructed The sides of the polygon tlen represent tle
magnitude of the component vectors The reader 15 referred
to White Harvey E Clarsical and \fodern Plysics New
Yorh Van Nostrand Company Inc 1940 pp 25-_6 and
Runball A L A College Text Book of Phytcs Fifth
Editon New York Ienry Holt and Company 1939 p 11

Note

rotated describing a polygen  The length of the
sides of the polygon 1s equal to the magmitude
of the vectors subtracted In erther 1ddition or
subtraction the shape of the polygon will also
depend upon the order of addition or subtrac
tion (Fig 10)

The Law of Multiple Stmultaneous Vector
Addition The addition of vectors upon a com
mon pomt mav be complicated by the simulta
neous 1ddition of more than one vector Con
sider two vectors a and b added simultaneously
to a prevsously existing vector A (Fig 11)
Vectors @ and b have a resultant effect ¢ the
diagonal of a parallelogram The action of these
two vectors 1s equal to vector ¢ When veetors
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7

F Is of El
a and b are added to vector A it 1s exactly the
same as 1f vector ¢ had been added to vector A
knowmng vector A and the new resultant (B)
created by the addition of vector ¢ one can de
termime vector ¢ by measurmg the distance be
tween Aand B A law may be formulated The
stmultaneous addition of two or more vectors to
a prevwously existing vector will cause it to
rotate describing one sude of & polygon The
length of the side 1s equal to the magmitude of
the 1 of the l ly added vec
tors A sumlar relationship ewsts for subtrac
tion

W hat Is a Coordinate Graph? Electrocardio
graphic Jeads are coordmate griphs m contra

b

Figure 11

distinction to vectorcardiograms which are poly

gons  They are vectors graphed upon a co
ordmatc tn 4 linear fashion  Extend coordinates
N and Y through the eircular type graph of con

secutive vector addition (Fig 12) Each central
resultant can be projected upon the d

in 2 hnear fashion This creates 1 coordinate
graph of the x components of central resultants
and another graph of the y components of the
central resultants  Note that such graphs are
graphs of the central resultants ind not the
sides of the polygon As shown above the
magmtude of v ectors acting on a common point

{4

and Vectorcardiography

15 measured by the sides of a polygon By m
direct caleulation or geometric construction the
polygon can be obtamed from linear coordimate
graphs but such a procedure must be carned
out before one can speak correctly m terms of
vector magmtude *

What Is an Absolute Lwnecar Graph? The
central resultants may be griphed upon a time
base to form a hnear graph (Fig 13) A popula:
application to vectorcardiography 1s to so graph
the instantaneous resultant spatial vectors It 1s
clear from a fundamental vector approach that
such central} resultants m no w1y represent the
magnitude of the component vectors acting
upon 1 common pomnt and unless one knows the

angles betw een such central resultants the sides
of the polygon cmnot be reconstructed These
measurcments hive been called the absolute
vectorcardiogram A linear graph of the central
resultants is called an absolute griph  Actually
the use of the term absolute 1s 2 misnomer m

Each side of the polygon ¢1n be determined by obtaining
its x and y The x is the diffe

i amplitude of the central resultant projection upon X
coordinate for that time interval and the y component is the
difference in amplitude of the central resultant projected
npon the y coordinate Tie mde for this time interval o
for the added vector is then obtaned from the formula
x + y =Side or ty simple graphic construction
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Figure 12
Figure 13
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that resultant vectors are not absolute measure  from the same pomt (o) creating 1 new re
ments and such mecasurements of absolute sultmnt (b) The magmtude of the force sub
quantities must be approached from the poh  tracted 1s equal to the distance between the two
gon prineiple resultants (a and D) If this distance 15 cquin
Two different polygons can be constructed alent to a force of two dynes and its duration
with entirely different length of sides and of action w1s five seconds 1t can be expressed
identical central resultants (Fig 14) Even as ten dyne seconds (2 dynes X 5 sec )

s——><~z 0

4 3
()
6 1
4 3
O
5 2
6 1
though the central resultwts are the same the The Mean Vector from the Area of Co
compoanent yectors are not 1t 4ll the same This  ordinate Graphs A popular concept in electro
stmple 1llustration demonstrates the falley of

using mstintincous resultant vectors to mesure
magmtude of component vectors

Expression of Vector Maguttude In Time
Units  Once the magmtude of  force 1s known
1t i be comverted to umts of time by multiphy
mg ats magmtude by ats duration of iction
When we are concerned with forces iweting
about @ pomt the magnitude frctor 1s obtamed
from the sides of the polygon Consider 2 force
of three dvnes (a) acting upen 1 pomnt (Fig
15) Fne seconds Iter a foree 1s subtracted

abcde

CENTRAL
RESULTANTS

=

abecde

CENTRAL.
RESULTANTS

Figure 14

//2 dynes
/
4

e
4

Tigure 13
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cudiography 15 to obtan the "mean  vector
{mean QRS or T) from caleulatrons based on
coordinate graphs (the leads themsches) The
first step 15 to obtam the tmangulir aren en
closed on 2 gren coordimate  This 15 the co
orduate value for the mean vector Another
coordmate value 1s then obtamed i a similar
manner A perpendsentar 15 then constructed

mean
4. vector

S

R A I e

Figure 16

to each of the two coordinates marhing off their
unit values The pomnt of intessection between
the two perpendiculars 1s the termunus or the
“mean” vector The magmitude of the vector 1s
depieted by s length and ats durection by 1ts
wus and termmus (Fig 16}

The base of the trangle 15 a fonction of time and the
amphtude of the complet is a functhun of magaitede The
Ferght tumes the base divided by two 15 the tnangular area
In the event that a tnangular area eusts zbove the coor
dinate 3t 15 postive and if below 1t 1s negatne  IE part of
the eoord nate graph has a positive value and the other part
negatve th & b o trougular areos are subtracted from each
other or added by alzebrase addinon  This val e ¢ presents
the mean vah e meqsured by such a coordinate

The term mean” vector as determmed by the
1bove method 1s « misnomer The vector magm
tude has no consistent relationship to the magm
tude of vectors acting about 4 common pomnt
The basie premise for magmtude 15 m error as
magmtude must first be determined from the
polsgon prnaiple and then converted to time
umts Mesvertheless such graphs arc satisfactors
for dutermming the direction of the resultant
sector cretted v multiple forees actmg bout
r potnt

Instantancous Vector Versus Folygon Swdes
A simple graphic demonstration of the differ
ence m values obtuned from mstantancous re
sultant vectors and the pohgon 15 evemphfied
I trovel Drvmg by cr from San Antonio to
Houston to Dallas one desenbes two sides of a
pohigon The actual road mileage 1s the sides
of the poh gon and ¢an be equated to the wotk
performance of the anto  The ar mideage from
S Antomo to Dallas 15 the resultmt or m
stantancous vector bemng the resultant of the
sides of the polvgon Olbviouwsh one canmot
equate wosk done by the auto to the ar mileage
nor ean ans function denved from the air nule
ge alone be evpected to represent the autos
true actmaty (Fag 17}

DALLAS

244
260  miles

air miles

199 HOUSTON

mifes
SAN ANTONIO

Figure 17
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Fundamental Cellular Concepts

rEu-: ELLCTRICAL EVENTS of the heart conform to
basic principles of electrical physics The events
concern themselves with particles contammg
electrical energy  This 1 turn 15 related to the
atoric structure of the elements or electrolvtes
found 1n the tissue mass and surrounding media
An mtelligent understinding of the cell 1s a
source of electrical wtiity requires at least a
handshaking acquamtance with the funda
mental behavior of particles bearing electrical
energy

THE CHARGED PARTICLE

Any particle contaming electrical energy 15 a
charged particle Under proper environmental
conditions this particle exerts a force The
magmtude of the force created by a particle 15
called its potential ° All charged particles 1re

Potcntil 15 correctly defined as work A umt of potential
one volt 15 equal to 1/300 electrostatic umt or 1/300 stat
salt An clectrostatie unit difference 1 potential between
two pomts eusts when one erg of work 1s done to move one
stat coulomb of posiive charge from the pomt of least
potential to the point of more posihve potential One erg
15 one dvnie em or a force of one dyne acting a distance
of one em Tlus potential difference can be expressed m
dyne e A dyne is a fundamental untt of force and 1s
correctly @ en the dimension of magnitude

Potential at a point & also expressed as work  The daffer
ence In potentual 1s expressed hetween the pomt in question
and earth potential the Ditter being desymated as zero po-
tential

Potential depends upon the charge that a particle bears
but 1s an expression of force not charge Charge refers to
the number of electrons contamed ty the particle  C wrrent
expressed in amperes is the amount of charge {coulombs)

Bowing per second. For further detail the reader is referred
to Gilbert Norman E  Flectneuty and Magnetiom Third
Edition New York The \Macmullin Company 1950

Figure 18

surrounded by an electrical field The field 15
created by the trinsmussion of potenbial mto the
surrounding media  Any pomt n thus field has
a potential value The potential decreases at
greater distances from the prrticle m accord

ance with the charactenstics of the surrounding
media  Smce 1its potental 15 transmitted m all
directions the particle has no effective electrical
force 1e the resultant force 1s zero (Fig 18)

THE DOUBLLT

An effective electncal force or resultant force
15 created when two charged particles of differ
ent potential values are close enough to cach
other for overlpping of their electrical ficlds
(Fig 19) The force has direction and magm
tude The magmtude 1s equal to the difference
n potential betw cen the two particles Potential
difference 15 expressed mn practical umts 1s
voltage By comention the particle of lesser
charge 15 called negatne and the particle of

12
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— . _1t0_potential plane

Figure 19

greater charge positnve The clectrical field
surrounding the particle of greatest potential
15 called the positive electrical field and the field
surrounding the point of least potential 1s called
the negative electrical field Between the two
particles 2 zone must exist which 15 as positive
to the negative particle as 1t 15 negative to the
positive particle Tlis zone 15 created by the
overlapping of the two electrical fields The
forces emitted from each particle tend to
neutralize each other m the area between the
two particles This plane of neutralization 15
called the 1soelectnc or 1sopotential plane

On the outer side of the positive particle the
potental forces are unopposed and of course
larger than those on the outer side of the nega
tive particle  This difference n potential value
creates 2 force directed away from the 1sopo
tential plane and toward the positive field The
maxmum hine of force must be i line with the
axis between the positive and neghtive particles

*A particle m1y have less than zero potential 1n relation to
earth potential A particle may have negative potentual 1
relation to anot! er particle  As an llustration 1f one particle
has 35 units of potential and the other 5 units the potential
difference 15 30 units It is of no cansequence where the
7ero point 1s placed One may express their relative values
s ~15 and +15 with the same mathemat cal relationst ip

Such a lme 1s perp to the 1s0f 1al
plane The force acts as if 1t acted on a pomt
where the line of force mtersects the 1sopo
tental plane This pomnt 15 called the zero
center” It should be noted that this does not
mean there 1s no potential at that pomt It 1s 2
pomt of electnical neutrality The force created
by the electrical fields behaves as if 1t acted
upon this pomnt The term “zero center 1s an
electrical term

Two particles of different potential as de
seribed above create a force which may be de
senbed as a vector (Fig 20)  Its pomt of ongm

o WL B0
— ] B\

Figure 20
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15 the zero center and 1its direction 1s toward
the positne electrical field The vector magm
tude depends upon the difference in potential
between the particles therr distance apart and
the character of the surrounding media  Two
such particles are called a doublet The force
created by the doublet 15 called the doublet
vector

THE RESTING MUSCLL FIBER

The electrol tic content of the normal resting
muscle fiber differs from the electrolytic content
of 1its normal external emironment Conse
quently there 15 a continuous diffusion of 1ons
across the cell membrane There 15 1 natural
tendency for 1ons to migrate from a location of
higher density to one of lower density thereby
rewching a state of equlibnium  The difference
m 10n1c concentration on either side of the mem
brine 15 the drnving force of mugration The
1onic activity may be altered by environmental
factors The diffusion of 10ons across the cell
membrane 1lso depends upon the character of

+

+

LONGITUDINAL SEGTION
RESTING MUSCLE FIBER

(Fig 21) A positne electrical field surrounds
the muscle fiber Thus forces are directed ex
ternally at all pomts across the cell membrane
It 15 as if electrical doublets evisted at all points
around the cell The resultant force 1s zero and
the resting cell creates no effcctive force w s
surrounding media However 1 force does exist
across the cell membrane because the mternal
environment 1s negatne with respect to the ex
ternil environment This potential difference
15 the resting membrane action potential Ex
perimental measurements have shown 1t to have
1value of 50 to 90 mv

EXCITATION

When the muscle fiber 1s simulated 1 change
oceurs 10 the cell membrane Stimulation may be
wcomplished by mechanical chemical or elec
trical means  The membrane potential 1s altered
and sts behavior as 1 filter 1s changed This per
muts 1 change m dyname diffusion of electro
htes across the membrine The smtia] event s
the migration of sodium 1ons from the exterml

+

F
CROSS SECTION

Ligure 21

the membrane itself In this sense the mem
brane acts 15 a filter (dielectric constant) regu
lating the rate of diffusion between the two
weas of different 1onie content

The diffusion of 10ns 2cross the membrane and
the character of the membranc filter are rela
tively stable m the normal resting state  thus
creating 1 state of dynamic equilibrium - The ex
ternal envrronment of the cell 1s redatively post
tine with rospect to the mtarnal environment

environment to the intcrnal environment or n
mward current of sodium  Stimulation increases
the permeability of the ccll membrane to
sodiom and since there 15 a lugher concentra
tion of sodium externally sodium migrates n
ward

The change in the potential of the membrane
wd the change 1n lectrolytic content of the
mternal and externi]  cellular  environment
ereates 2 positive electnical field withmn the cell
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with respect to 1ts external environment (nega
tive field) One may call this 1 reversal of the
membrane action potential The arex of the
muscle fiber which has undergone this change
1s said to be m the crcited state The force
created by the difference m potential 1s directed
mward from all external pomts perpendicular
to the cell membrane The resultant force 1s
zero and there 15 no effechive force m the ex
ternal media distant to the cell A rule may be
formulated An area of muscle i the excited
state creates no effective force wn its surrounding
media

During excitation of a muscle fiber there must
east an 1rea m the excited state and an area m
the resting state At the junction of these two
areas the actve process of exatation 1s occur
rng This boundary 1s the wave of excitation
(Fig 22) As pomnted out above nerther the

15
RECOVERY

After completion of excitation the character
1stics of the cell membrane as a filter are such
that 1ts permeability to potassium 1ons 15 m
creased Swce there 15 a larger concentration
of potassium withm the cell potassium 10ns
rmigrate outward creating an outward current
of potisstum The migration of potassium con
tinues until a cntical level 15 reached in the
difference between intra and extracellular con
centration At this pomt the cell membrane
completes recovery to its normal resting state
Thus process 15 called recovery

Recovery m nerve and isolated muscle tissue
begms at the same pomt that excitation began
There 1s no evidence to mdicate 1t does other
wise m cardiac muscle Cardiac muscle fibers
recover n a similar manner  As recovery pro

EXCITED RESTING ~
- - + ¥ S
R ¥ — _
o+ o+ - -
- - + o+ —

J,
WAVE OF EXCITATION

RESULTANT FORGE

Figure 22

arel n the exaited nor resting state creates a
force in the surrounding media The force
created at any 1nstant mn the external media 1s
due to the boundary between muscle areas in
different electrical states m this case the wave
of excitation Such a force 1s created at the
surface of the cell and not xcross the cell mem
brane *

The force parallel to tte surface may be e plamed by

considering the field created perpendica lar to flowing cur

rent as in the Oersted expenment The wave front defines

the border between current flowmg n two different d rec

tions  Tle bidirectional current creates a force perpendicular

to the direction of current flow and perpendicilar to the
ave front

gresses along the fiber 1t forms a boundary 1t
amy one mstant between recovered (restng)
tissue and excited tissue (Fig 23)  This
boundary 1s the wave of recovery It has exactly
the same charactenistics as the wave of evata
tion A uave of recovery creates a force wn the
surrounding media directed toward the area of
resting (recovered) tissue and away from excited
tissue

THE WAVE FRONT

When a wave front 1s a flat surface the force
1t creates 1s directly proportional to its area
Althourh the magnitude may be altered In
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A RESULTANT  FORCE
WAVE OF RECOVERY
Frgure 23

changes m electrolytic and physieal environ
ment (the density of doublet charge) the re
lationship between wave 1rea and magmtude
persists  Thus the lurger the flat surface aren
of the wave front the larger the magnitude of
the force (potentinl) The wave front may be
regrded as having forces acting perpendicular
to its surface at nll pomnts

If the magmitude of the force created by the
wve front 1s known m myv and ats duration of
action 1n sec 15 dctermined 1ts value can be ex
pressed mmyv X sec A foree of 10 mv across
a wave front lasting 10 sec 1s expressed 1s 100
m sec  Expression of potential differences act
g through 4 period of time 1n this manner 1s
frequently used m electrocardiography

The wave front 1s not always flat When 1t
1s not flat the force created in the surrounding
medi1 1s no longer proportional to its surface
arev Vector doublets will act perpendicular at
all surface pomts By vector nddition when
forces re not acting parallel ind in the same
direction the resultant of their action 15 not
equnalent to the sum of their mdnidual magm
tude The effective force of a wave front 1s
equitalent to the resultant of the doublet vec
tors acting, perpendicular to its surface

Guen a comenl wave frant one can calewlate
its resultant vector (Fig 24) Smce ll the
doublet vectors are acting perpendicular to the
wave front their resultant will be perpendicular
to the base (assuming even distribution of
doublet charges) This exemplifies an important
prinaiple of wave fronts wheneter a wave front

bounds a single flat surface arca its resultant will
be perpendicular to the flat surface The magm
tude of the resultnt vector will be directly
proportional to the aren of the bise Whenever
a single flat surface area 1s bounded by a wave
front the magnitude of ts resultant vector 18
directly proportional to the arca of the flat sur
face °®

A wve front may have more than one flat
surface wren A cone with 1§ of its arc cut away

This ssmple prnciple 15 venfied by the theorem of Causs
In part there arc two essential equations The ¢lectrical 1
tensity at a point 1n Reld due to multiple distnbutions of
electrical charge 15 found m the equation

4
E cos O ds - Q
The intensity (E) at a pomt on the surface distant to a

field created by & umformly charged sphencil shell 1

E = 12 dynes per stat coulomb

© 15 the charge k i the dielectric constant of the surraund
mg media anl r 13 the distaince between the surface pomnt
and the center of the spherical shell It should be noted that
effcct of the sphencal shell 1s as if the intensity ongmated
from the center of the sphere  For further detail the reader
1 refesred to Gilbert Norman E - Flectnoty and Mag
netism Third Edition New York The \Macrmillin Company
1950

An equation by denvation from the work of Gauss was
used by Wilson to calculate pont potential at a distance

0
from the source 8 == 98 ©2= where ¥ was the point

potential ¢ the density of charge S the fat surface arca
@ the angle between the aus of the flat disk and a lne
drawn to the potentin] point and £t e distance between the
pomt from the flat dsh \ilson F N Macleod A ©
and Barker P S The Dustril ution of the Currents of Action
and Injury Displayed by IHeart Muscle and other Fcitabl
Téysues Umv of Micl Stidies Sciennfic Series Ann Arbor
Univ of \lich Press 1933 Vol 18 p 58
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RESULTANT VECTOR

Nguee 24

has two flat surface arews (Fig 25) The x
sultant of the wave front 15 equal to the result
ant of two vectors one representng the bse
of the cone and the other fat srface wer
created by the s comeal are

RESULTANT VECTOR

Frgure 25

SUMMARY OF NORMAL EXCETATION
AND RECOVERY

The followng simple rules may be formuluted
to summarize excitation md recovenn of
normal muscle fiber

1) Muscle fibers m the resting state create
no effective extemal force

2) Musele fibers 1 the evcrted state create
no effective external force

3) The boundwy between musde aveas m
dufferent electrical states {excited and resting)
5 & wave front and creates 1 farce d rected
toward the arex of muscle i the resting or 1e
covered state

4) The magmtude of the force created by a

wave front 1 the resultant of the doublet vec
tors acting everywhere perpendicular to the
wase front

5} Under normal circumstances yecovery be
gins at the same site 15 the onset of exeitation
Thas creates a force opposite the force of exenta
tion (rule 3)

FACTORS INFLUENCING CELLULAR
RECOVERY

Recovers of the isolated muscle stup 1 ven
sensitive  Numerous factors may alter its usual
process  \Warming speeds up recoveny H one
end of the muscle strp 15 warmed that end may
recover first regardless of the ongmal pomt of
exeitation  Cooling slows recovery By coolng
ane end of the muscle strip one ean delay re
covery at that regron By decreasing the oxvgen
supply to a region of muscle 1t becomes hvpoxie
wd reeovery w that region will be delaved

«-"NJUR“ INJURY
icuansm VECTOR
RESTING CELL
e ! e
- INJURY MEASURABLE
== TTURRENT EXCITATION
e l VECTOR
-
EXCHATION
i
wl!e e
VECTOR

EXCITED CELL
Figuce 26
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Drugs can alter recovery by therr chemical
1ction on the cell membrane Changes n the
electroly te content of the ccllular medn and m
the fluds surrounding the media will alter the
usual drving forces across the cell membrane
ind m profoundly affect both recovery and
excitation

EFFECTS OF CELL INJURY

Cell mjun creates a constant force 1t the wen
of mjury Injury connotes the destruction of the
cell membrane This permits a constant diffu
sion of elcetrical current between the mternal
wd evternal emvironment of the cell In the
resting stite the external environment 1s rela
tinels positne therefore a constant flow from
outside to mside eusts thiough the area of m

jury {Fig 26) Moreover the force across the
membrane (resting membrane action potential)
opposite the 1rea of mjury 1s unopposed These
forces create 1 vector towrds the normal tissue
wen and vy from the aren of mjury The
excited cell has a positine mternal environment
and creates a force toward the extenor The
membrane action potential 1s 1lso reversed in
the excited state  The resultant of these forces
creates 1 vector toward the njured area dunng
the excitation phise  Recordng techmiques are
such that mjury forces are measured only durmng
the excited phase (between exatation nd 1e

covery) For this reason the mjury vector is
manifested only during excitation and the fol

lowing rule may be formulated Inury creates
a vector directed toward the area of inpury
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The Heart 1s a Source of Electrical Forces

ATRIAL EXCITATION

rrma atria are thm walled structures The nght
atnum forms the nght border of the heart and
1s ntertor to the left attum  The left atram s
the most postenor past of the heart and forms
the night pastenor chamber Both are composed
of muscle fibers giving them wall thickness
Like all resting cells a postive electneal ficld
compnses the external environment  OF neces
sity both atnal surfaces {nternal and external)
are posttive with respect to the cellular mtenor
durmg the testing state

Exeitation of the atna begins from a stimulus
enutted by the sino aurrcular node This 15 a
body of specialized conduction tissue situated
at the onfices of the vena cava It 15 a Jong
narrow, body It 15 normally responsible for
cardac rate and 1s called the pacemaker The
node 15 subject to nfluences from the vigus
nerve (chiefh the nght vagus) and the sympa
thetic nerve supply The former slows the
node's detnaty and can arrest ats action com
pletely while the latter accelerates its achty

The SA node 15 cxternal to the atria causwg
exaitation to hegw at the external surface The
v ave of excitation spreads away from 1ts point
of ongin Its pleh“ 1y over the external surface
can be roughly described as a senes of epnd
g, concentrie oircles  Since the wna e thin
walled structures only « short time 15 required
for excitation to reach the nternal surf we under
normal circumstances  Nevertheless the fact
that time for transnussion 1s required should not
be overlooked  The time factor 1s of smportance
m pathologreal states The early wrnal of the
wate of excttation at the inner surface prevents
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the wave of excitation from obtamimg any large
area (Fig 27) This m turn prevents normal
il evertation from ecreating a large force
Should trinsmission te the snner surface be de
laved the wave of evcitation mcreases in size
creating a larger force  Those chimcal condstions
causing delav i transmusion of the wave front
are associated with moreased electrical force

gardless of the | or at of atral
hypertrophs

ATRIAL EXCITATION

Figure 27

The force created by tral exctation begms
with zero magmitude increases to sts mivumum
and returns to zero The resultant yector rotates
its direction The vector termmus of necessity
deseribes 1 pathway 1 space or 4 loop This
loop represents 1tn excitation and 1s called the
Ploop Atrl exatition imvohes the stecesspp
addition and subtrction of vector quantities
The spatial pithway then becomes expres
sion of magmtude of the forces of excrtation
The pathway 15 sl as forces are bewg added
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and subtracted simultaneousl  This 1s the re
sult of the arrival of the excitation wave at the
mnner surfice prior to completion of eveitation
of the external surfice

Since atnial exaitation spreads awy from the
SA node its force is directed awy from the
orifices of the vena cava This 1s the old rule
thit the force of exatation 1s directed aw 1
from the exated area

The time required for atnal excitation does
not exceed 12 sec The time mterval depends
upon the speed of radial transmission of everta
tion throngh the muscle fibers (35 mm per
01 sec ) and the surface area of the 1trin When
the atnal volume 1s large the surface 1rea to
be excited 1s greater thus prolongmng atnal ex
atition

VENTRICULAR EXCITATION

In order to ippreciate the spatial direction of
forces created by ventnculr exeitation certun
simple anttomic facts must be considered 1)
The left ventricle comprises the larger part of
ventricular mass It 1s shaped much hike 1 cone
The bise of this cone fices the nght postenior
chest The apex of the cone 1s directed anterior
Iv and to the left The cone rests on its side
above the diaphragm  The wall of the cone 15
thichest at 1ts base and becomcs progressively
thinner towards the apex 2) The wall of the
left ventnicle 15 normally three or four times as
thick s the wall of the night ventnicle 3) The
margms of the free wall of the nght sentncle
are ttached to the antenor surface of the left
ventriculir cone  The portion of the left ven

4

phy and Vectorcardiography

At the base of the septum next to the atna
15 the AV node This tissue 15 1 bundle of spe
cialized conduction tissue which transmuts the
electricnl impulse from the atria to the ven
tricles Normally there 1s a delv between atrinl
and tentrcular exatation due to the time re
quired for the transmission of the exatation
mmpulse through this conduction pathway to its
receptor end plates m the myvocirdium  The
node has many ramifications of tissue fibers
sprexding over both surfaces of the septum and
the entire endocardial cavities of both ven
tricles  This tissue trnsmuts impulses very
1apidly It permits rapid exeitation throughout
the endocwrdial surfaces

The order of esaitation of the component por
tions of the ventricle 1s now relatively well un
derstood 1) The left endocardinl surface of
the septum 1s actinated first 2) About 003 sec
after the onset of excitation the night endocar
dial septal surface 1s actinated 3) The remun
der of both endocardial surfaces complete
activation by 02sec after the onset of ventricn
Iar excitation  Thus at 02 sec excitation ap
pears as two confluent cones of actity placed
side by side 4) Exatation spreads externally
through the muscle thickness at a rate of 1/3
meter persec (3mm per Olsec ) 5) The thm
walled right ventricle completes activation first
normally between 020 and 040 sec 6) The
septum 1s activated from both nght and left
surfaces completing actis 1tion 1n less than one
half the time required for complete ventricular
exctation  For n exaitation cycle of 08 sec
durition septal actnation should be complete
by 04 sec  The septum creatcs a small force

tnicuhir wall b ded by this attack re
rescnts the septum or partition between the
ventncular cavities 4) The septum 1s natorms
callv and functionally part of the left ventricle
The segment of the cone comprising the septum
15160 arc* 5) The septum faces the ntenior
chest wall The nght ventricle then 1s antenor
to the left ventricle (Fig 28)

Crant R 1
46805 1923

Arctitectmes of the teat  Am Heart |

The concept «f ripid endocardial evaitation is not new
It was ongmilly proposed by Emthoven (1908) Wil on
made use of Emthovens explanitton and }is comments
relative to endocardial and septal activation are as follows

Excitation of the sibendocardial muscle beguns at many
diffesent ponts almost sim Itancously (8) so that many is
lands of active tissue one for each junction between the
Purkinje tissue and the ordinary muscle are quickly formed
As thesc {slands grow they coalesce to form larger islands
until both ventnculir cvaties are lined plnost everywhere
except at the onfices by a sheet of active muscle At this
stage of sentrscular exatation there is a bovndary hetween
re ting and active musc] 1 almost (xery part of the outside
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FRONTAL VIEW

SEPTUM

CROSS SECTION

v
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LONGITUDINAL SECTION
THROUGH SEPTUM

Figure 28

of very short duration because 1t 1s actnvated
nearly smmultaneously from both sides After
completion of nght ventncular and septal ac
tivation the wave of evaitation 15 only part of a
cone of activity located in the left ventnicle It
1s a cone with an arc of 60 cut away from its
wall The 60 arc represents the septal region
that has completed actnation 7) The cone

walls ju the septum which 15 activated from both sides
there are two such boundanes The two groups of electneal
forces assoctated with the two septal boundanes are op
posite 1n direction and cancel one another more or less com
pletely so that the voltage across the septum s normally
small Wilkon F N Rosenbaum F F and Johnston
F D Intcrpretation of H e Ventncular Complex of the Elec
trocard ogram Adeances wn Internal Medicme New York
Interscience Publish vs Inc 1947 Vol 2 pp 163

or wave front becomes progressively shorter as
new muscle areas complete activation The
cone 1s thinnest at the apex thus the wave front
arrves first at the surface of the left ventncle
near the apex It arrves at the surface at pro

gressively Inter ntervals from the apex to the
base The size of the wave front then 1s dirin

1shed from the apex to the base (Fig 29)

The effectrve force of a wave of excitation 1s
the resultant of the doublet vectors acting per
pendicular to the wave front With ths prm
ciple 1 mind the resultant vector of the wave
of exertation can be determined at any stage
of the cyvcle 1) The left septal surface begins
actnation creating a force directed away from
the excited region Consndermg the anatomuc



P Fund: tals of El liography and Vectorcardiography
l”
i
Al
005 VECTOR
005 SEG. 04 SEC
e
06 SEC. VECTOR
086 SEC
08 SEC
Figure 29

location of the septum this means the mmtal
foree 1s nterior and to the nght  The duration
of this unopposed forec 1s 003 sec At this
time actnation of the nght septal surface be
gans and neutralizes the force from the left sur
face 2) Fndocardil spread continues m both
cavitics When both cones are complete ( 02
sec ) a flat surface arct 1s bounded by the cones
of exaitition which 1s roughlt equnalent to the

base of the ventneles The resultant vector 1s
proportional to this area nd perpendieular to
the basc of the heart It should he parallel to
the Iong aus of the ventnicles directed to the
left and antcriorly  3) Completion of activation
of the nght ventricular wall (035 sec ) causes
posterior rotation of the resultant vector 4) As
the wave front dimmushes 1n size from 1pex to
basc the resultant vector magmtude decreases
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The vector rotates bickward as 1t becomes
shorter Tts termmal loeation 1s roughly per
pendiculir to the long 2w of the left ventricle

The 1nstantaneous vector at the completion
of nght ventncular actovation 15 of special m
terest {usually about 035 sec and usually the
longest nstant incous spabal vector) It 1s the
resultant of vectors representing two fiat sur
face areas the aren of the base of the left ven
tricle and the flat surface area of the septum
(Fig 30) The term long Ieft ventricular vector
will be used to designate this vector When the
sentricle 15 a short cone the septal surface aren
1s small and the long left ventricular vector 15
more nearly parallel to the long aws of the ven
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further explored 1w the discussion of volume
conductors

The rotation of a central resultant onats pomnt
of ongn 1s caused by the successive addition or
subtraction of new vectors The spatial path
way 15 1 measure of the magnmtude of newly
added or subtracted forces The pathway 1s the
sides of v polvgon Because the events are rapid
changes of small magmtude 1t becomes a loop
The magmtude of the force causing rotation
from one centr il resultant position to another 15
the length of the spatial pathway These prin
aiples are redily applied to ventnicular exeita
tion  The magmtude of thc force acting to
rotate the resultant vector from one position to

SEPTAL AREA
VECTOR

RESULTANT VECTOR
{LONG LEFT VENTRICULAR
VECTOR)

A
BASE
VECTOR

Figure 30

tricles  As the ventricle elongates the septal
area 15 mcreised causmg the left ventncular
vector to rotite more posteniorly avay from the
long avs of the ventricles

The continuous rotation of the resultant vee
tor descnbes a spatial pathway  The resultants
are thought of as rotating upon 4 center of
ongin  For ventriculr exaitition this center 1s
confined to a small area m the left ventncle Its
statonary charactenistic 15 duc to the shape of
the wave front of exaititrion For the most part
the wave front represents a cone or a 300
arc of a cone With all forees acting perpendicn
bir to the save front it 1s easy to understand
why the Iines of force all mtersect a relitivelv
smll aren The vabdity of this concept will be

another 15 equnalent to the distance between
the two vector ponts or that segment of the
spatinl pathway The length of the pathwav
between the terminus of the 04 sec vector nd
the 03 sec vector represents the change of force
acting between the 04 sce nterval and the 05
sec interval  This foree 15 proportional to the
cliange m the aren of the wave front between
the 04 and 05 sec mtervals

The length of the spatil pathway between
the long left ventneular vector and completion
of ventneular exertation 15 an imdex of left ven
tncular  surfice area  (and volume}  This
measurement can be determmed by indirect
means mnd will be called the tndex of mautmum
potential for the left ventricle Yt has a direct
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rehtionship to the long left ventncular vector
The apical segments of the wav e of excitation
have a shorter duration of action than the
basilar region The duration of action for the
conical wave front segment lost from 04 to 03
sec averages 04 to 05° To express the poten
tial in terms of duration of ction represented by
this conical segment 1n time units one cn mul
tiply the length of the spatiil pathway from 04
to 05scc by 045 sec The product 1s expressed
mmv X sec /100
An expression of the potential seconds for the
contcal scgment 1 presented by the time mter
val 05 to 06 ¢ e be obtained m a simular man
ner as hove  After determming the mv X
s JO0 ton ¢ ch comienl segment they may be
wdd d The sum 1s an index of the potential X
sce 10 created by left ventricular exaitation
wi ! may be called the potential sceonds for the
1t ventricle per cardiac cycle It 1s an expres
sion of the surface aren of the ventncle the
thickness of the muscle wall and the density of
electrical charges across the wave front ¢
There 15 a marked mereasc m wall thickness
it the base of the ventricles This causes slow
changes mn the size of the wave front nd term
n1l slowing of the spatial pathw 1y described by
the rotating nstant incous spitial resultnt vec
tor This aren creates further comphieations be
cwse 1t 15 not lwavs well suppled with specral
w7ed conduction tissue  As a result actinvation
mu be somewhat delaved and create ternunal
vanations 1n the dircction of cxeitation forces

VENTRICULAR RECOVERY

The 1solated muscle stnp begins recovery at
the same site s the onset of exaitation  The
ventricle behaves in an exactly similar fashion
The thin walled nght ventricle begins recovers

Actually 01 or 015 sec stould be subtracted from tle
time interval for the time req red for endocardial activation
but for practical pirpo s this small pend of d 1y may
be ignored
tActual calet Lation of total potential we 11 require con
veruon by geometne fictors related to the length of the
sentnel and tle area of 11 hase as 15ed In conic ealeu
Tiions
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1t 1ts apex shortly or immedntely after com
pletion of ventnicular exeitation The 1pev
region of the left ventricle then begms recoveny
at 1its endocardinl region ® Recovery proceeds
from apex to bise The usual time requured for
recovery 1s between 26 and 36 sec depending
upon cardiac rate

Since the force across 1 wave front 1s ways
directed towrds the resting (recovered) tissue
the spatial forces of ventncular recovery can be
analvzed Imtinl apical recovery of the nght
ventricular wall creates 2 foree antertorhy and
leftward Thus force s small because the wer
of the wave front 1s small Recovery of the Icft
ventricle from apex to base creates 1 force
directed away from the base to the left wnd
anterior The magmtude of the force depends
upon both the shape and size of the wve front
of recovery Normally 1t 1s smnller than the
forces of evcitation The forces of recovery are
1oughly parallel to the long aas of the heart

The mportant pomt about ventricular re
covery 1s 1ts onset 1t the 1pex The base apex
relationship to ventricular recovery was clearly
demonstrated by Minest in 1913 by meuwns of
a base wpexlend e observed that warnung of
the base of the heart created a negatne Tware
A negative T wave was made positive by apicl
warmung  Cooling of the apex produced a negt
tne Twave He correctly attnibuted these find
ings to change m speed of recovery mereased
with warming and slowed with cooling Later
Wilson and Herrmann (1921)§ demonstrated

The mtal recovery of the endocardium 1s responsible
for the negate force of recovery followmg the upnght
exatation wave as recorded directly from the surface of the
heart muscle  Sir Thomas Lewis demonstrated this pattern
and called 1t an electrogram  Recent iterest 1 this ob-
scrvation 1as been revived sinee its frequent demonstration
dunng curdil surgery  The area of muscle beneath tle
electrode 15 to be regarded as an ssohited muscle stoip
Lewis Thomas The Mech and Graphic Regstrati
of the Heart Beat' New York Paul B Hocber Tne 1920
#\Mines G R On functional amilys: Ty the action of T
trolytes ] Physiol 46 188 1913
#These classic cvpeninents were done in evpermmental
t adle Franch block  The end of tl e refrictory period s
correlited wath the decline fn excitation  In maht b ndk
branch block the cft ventricle passed out of the refractary
tat 02 to 0 <ec hefore tl e rigl t ventricle  The decper
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that recovery followed the sume general order
as examtation

A populrr theoreticll explimtion for the
direction of the forces of v entriculr recovery 18
delay m recovery of the endocardial regions
This concept 15 without experimental support
It 1s contrany to hnown evpermmental observa
tions  As long s apicil recovers ocours first
the resultwnt vector will be directed awsy from
the base regardless of whether recovery begins
at the endocardinl or epicardial surface (Eig
31)

layers of the left apex passed ot t of the refractorv state be
fore the surface fayexrs The night ventncle recovered before
the left ventncle i the presence of nght bundle branch
block  On the basis of these observations the authors stated
We hwve shown that the order of recovery of the vanous
regons of tte ventrictlir mass 3s the same as the order of
exataton  Wilon F N aod Hermmm G R An ex
permental study of mcomplete bundle branch tlock and of
the refractory peniod of the heart of the dog  Heart 8 229
1921
Dr Herrmaan has been kind enough to revi w the concept
of the base apex relation in prodi ction of the T wa ¢ and +
1 agrcement wath the concept set forth
The concept of the ventneular gradient + as ushered mto

electrocardiograpl y as a pure theoretical paper pres nted by
Wil on 1 1931 It 15 of interest to nate 1 1t he defined te

ventricular gradient as the mean electrical avs of Q RS T
which pomted awav from e ventneulwr region with the
longest average duration of exaitation and toy rds the region
of least average duration He pointed out that the narmal
ventricular gradient ponted 10 a base apex direction beeause
tthe average length of systole was greater at the hase than
at the apet. Wilson F N Macleod A G and Burker
P $ The T deflection of the electrocardingrim T A Am
Physic ans 46 29 1931

EXCITED

RECOVERED

23
EXCITED

RESULTANT

VECTOR
REGOVERED

RESULTANT

VECTOR
RECOVERED
Figure 31

The wave front of recovery closcly resembles
a complete comeal segment (360 ) A change
n the melimation of the walls of the cone greatly
Alters the resultant vector magmtude A cylin

/
el

RESULTANT FORCE

Figure 32
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dncal wave front creates forces opposed to each
other The resultant approaches zero magm
tude This 1s one explanation for demonstration
of excitation forces and absence of demonstrable
recoversy forces (Fig 32) The creation of an
everted conicnl wune front reverses the cus
tomary direction of recovery forces The re
sultant vector 1s directed tow ard the base rather
than toward the apex (Fig 33)

RESULTANT
VECTOR

RECOVERED
Figure 33

hography and Vectorcardiog

i

The normal course of recovery creates 1 con
tinvously changing vector deseribing 2 loop
The loop 15 enclosed within the QRS loop and 1s
smller in magnitude Commonly 1t 15 somew hat
anterior to the pomt of onigin It 15 called the
T loop Its spatial pathway 1s a function of the
magnitude of the component forces Smce there
15 a continuous loss of forces at the same time
of addition of new forces the spatil pathway
15 small in comparnison to the QRS pithway  The
T loop appears somewhat anterior to the QRS
loop because the latter has a long postertor
course crused by early completion of septal a¢
tnation

AFTER POTENTIAL

A small wdditional wave of electrical activity
may follow ventricular recovery This event 1s
called the U event Its cruse 15 not completely
understood It will also describe 1 spatitl path
way nd its forces are roughly parallel to the
forces of ventriculrr recovery
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Fundamentals

of Conductors

CHARACTERISTICS OF CONDUCTORS

A conpucton 1s 2 taedium for the transmisston
of electricity  When a complete circuit exists
current flows through 1 conductor  The medin
serving 15 a conductor offers resistance to the
transmussion of electrical force When the re
sistance 1s great the forces are poorl) trans
mitted Such a medin 15 a poor conductor A
media offering little resistance to transmission of
forces 1s a good conductor In a genertl sense
all substances are conductors However some
are such poor conductors thit 2 very lrge force
must be present to transmit electrical forces
any greit distance from the source Such sub
stances vre called msulators Wood -ur and rub
ber are examples of poor conductors Copper
and zinc are examples of good conductors
Conductors may be ether sohd g1s or hgqud
A volume of liquid used as a conductor 1s called
2 volume conductor W ater 1s a good conductor
when 1t contuns electrolvtes the greater the
concentrition of electrolvtes the better 1ts con
ductnvity
When a conductor offers 2 umform 1mount of
resistance to electricl forces throughout 1t 1s
culed 1 homogencous conductor In such a
conductor 1f one knows the amount of re
sistince offered by 1 centimeter of distance from
the source one can calculate the total resistince
offered at any distance from the source A con
ductor which does not offer @ umform resistance
throughout 15 called a hetcrogencous conductor
Due to the varntion m resistince 1t different
ares the tot1l resistince cannot be determmed
m the sxme manner as for 1 homogeneous con
ductor

27

ELECTRICAL FIELD WITHIN A VOLUME
CONDUCTOR

An electrical field 1s ereated around « charged
particle within a volume conductor Potential
dimmishes as the distince from the particle
(source) 1s mncreased In volume conductors
the potential diminishes m proportion to the
square of the radius distance () This 1s due
to the spherical dissipation of the force In a
flat disk conductor potential dimimshes simph
1n relation to the radus distance (r)

The presence of two fields of unequal po
tentinl (positive and negatne) creates a re
sultant force The direction of this force 15 a
straight line drawn from the pownt of lowest
potential {negatn e pole) to the point of great
est potential (positive pole) The force may be
represented s a vector diected toward the
positive pole and awav from the negatnve pole
This vector represents the as of the electneal
field It s the dipole vector (or doublet vector)
The magnrtude of the dipole vector depends up
on the difference m potential between the two
poles and 15 called the dipole moment ( electrical
moment )

In electrocardiography we are concerned with
2 negitne field on one side of » ware front wd
2 positive field on the opposite side  The mag
mtude of the dipole moment {electricnl mo-
ment) depends upon the densits of charges
(doublet vectors) and the flat surface area of
the wave front It 15 then an expression of the
effective force created by the wve front

INFINITE VOLUME CONDUCTORS

. Aty pomt withn an infimte volume con
uctor the potentn] depends upon 1) the mag
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mtude of the dipole vector or electrical moment
\f 2) the distance of the pomt from the center
of onigin r and 3) the angle betw een the dipole
vector nd the coordmate drawn from the po

tential pomt 1nd the center of ongm (Fig 34)

This mav be expressed 1s 1 simple equation

Potential = M (():i

If one measures the potentil and knows angle
O and the radius distance the dipole moment
f can be determined

FINITE YOLUME CONDUCTORS

The potential 1s tlwavs greater at the surface
of a mited volume conductor than 1t would be
at the stme distince from the source mn an
infimte volume conductor Tlus 15 due to the
wsulating cffect of the surfice These cffects
are not 50 notice1ble near the center of 1 tank
For 1spherienl type tank it has been determined
tht the potential 1s approximately three times
15 great at the surfice as would be expected for
that distance  Thus 1s particularly amportant 1
electrocardiogriphy 15 mensurements are made
from the surficc  The potential at the surface
of 1 spherical fimte volume conductor 15 ex
pressed

3]
Potential = 3 X M 20:7

The shape of the boundiry also mnfluences the
potentinl measurement A rectngular tank wall
distort the apparent direction of the dipole vec
tor \nttiens m resistance within the volume
conductor will further distort the direction of
the lmes of force wnd alter potentril measure
ments

Wibon F N MacLeod A G and Buka P S The
Dustril ution of the Curtents of Acti n and I yu y Disylayed
by Heart Muscl and other Fxeitable Tusues Unmv  of
\Mick Stuch ¢ Saentific Sen s Ann Arbor Ums of Mich
Tr=s 1933 Vol 18 p 58

at any pomt upen the s rface of e spt 1 the mag
it de of V ds three imes as great as it wonl § be at the sam

pant 30 an infinite m <dom 7

,Q

/
\Q‘O
g/
/

?

VECTOR MAGNITUDE

Figure 34

THE BODY AS A VOLUME CONDUCTOR

For prictic\l 1ppheation it has been found
convenient to consider the body as v homo
geneous volume conductor The body consist
ing primartly of wter and clectrolytes 15 1
good volume conductor It 1s true that re
sistance 1s not umform throughout the body
Even the resistance offered by the shin vanes
at different pomts  The chinge m the charcter
of the tissues alters the resistance factor The
ar m the lungs 1s considered to act s n m
sulator On the other hand the lungs are highly
vascular and vascular beds are extremely good
conductors There arc sources other than the
heart erenting eleetrienl ficlds  In actuakity then
the body 1s 1 heterogencous volume conductor
of varble resistances with multiple sources of
electrical ficlds In application considenng the
body s 2 1 geneous volume d has
been surpnsmgly satisfactory  Smce this 15 2
simple prictical approach it shall be so con
sidered here

The wave front sets up an clectrieal field in
the body  The 1sopotential plane defined on the
bodh 1s perpendiculr to the resultant vector of
the wave front The potential at any one pomt
on the body 15 expressed by the cquation

Potentral = 3 X \lﬂ
¥

Bs locating the 1sopotentinl pline one can esh
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mate the direction of the resultant vector It
perpendicular to this plane Ervors due to vam
tion 1n resistance and shape of the fimte bovn
dany are assumed

LOCATION OF THE ZERO CENTER
A perplenng problem m electrocardiography

concerns the location of the zero center withm
the solume conductor {bodv) Much of the
eathier work was bused on the principle of the
centric placed zero center Ample evidence
evists provimg the zero center 15 actually ec
centnc in posttion Moreover 1ts eccentrie Joca
ton 15 a lrge factor m measunng potenbial at
the surface of the body  There 1s no system of
electrocardsography  currenthy employed that
wmds this error  This pont will be diseussed
further 1 considering the lead systems
Although considerable vination ewists the
zexo center for ventnewlar exaitnbion 15 usually
three to four centumeters left of the mid sternal
Te sbout the Jower level of the fourth nter
costal space 1nd ome third the distnce of the
anterior posterior diumeter of the chest from the
sternum (Fig 33} The antenor location of the

ZERO CENTVER X

Z
Figure 33

center should be no surpnse to those who hwve
exammed a sagittal \ray of the chest The
mediastinum 15 clewrly seen to occupy the m
tenor one third compartment the remunder
bemng composed of muscle ind bone

REMOTE ELECTRODE AND PARTIAL
LEAD EFFECY

Another complication n measunng potential
from the surface of the body anses from the so
cilled partial lead” effect The impheation 15
that potential values at pomts close to the heart
are largely mfluenced by the nearest segment
of muscle rather than by the entire muscle
mass A powt sufficenthy distant from the heart
not to be mfluenced by provmal muscle seg
ments 1s cilled remote  Both the diameter of
the heart and distance from the heart determine
whether a site 15 remote or not Consider two
doublet v ectors of the heart i relabion to a pont
P (Fig 36) When the duameter of the heart
15 small the difference m sads distance from P
to the doublet vectors 15 proportionally not so

eat

The effect of distance 15 enhanced b re
sistance A conductor of low yesistance wounld
require greater distances from the source to be
a remote site Lxperments on the wsolated per
fused mammaliin heart mnmersed m a volume
conductor have been carried out * Such epent
ments mdicate that beyond distances of two
to three times the diameter of the heart the site
cm be considered as remote These studies
renfy the coneept of a center of ongn for the
forees created by the hewt when recorded at
distances great enough to be considered remote

Hastmann § Veyrat B Wass Oscar A M and Duchosal
P W \ectorcardiography as studied on the isolated mam
mihan heurt suspended i 3 volume conductor Car ! olpgar
-7 129 1805
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Fundamentals of Electrocirdiographic Instruments

Tm: PREVIOUS DIscUssions have indicated that
clectric! fields we creted by the heart s a
source 1n 1 volume conductor the body At all
pomnts on the body surface potential evists due
to the cardinc elcetrical evele  These arens of
potentnl have v alues which hwe a direct rel
tionship to the heart ind the character of the
volume conductors When the potential values
on the body surfice are known the clectrical
activity of the heart can be ascertamed  The
next step 15 logically an mstrument capable of
measuring these potentinl values To tlus end
three major types of recording devices are em
ploved the strmg gwge gilhanometer with
photographic recording system the galvanom
cter with direct wrting recordmg system nd
the caithode rav oseilloscope

STRING GAUGL GALVANOMLTER

The string gauge galy inometer consists of 2
conductor suspended between the two poles of
m dectromagnet  The conductor 15 1 quartz
chss fiber corted wath phtinum  The electro
magnet scts up n cdectrieal fidd  When an
lectric curtent passes through the conductor
the strng 1s moved up or down i 1ccord mce
with the prinaiples of Flemings o One ¢an
tllustrite thes prnciple with the nght hand (Fig
37) The thurd fourth and fifth fingers e
pointed 1 the dircction of force between the
two poles of the dectromagnet The mde finger
1s pomted 1 the direction of current flow
through the suspanded conductor The cxtended
thumb mdicates the upw wrd displacement of
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the conductor If the direction of current 1s re
versed through the conductor 1t 1s deflected
dovwnward

If electrical flow cnters one termmal of the
conductor 1 positrve or upward displicement
occurs This terminnl of the conductor 1s de
signated s the positive termunal or the positne

Figure 37

clectrode  Current entering the other terminal
of the conductor c1uses 1 downward displice
ment This terminal 1s designated as the nega
tne clectrode  The amount of displicement of
the filument 1s dcpendent upan the difference m
potential at exch end of the conductor The
prinesple of the galhwnomcter may be sum
manzed as follows A positice force entenng, the
postive termnal (electrode) records a positive
displacement
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The string gwge grhanometer 1s consider
Wbly more rehable than the dwect writmg m
struments nd for preeise work 1t 15 much su
penor It has been repliced lnrgely because of
the difficulties encountered 1 muntuning its
day to dvy operation The strng properly d
justed offers little impedance to displicement
and as a consequence there 1s httle g To
record the early events of septal activation Ihg
should be less than 001 sec

The stnng gauge galvanometer records de
Rections of the string upon 1 moving film strp
The film strip my be marked at tunc inters 1ls
by spohe wheels o1 prisms  Usually the film 15
moved at 25 mm per sec Fister speeds are
frequently an adjunct and 50 mm per sec 1s
commonly uttized A vertical marker 15 1n
dicated on the film at each 04 sec mtenval
At each 20 sec interval a heavier marker 1s
mdicated It 1s alwass the fifth vertical marker
At a speed of 25 mm per sec the mirhers are
one mm apart At 50 mm per sec they are
two mm apart In erther case they represent
04 sec

The deflection of the string 15 the means of
measuring the magmtude of the force for any
lerd For standardizition one mm 1s applied
to the conductor At full stindardization this

d one cm displ of the string

P
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measurements cannot be made Frequently por
tions of records are recorded at  half standards

one millnolt producing % em deflection

THE DIRECT WRITING INSTRUMENT

The direct wnting instruments utihze the
prmaiple of the string gauge galvanometer but
the conductor and wnting arm are hetvy and
the contact of the wrniting arm 1tself creates im
pedance to displcement In a number of clm
c1l conditions tius 15 1 senous handicap as it
may obscure significant @ waves or smill R
waves The peak of response to 2 force may be
delaved from Ol to OI5 sec From the exther
discussion of rapid ventricular exertation 1t 1s
clear that such measurements lewve much to be
desired  The direct wnting instrument utihizes
paper that 1s alrendy graphed the sertical hines
are one mm apart At a specd of 25 mm per
sec ewh square equals 04 sec The wntng
arm should not be permitted to record n the
bottom or top 2 em of the graph for most instru
ments  The swing of the wniting arm 1s dimped
at the limts of 1ts excursion The damping
distorts (diminshes) the actual magnitude of
the deflection

CATHODE RAY OSCILLOSCOPL

The third tvpe of recording mstrument and
n mv opimion the best 1s the cathode ray oscil
loscope (Fig 39) 1Itis a good mstrument and

STANDARD 20 SEC 04 SEG
Figure 38

This 15 an index of the sensitiaty of the galva
nometer (Fig 38) When the sensutntty 1s
Aoown any disphicement of the strmg cn be
measured in millnolts  If it 1s not hnown such

his an llent frequeney response and no ap
preainble lag  The cathode ray tube emnts an
electron beam to the screen of the tube On one
side of the beam 1s a positne plate and op
posite 1t 1s 1 negitnve plite Any change in
potential on the plates causes 1 movement of
the beam A second pur of plates 1s placed per
pendrcular to the first par  Esther pur may be
used to record the potentsal difference between
two pomts The mstrument mn be stand
ardized (per mv ) 1n 2 manner similar to the
string gauge galvanometer In addition fo re

The Cambridge Smpl cribe 15 an cxe ption
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Figure 39

cording an ordmann ECG the presence of two
perpendicular parrs of plates penmts the use of
this mstrument for recording vector cardiograms
which will be discussed more fulls at another
pomt i the text

As 1 mmmum standard any of the mstru
ments should have the following speaifications

1) Frequency response With an mput volt

age of 15 cvcles per sec n output response
of 90% of the mput should be obtuned With
an mput voltage of 40 cycles per sec the out
put response should be 805 of the mput

2) Limear response When one my 1s applied
the peak response should be reached at 01 sec
It should be mamtumed at this peak plus or
mmus 10% for 02 sec
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Fundamentals of Electrocardiographic Leads

B\ utiLizing the instruments for measunng
potentil at different pomts one can obtam an
indirect measurement of the electrical events of
the heart The pomts selected for potentinl
measurement have been standardized and con
stitute the lead systems used n electrocardiog
raphy Any lead may be anahzed if the basic
prmaples of potentill metsurcment are prop
erly applied

EINTHOVEN S LEADS

Emthoven ongmalls measured potential 1t
three pomts left arm nght arm and left leg
The difference 1n potential betw een these three
points constitute Leads 1 1T and TIL 1t was
assumed that all three potential pomts were
equidistant from the zero center and equally
distint from ewch other Such leads re true
bipolar or balanced leads The extremities re
considered s extensions of the lcad wires Thus
the potential 15 measured t the surface of the
trunk (the volume conductor) The potential
(V) pomts arc then designated as from each
shoulder {V1 and Vr) and foot (Vf)

Given a spatial vector with a pomt of ongmn
equally distant from the potentral pomts V1
minus Vr will measure only the potentiil duffer
ence proportional to the \ component of the
spatinl vector The Y component of the spatial
vector has the sime effect upon positions V1
and Vr If Vr 1s a negatnve electrode and V1 a
posive electrode thev cancel eich other re
cording no potential difference due to the ver
tical component —3 — (-5) = 0 The swme
prmciple apphes to the sagittal component
Such a lead measures onls the \ component of

the spatial vector and 1t 1s an \ coordinate
(Fig 40) The magmtude of the yector meas
ured by the lead 15 equal to '\ vector compo
nent magmtude times 2 where L 1s the length
of the lead (distance between Vland Vr) and r
Vr

_LEADLENGTH VI

Figure 40

1s the radins distance between the pomt of
ongmn and Vr or VI

cos ©

Potentill = Vector Magnitude X 3
T
cos © = _L
3
or t] e potential 1t a given pont VI equals
(L 1,60
{r r) {r )
the potential at \r = _af_”
)
{(aL)

V- \IZG—(: ; 173 x—;ll)orsl./r

The derivation of these sumple equations dem
onstrates that a true bipolar lead measures po
tential magnitude m accordance with the radins
distance and lead length  When these measure

3

This 15 fron the formula of pomt
Ppotential at ¢l
of a spliencal volume conductor 2 the surface

33
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ments are hnown 1t 1s possible to determme the
relitn e magmtude of the vector component as
it exists at the pomt of origin withimn the volume
conductor °

EINTHOVEN S TRIANGLE

Considering all three potentinl pomnts (Vr
VI Vf) 1s equally distant from the zero center
and of equal distance from each other they de
scribe an equilaterl triwngle (Fig 41) Thisas
called Emthovens triangle Lead T with 2 post
tine electrode 1t V1 and a negative electrode at

/. \
<~
Vr Vi

\dj

Figure 41

Mromcsures potentin] VIVr Lead I with 2
positine electrode 1t Vf and 1 negatne electrode
1 Vr mesures potentnd Vi Ve Lewd 1H with
2 positne dectrode at Vi and 1 negative elec
trode 1t V1 measures potentinl VEV]  The
Emthoven tringle desenibes a circumstance
wheram 3L 1 s the same for ¢ach lead  Each
lcd 1s 2 coordinate

ENTHOVLNS LAW

A rcdationship exists between the three leads
which 1s cxpressed as Emthovens law  Lead 1
4 Tad HI = Laad I This may be stated
(Myr 4 (VN = (VEVr)  Emthovens
Law mun b proved by asagming arbitran

T11 ks arclatt ¢ val e« retance §s not knwy

values for the potentral at each of the three
romnts If the potential at Vs -5 Vr -10
and Vf 415 the law states

Lead] =\lVvr=+ 5—(-10) =5+100r +15
Lead I = Vvl = +15 - (+58) =15~ 50or +10
Lead II =VfVr =+ 15=-(-10) = + 15-+10 or +25

THE BIPOLAR TRIAXIAL REFERENCE
SISTEM

The leads comprising Dinthovens trngle
may be rerrranged geometrically to form 2 Tri
a1l Reference System  Each of the three leds
are bipolar with a positive and negatne ele
trode located at different pomts on the volume
conductor At 1 pomt between the two elec
trodes there 15 an 1sopotential pomt  This point
15 located by constructing a perpendicular from
the lead axis to the center of zero potentnnl The
perpendrcular mtersects the 1sopotential pomt
or the pomt of ongm for the lend 1f the three
pomnts of orign for Leads I IT and III are
supcnmposed a Triawil Reference System 1s
formed (Fig 42) Smce the ongmnal trangle

+120°
I

+60°

I

igure 42

wis equilateral with angles of 60 the wgles
formed about the center of ongm of the Traxnl
Reference System will also be 60 The pownt of
ongm of the Trnaxinl Reference System 1s con
sidered s supcnimposed on the center of zore
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potential within the chest This 1s valid as each
lead has the same relatne sensitivity 1e  each
lead records 3L/r* times the actual force acting
at the zero center

For purposes of umform orentition Lead I
has been designated as an aus of zero degrees
All ponts below Lead I are spoken of as posi
tive degrees away from Lead I All points above
Lead I are spohen of as negative degrees anay
from Lead I Thus the positive pole of Lead 11
15 +60 nd the positne pole of Lead III 1s
+120

LAW OF PARALLELOGRAMS

The direction and magnitude of a vector ong
mating from the zero center can be calculated
from 1ts projection on am two leads This 1s
done by utilizmg the Law of Parallelograms
If the vector registers a positive value of +5
m Lead I and a value of +-2 m Lead IIT this ss
done as follows 1) Mark off five wmts from the
pomt of ongmn towards the positne pole of
Lead I 2) Construct 2 perpendicular from
Lead X at this point 3) Mark off two units from
the pomnt of ongin towards the positive pole of
Lead III 4) Construct 2 perpendicultr from
Lead III at this pomt The two perpendicular
lines will intersect one another 5) A line 15
drrwn from the pomt of ongim of the reference
system to the pomt of mtersection by the two
perpendicular Iines This hine represents the
direction and magmtude of the unknown vector
The vector 1s the diagonal of 1 parallelogram
(Fig 43)

The nbove process mav be reversed If the
direction and magnitude of a vector 1s known
one can calculate 1ts projection on anv one of
the three lead axes The direction of the vector
1s defined 1 degrees away from the aus of
Lead I

A vector with 1 magmtude of 46 and an
aus of +60 will be parallel to Lead IT It may
be represented by marking off 6 units upon
Lead IT A line constructed from this point on
Lead I to a point perpendicular to Lend T will
designate 3 positive units on Lead I A second

d ;
gray Leads

1
o I
Figure 43

line drawn from the terminal pomnt of the force
on Lead II to a pomt perpendiculnr to Lead 11T
will designate 3 positive umts on Lead III The
alue of the vector projected on both Lead 1
and Lead IIT will be +3 units conformmg to
Emthovens Law 1 4+ HI =1II or 43 +3 =
+6 Thus 1kso sllustrates an important charac
teristic of a vector the lead most nearly parallel
to a vector will record the largest deflection
(Fig 44)

A vector with an axis of +-90 and a2 magm
tude of 6 umts will record 5 umts i Lead II

Figure 41
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and 5 umts mn Lead III The perpendicular
from Lend I to the tip of the vector will fall
at zero on Lead I Such a vector will record no
potential ;n Lead I This satisfies Ewthovens
Law s well as the Law of Parallelograms An
other mmportant vector prmcple 15 illustrated
When the aus of a vector 15 90 auway from the
lead avis no potential 1s measured by that lead
Such a lead 15 called a diphasic or wsoclectric
lead (Fig 45)

Avector with an avis of 1-30  (perpendicular
to Lead IIJ, records no potential mn Lenad III
A vector wath an wis of =30 (perpendicular to

I

Figure 43

Lexd II) records no potential in Lead 1I The
2xs of 1 vector ¢ be determined by inspection
alone whenever one of the three leads 1s di
phasic or 1soclectric

THLE V LEAD

A ipolir lead measures the potentinl differ
ence between two pomts Utthzing the three
standard laads ot 15 mmpossible to record the
potentinl rccenved it any one pomt due to the
influence of the other dectrode  Wilson de
vised 1 method of elimmating the mathematical
value of the negatne dectrode This was ac
comphshed by attiching the negatne termunnl
of the conductor to the i ht arm Icft arm and

left leg The valuc recerved at the negitive pole
would theoretically be zero (Fig 46)

The prnciple of zero potential at the negative
electrode 1s 1llustrated as follows  Assume 2
vector with 1 magmtude of 410 and n axs
of +90° The potential recerved by a negative
electrode Vf would be —10 by the negatne

Vr V)

Vi
Figure 46

clectrode Vr —5 by the negative electrode V1
—5 By algebraic addition — (+10) — (-5) -
(=5) = =10 +5 +5 = 0 The positne elec
trode could then be pliced at any pomt and
mensure only the potential recened at that
pomt Such 1 lead 1s called a V lead or an ex
ploring electrode

THE UNIPOLAR TRIAXIAL REFERENCE
SYSTEM

Placing an explorng electrode (V Jead) on
the right arm left arm and left leg creates leads
Vr VI and Vf The avs of Lead Vr may be
depicted by drawing a hine from the nght shoul
der to the center of zero potential Lead VI has
an s from the left shoulder to the zero center
Lead VI has an axis from the pubus to the center
of zero potential Vr VI and Vf isect each
angle of Emthovens tnangle The negitne
termmal 15 the same for exch lead and equn
alent to zero  This point m1y he considered as
the pomnt of ongn for the three leads If the
2xs of each lead 1s extended bevond ats pomnt of
ongmn wother Triaxnl Reference System 15
formed with 60 between each avis (Fig 47)
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Vr

Ve
Figure

The unipolar lmb leads also bear a mathe
matical relation to one another This may be ex
pressed Vr+ V14 VE=0 Ifaforcew 1th an
aus of +90 and a magmtude of 6 umts 15
measured by all three leads Lead Vf = +86
Vras -3 Vlis —3 This mav be expressed
+6-3-3=0

HEXAXIAL REFERENCE SYSTEM

The Umpolar Tnavial Reference System 1s
rotated 30 away from the Bipolar Triaxial Ref
erence Svstem By supenimposing the pomt of
ongm for both Triawal Reference Systems 1
Hexaxial Reference System 1s formed (Fig 48)
The positne electrode of Vr has an axs of
—150 V1 -30 and Vf 90

AUGMENTED UNIPOLAR LEADS

Because the mfluence of the negative pole 1s
removed the amplitude of the umpolar leads s
ouh half that obtained by the bipolar hmb
leads Goldberger amplified (augmented) the
potential by removing the negatne electrode
from VI when the positive electrode was on the
left arm and m a like manner on the other ex
tremities  To indicate this augmentation the
prefix @ was added before the svmbol of each
lead (aVr aVl aVf) Even with augmentation
the relative deflecton obtained m the aug
mented limb leads 1s equnalent to only 86¢
of the value measured by the bipolar leads

Vi

araphic Leads

Vr Vi

A
e 47

aVf
Figure 48

AXIS BY INSPECTION

If the umpolar limb leads were equnalent to
the bipolar lmb leads the lead with the most
positrve deflection would be most nearly paralle]
to the vector axis Regardless of the relatneg
sensitrvity of each lead no potentia] ) be
registered at a pomt perpendicular to the vector
(Fig 49) This principle enables one ¢, tell b
simple mspection of the six imb Jeagg the Y
of m force If no potential 15 recorded 1 L:&S
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a4V {as =30 ) the avs of the vector 15 +60
{90 wa from aVl) In this event Lead I
will record a strongly positine force  The vector
uns could have becn —120  In the latter cse
the force would be dirceted avy from the post
the termin] of Laad 1T and the complex
Lad IT would be negitne (Fig 50)

To summarize the 1bove discussion the fol
lowing rules my be formulated

11 When 1vector force faces a positne elec
trode 1 positine w e 1s recorded

2) Whan 1 veetor foree ts going aw v from

Figu

the positine electrode (towards the negative
electrode) a negitne wavc 1s recorded

3) The lead 2us most closelv parillel to the
aws of a vector will record the greatest negatine
or greitest positine deflection (allowing for
differences m value of the wgmented umpoler
wd bipolar leads)

4) Nmety degrees wav from a vector the
mathematical value of the potential meisured
equals zero {this perpendicular plane is called
an 1sopotential plane)

5) Uthzing the Hevaal Reference System

re 50



7 7

Fund Is of Elect
one m1y determme the aas of my vector by
the follow g steps

1) Select the lead recording wn 1soclectne
(mathemntical zero) complex The awis of this
lead 15 the vus of the 1sopotential plane for the
vector

b) Nuety degrees way from the 1sopo
tentinl plane 15 the direction of the vector If
the lend that 1s parallel wath the direction of the
vector records a negative wwe the aus of the
vector 15 180 wuay from the positive terminal
of that lead

When no 1soclectiic complex 15 recorded n

Leads 39

gray
using this method the axs of 1 vector can be
determmed withm 5 to 10 of ats true s

A vector with an axs between +30 and
+60  will record positive values i all Jeads
evcept Lead aVr The 1us of the vector can
be deduced A vector of 430 records an 1s0
clectric value mn Lead 11T therefore the vector
must hw e an 1as of more than +30 A vector
of 460 records an 1soelectric value i Lead
AVl therefore the axis must be less than +60
Whenesver all leads except aVr record a post
tive vilue the vector must be between 430
nd 60 (Fig 52%

AIII

uw/\

Fiqure 51

any lead the isopotentinl plane of the force can
still be determined This 15 done by noting the
pomt on the Hevaxial Reference System where
the recorded compleves change from positne to
negatve If AVl records 2 negative comiplex
and Lead I records a positive value the 1sopo
tentia] pline 1s between their lead axes (be
tween —30 and 0 ) One can arbitranty locate
the 1sopotential plime 1t —15  Ninetv degrees
away from —15 would be +75 (Fig 51) Bu

THE FRONTAL PLANE

The Hexaxinl Reference System describes a
plane wound the body Ths pline 1s flat ike a
sheet of paper nd has no depth I a vector 1s
wcting only m tlos plne ats total value cin be
measured by the Hexaaal Reference System
The vcctor forees ongimating from the heart are
so directed cither wtenorly or postenorly
The sic limb leads measure only the projection
of the spatil vector on the frontal plane The
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aVi

aVf A

Figure 52

more ntertor or posterior the vector the Jess
will be its magmtude of projection on the frontal
pline The two perpendicular coordinites (X
nd 1) of the frontal pline are lead s I and
lead axus aVE

THL TRANSVERSEC PLANE

The projection of a cardiac vector on the
trinsverse plwe 1s mesured by the V leads
This plane may be described as 1 cross section
through the chest The transvcrse pline con
sists of two perpendicular coordinates One co
ordinate 1s parallel with Lead I and 1s the \
coordinate The other coordinate 1s the Z co
ordinite measurng the antenor posterior com
ponent of the vector

The V lend electrodes used to measure pre
cordinl potentinl are as deseribed prestously
for an exploring clectrode  The location for exch
V lcad compnsing the transverse planc 1s at 2
speafic amatomie site The usual leads taken
are 1t sicsites around a httle more thin a quar
ter of the circumfcrence of the chest Ther
locations tre as follows (Figr 53)

[

N

=\

Fourth interspace to the nght of the
sternum

Fourth mterspace to the left of the
sternum

Halfwav between V2 and V4

Fifth interspace left midelavicular Line

Tigure 53
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V5 The same hotzontal plane 1s V4 and
in the antenor avllary line

V6 The same horizontal plane as V4 and
V5 1 the mid axllary Ime

Oceasionally 1t 1s desirible to measure poten
1al at additional areas  Right precordial leads
may be used These leads are called VR leads
They are i exactly similar locations as the usual
eft chest leads only on the nght side VIR 1s
the same as V2 position V2R 1s the same as V1
V3R 1s comparable to V3 position only on the
nght chest rather than the left (Fig 54)

STERNUM

CLAVICLE

Figure 54

When the postenior avllary lme position 1s
utilized 1t 15 called V7 A pont at the level of
V6 and 1n the left tip of the scapula 15 utilized
for V8 Just to the left of the spue on the same
level 1 position V9

The anterior precordinl leads are not usually
considered remote ‘Therr location 1s not suffi
ciently distant from the heart for a remote
electrode Their proximity results i discrep
ancies mn amphtude Nevertheless when the
precordial electrode 1s located i the positive
electrical field positive force will be recorded
and when 1n the negative electrical field a neg
ative wave 1s recorded  This enables one to lo
cate the 1sopotentinl plane for 1 cardic vector

The vector force between the two electrical
fields 1s perpendicular to the 1sopotential plane
Locating the vector in the transverse plane 1s
possible by first locating the 1sopotential plane
on the chest

When the V lead position 1s sufficiently dis
tant from the heart to be considered remote”
the potentizl at 1ts location 15 expressed sumply
as r_z 1t differs from the previously described
bipolar leads in that no angle ewsts betw een the
lead axss and the radius distance as they are one
and the same

The proxmuty of the precordial leads to the
zero center exaggerates small vanations n the
location of the center While it 15 recognized
that the zero center has mdnidual vanations
its location can be approvimated Most author
ities agree that 1t Lies antenorly to the anatomic
center of the thorax It 1s convenient and prac
tical to consider its location at a pomt between
V6 and V6R at the level of the fourth mter
costal space and just to the left of the sternum
The zero center can then be located as the pomnt
where Leads I aVf and V2 mtersect and are
mutually perpendicular These three leads form
three mutuilly perpendicultr coordinates (X
Y Z)

All V Jeads have the same theoretic negative
pole the zero center Thev comprise an axis
system for the transverse plane The angle be
tween each V lead avuis will have mdnidual
variations but an approximation can be utihized

Because the zero center 1s displaced antenior
Iy 1t 1s considered on a plane between V6 and
V6R positions (2 plane between the mid aul
lary lines) Often V6 may be just a little pos
terior to the true plane of zero potential how
ever V6 position 1s more nearly correct than
V5 which 1s usually antertor to the zero center
plane

V2 15 one of the perpendicular coordmnates
and 90 away from VB Lead «as V3 forms an
angle of 20 with lead avs V2 Lead axis V4
forms a 40 angle with lead avis V2 Lead aus
V5 forms 2 70 angle with V2 The avs of Lead
I 15 parallel to the avs of Lead V6 As a refer
ence system m the transwverse plane 1t ss con

~
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vement to call V6 zero degrees Every pomt
posterior to V6 1s considered positine The trans
verse plne wes can be located s follows (Fig
55)

V1= -110

V2= - 90

transyerse plane by the magnitude long the \
aus The product 1s the magmtude of the vector
m the transverse plane

TIE TWELVE LEAD SPATIAL REFER
ENCE SYSTCM

If one supenmposed the pomnt of ongin for
both the Hevaual Reference System and the
Transverse Refcrence System 2 Spatial Refer
ence System 1s formed (Fig 57)

V6 0°

— 50
- 20
V6 = 0
v vz
-110°
90°

V5

v4

V3 -50

=70

Figure 53

The magmtude of the vector projected on the
transserse pline e be determmed by the fol
lowmg, steps (Lig, 56)

1) Tocite the nopotentnl pomt e¢g V3 at
=70

2) The trnsverse vector 15 projected 90
awar from that pomt 1¢ +20  (Twenty de
grees 1s the ingle between the veetor nd the
\ coordmate or Leads I wnd V6 )

3} \Mcasure the men value of the vector on
ats \ aas m the frontal phinc (1cd )

4) Multiphy the cosme of the angle m the

As previoush discussed the magmtude of the
spatiil vector mewured by the X wd Y coordt
nates can be determined from the frontal pline
The migmtude projected on Z coordmate em
be detcrmined by multipling the sine of the
wgle 1 the trinsverse pline by the magmitude
along \ coordinate (smc of mgle ¢ = cosme of
wgle b) (INg 55) The mgmtude of the spr
til vector can be caleulited It hais been dem
onstrated that the X\ Y /7 coordimite v vues cmn
be obtramed  The magmitude of the spatial vee
tor mewsurcd by the coordimtes 1s determmed
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Vi va V3

Figure 56

The cileulations of magnitude given above
e bsed on Lead I mensurement of magnitude
Lead T was shown to measure 3L r of 1 vector
Thus the relitive magmtude of the spatiil vee
tor at its pomt of origin m the volume conductor
15 led measurement of spatial vector magm

by utillizing the rule of squared coordinates
The magmitude of any force squired equals the
sum of the squares of 1ts projection on each of
its coordinates

1 ead measurement of spatial vector magm
tude = X+ V2 + 72

Figure 57
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Figure 38

tude times g~ where 1 1s the radis wnd L 1s
the length of Lead I

SACGITTAL PLANE

The sagittal plane 1s compnised of the Y and
Z coordinates or 1V f and V2 It 1s the profile
of the body (Fig 59) The direction and mag
mtude of any vector cin be determmed n the

avy
Figure 58 A nght profile of the Sagittal Pline

sagittal plane by using the values obtamed for
Y and Z coordinates i the frontal and trans
verse planes

EFFECTS OF ECCENTRIC ZERO CENTER

The simplified presentation of the centric di
pole concept gnven 2hove 1s not cxactly corrcet
The zero center 1s eceentric n location and the

sray

and Vectorcardiography

lexd lengths are not equal The routme ECG
finds 1ts greatest appheation m the measure
ment of duration sequence of events and rel
atnve direction of one spatial vector to mother
Errors 1 directional measurements are largely
the same for ll vectors in the syme mdividual
thus measurmg the spital angle between two
vectors 15 practical The normal values obt uned
for ECG measurements are hased on the centric
dipole concept and companisons cannot be made
with any other concept until other normal values
are obtamed The crrors ymposed by the as

sumption of 1 centric dipole should be under

stood to evaluate the unusual crreumstance nd
to comprehend the advances occurring m this
rapidly changing field

An example of the errors imposed can be ob

tuned from considermg the fundamentals of
Lead I (Fig 60) Due to eccentric location of
the zero center Lead T 1s not 4 balinced

Ve, Vi
~

Figure 60

polar lead The leftward position of the zcro
center permits the vertical and sagittal com
ponent of the spatiil vector to nfluence the
lead measurement  The vertical component
directed towards the foot has a negitive
fluence on the lead mesurement The magm
tude of the nfluence depends upon the mag
ntude of the verticil component and the degree
of eccentrieity

It 1s clear that of Lead I 1s to be uscd to
measure only the X\ component of a spatil foree
1t must be 1 true bipolir lead  Simular effects
occur i Lead 11 and Lead I Usually elee
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tiode Vi records 1 much Iarger negative influ
cnce from the vertical vector than Vr because
the radivs distance of V1 1s shorter and the ob-
tuse angle 1s greater Eccentrierty can cause an
witial negatne wave m Lead I Such factors
are responsible for many LCG patterns that
have been asunbed to septal depolanzation and
other anitomic correlations  No attempt at ana
tomne correlation should be made unless the
leads used are true equal brpolar leds or true
umpolar Jeads

The V leads are 1lso (fected by eceentrnicrty
of the zero center The value measused at the
negative electrode 15 not really zero in these cxr
cumstances and the positive V lead electrode
does not represent the pomt potential at its loca
tion but the diffcrence in potential 2t that point
and the 1 vue of the negative terminal

LEAD LENGTH AND VECTOR AXIS

Lead length depends upon the physical con
tour 1nd shape of the humtn bady The mndi
sidual with a short squat chest his a long avis
for Lead T and records ~ Irge potentuil value
for the transverse (\) component The md
sidual with the fong narrow chest has 1 reh
tincly short Lead I aws and records a smll po
tentsal value for the transverse component The
Intter ECG records a more vertical vector and
the former a more horwzontal vector even
though the tetual direction of the spitil vector
wu be wdentrenl i both mdnadunls Thus the

vertical vector and transverse vector as de
scribed by the usual ECG s also an expression
of the shape of the volume conductor (Fig 61)

The prmnuple of lead length 15 clearly scen
from the formult for magmitude Lead [ = \
component magnitude tunes ;ﬁ' Vhen the \
component magnitude and the radis 1re con
stant the magmitude measured by Lead I 1s pro
portionl to the lexd Jength

LIMITATIONS OF ROUTINE ELECYRO
CARDIOGRAPHY

The lintations m the use of the routme ECG
may be summed up 15 follows

1) Vanations due to eccentric dipole position

2) Vanatwns n Jead length due to physical
shpe of the volume conductor

3) Varations ymposed by noshomogenesty of
the volume conductor

4) Imbihity to measure the migmtude of
component forces wnd therr durttion from
coordmate graph s these e measured only
from the penipheral are of the rotating central
result mnt

53 When wsing the direct writing mstrument
senmitivaty to more rapid events 15 Jost

These coticisms do not mew that routme
lectrocwdiogriphy 15 not @ useful and vihd
tool but serve to pomt up that sts full apphen
tron has not been realized Direct wnting mstru
mants offus the distinet 2dvantage of 2 prictien}
bedside or field istrument but they are ot
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adequate for study of more compheited prob
lems or for investigition The problems assoct
ated with the first four imitations given above
are somewhat mitigated by the use of 1 les.
sensitne mnstrument

The routine ECG should be used to measure
durition  sequence and relatne direction of
spatial forces It m1y be used m 2 somewhat
more coarse fishion for magmtude measure
ments
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The Normal Electrocardiogram

THE P WAVE

'I‘m: FIRST EVENT of the normal cardiac cycle 1s
atrial excitation creating a P loop The projec
tion of this event on a lead aus creates the
mttial wave called the P wave The character
of the P wave m a given lead depends upon the
P loop and the lead axis (Fig 62) Usually the
P loop 1s located between zero and ninety de
grees (between the aus of Lead I and aVf)
The P loop 1s directed towards the positive pole
of Lead I and II creating a positive P wave

I_N
4
p loop
m s
—_— —_—
P P
Figure 62

those leads If the force 1s directed leftward
parallel to Lead T the P wave will be positive
i aVl and negatne n Lead III A P loop
directed downward towards aVf will cause a
negative P wave in aVl Often there 1s a b
phasic P wave 1t V1 or V2 with an imtinl pos:
tive displacement and termimal negative com
ponent The force of atrial excitation 1s above
the elcctrode at 1ts onset and below 1t as well

as postenior termmally By more remote elec
trodes {V9) 1t 1s seen that the P loop 15 chuefly
postenior  Varations m configuration are nu
merous

The duration of the P wave reflects the time
required for atrial excitation Atnal evatation
can require 0o less time than the Jongest Pwase
duration 1 any lead A more precise measure
ment requires simultaneous recordmg of three
mutually perpendicular leads Normally the P
wate duration does not exceed 012 sec In gen
eral the greater the P wave duration the great
er 1s the surface area of the atna

The amphtude of the P wave 1s dependent
upon the effective area of the wave front of ex
atation In turn this 1s dependent upon wall
thickness  Amplitude measurements are fraught
wiath pitfalls due to such factors as conduction
and distance For this reason P wave amplitude
15 best evaluated by companng its amphitude to
other events ventricular excitation and recov
ery A very general rule 1s to regard any P wate
of 3 mm amplitude as unusually large then
compare to see if all the events are increased m
amplitude or only the P wave

THE PR INTERVAL

The mteryval between the onset of the P wave
and the onset of ventricular excitation 1s called
the PR nterval (Fig 63) It measures the ime
between the onset of atnal eveitation and be
gmming of ventricular exaatation It includes the
time required for atrial excitation (P wave) and
the time required for transmission of the im
pulse through the AV node and 1ts ranufications
to ventriculir muscle reception areas  The Jutter
15 represented by a nearly 1soeleetric interval

47
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between the P wave ind the onset of ventricular
exatibon (approumttely 06 to 08 sec )

The PR mten 1l vanes with age and heart
rite In the adult with 1 heart rate of 80 per
mmute the PR interval should not evceed 20
scc A PR nterval of 20 sec at 1 heart rate of
90 per minute 1s abnormal A PR inters 1l of 10
sec or less 1s 1lso abnormal indicating 1 change
in the usual order of exaitation

Care should be taken to measurc the PR inter
valina lead with the Jongest QRS duration and
1 sharply defined P wuve of greatest durtion
Otherwise the metsurement may not reflect the
truc time required for transmission of the 1m
pulse from the SA node to yentricular muscle
Simultaneous leads obviate this difficults

THE QRS COMPLEX

Configuration  The forces of ventniculir ex
atiton graphed on a lead as are cilled the
QRS complen By convention when the mitil
wness negatne 1t s ealled 21 Q wave  The fisst
positine wanness called an R wave The first neg
atne wase (bedow the base Ine) following 2
positine wave s called an § wave A positne
wue following an S wavc s ealled i R wave
Thus the imtial events may creite 2 Q wnem
one lead ind an R wave in another Jead A de
flection of an R wave toward the base line fol

lowed by 7 secondary merease m amplitude 1s
not an S wave Such 2 change 1s notching of
the R wue

If 1 wue 1s of small amphitude 1t 1s often
printed in small letters and if Iarge printed 1n
ciprtal letters A small ¢ wase 1 large R wave
and a smill s wave 1s wntten qRs  When the
entire QRS complex 1s a Jarge negative deflec-
tion 1t may be called a QS deflection

The QRS configuration m any lead depends
upon the relation of the lead 1us to the spatrl
pithw 1y of ventrieular exeitation  Consider a
simple pathway directed anteniorly to the left
and downward then returning posteriorls to the
rght and to the center of ongin (Fig 64)

Lead T will hive an imtial R wave The max

v

avr

"

avt

_,V_ v—21r VS_Iv_

Figure 64
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imum height of the R wave corresponds m time
to the most leftw rd point on the QRS pathw
Its amplitude 1s proportional to the \ com
ponent of the nstantaneous ector occurnng
at that time mtenntl  The R wave diminishes
m amplitude as the pathway becomes more per
pendicular to the axis of Lead I The S ware
begns s the pathway moves more than 90
away from the positiy e termiml of Lead I The
most negative pomt of the S wave corresponds
to the time the spatial pathway reiches its most
nghtward pomt The § wave dimimshes as the
pathway returns to the center of origm
By remembermg the lead s the instanta
ncous vectors at eich time mterval can be
graphed s 2 coordinate graph Thus the QRS
complex ¢an be built for each lead
The maumum left and nght course 15 de
picted by Lead I The maumum downward
pomt 1s the height of the R wave m aVf By
correlatmg simultaneous leads the spatial path
wav can be reconstructed m a general manner
from the QRS complexes To accurately reflect
the spatinl pathway other factors such as lead
length radius distance and zero center locttion
must be constdered
The precordial leads 1 a somewhat more
general fashion correspond to the spatinl QRS
pathway The time of the height of the R wave
m V2 corresponds to the time of the maxumum
anterior course of the QRS pathway The time
and magmtude of the height of the R wae
mcreases 1t more leftward positions This re
flects more of the spatial pathwy being i the
positive zone of the lead axis The R wave
Lexd V6 records the maximum leftward course
of the QRS pathway Tt begins to lose ampl:
tude as the pathway loses its leftward location
The mramum posterior course of the loop cor
responds to the mawmum negative pomt (S
wave) m V2
The Intrinsicold Deflection An  electrode
placed directly on @ segment of heart muscle
will record a positive wave as exeitition moves
outward to the surfice When excitation reaches
the surface a deflection below the base line oc
curs mstanthy,  This deflection 15 called the m

trmsic dcflection The time between the onset
of excitation 1nd the onset of the mntrmsic de
flection 1s an mdex of the thichness of the muscle
directhy beneath the electrode The time of on
set of the mtrinsic deflection 15 delvyed when
the muscle 1s abnormnlly thiek

The principle of the mtrmsic deflection 1s
mdeed vald for electrodes placed directly on
the heart However electrodes from the body
surfice behave differently and are in certamn
respects remote reflecting the action of the
heart muscle as 2 whole One school of mves
tigitors chose to consider the electrodes on the
chest as behaving Ihe they were nfluenced
cluefly by the segment of muscle beneath them
Thus the downward deflection at any electrode
position represented the thickness of the muscle
mass beneath This deflection bemg mtrinsic
Iike 1t was called the intrinsicord deflection
(coid means Iike)

The wmtrmsicod  deflection at V1 has been
cilled an mdex of nght ventricular wall thick
ness and 1ts upper himit of normal given as 035
sec The intrinsicord deflection at V6 has been
called 1 mdex of left ventnicular wall thickness
with 2 normal valve up to 045 sec The times
are correctly measured as the onset of the de
flection 1€ the end of the peak of the R wne

In practical appheation I hue found these
measurements of httle value When they are
truly abnormal there 15 no difficulty 1 diignos
mg the disorder without this determmation
\Moreover the chest electrodes are markedly in
fluenced by the entire heart The time of the R
wave peth i V2 corresponds to the time of the
most anterior course of spitial QRS pathway
and 1s evactly equnalent to the time of the
depth of the Q wave from an electrode directly
oppostte V2 on the back (Fig 65) Thus the
time nterval 1s the same whether the clectrode
1s on the front of the chest over the nght ven
tncle or over the back over the left ventricle

The peak of the § wave m V2 corresponds to
the most posterior course of the spatial pathway

Th was ongmally d fined for e mtnn ic & flection

mea tr nents Lewr T and Retl <k N\ A Pl s Tr
R S L al  .0f sB 181 1015
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Figure 65 The intenior course of the QRS Joop creates the mtid Q wave n the V Jead re

corded from the back (top of figure) and n ttal R wave m V2
most leftward pomnt the height of the R wave m V6 15 recorded

As the lonp reiches it»
The terminal nghtward

coune of the loop cre ttes the tenminal S wve at V6 Mmor vamations 1 mitial Q waves
and R waves are often due to plaany, the chest elcetrodes above or below the zero center
When this aceurs they are no onger strcth recording the transverse pline

The haght of the R wnve (mtomsicord deflec
tion) rceorded by n electrode over the back
occurs 1t the same time 1s the depth of the
S wave 1t V2 Thus the “mtrmsicord  time of
the Icft ventridde can be obtuned from an elec
trode very proumal to the nghtventricle These
obscriations are not compatible with the 1otion
that chest (lcctrodes behave ke provimal elec
trodes m rdflecting chuefly the wetinaty of the
musele segmont bencath them

The mtrmsicoid deflecion at V6 actulhs
measures the time of the most leftw wrd courst
of the spatil pathway - Smee the left ventricle
15 posterior and the septum 1s aterior much of
left ventricular actination creates 2 posterior
force occurrmg after the mtomsicord deflechion
1t V6 In the routine ECG left ventriculir ac
trvation s often best represented by the § wine
nf V2

Sinec the migmtude of the leftward conrse
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normally ncreases s the night ventniculr force
declines the maximum leftward magmtude oc
curs more closely to completion of right ventric
ular actisity For this reason the height of the
R wave at V6 closcly corresponds to the com
pletion of nght ventriculir actnation in the
normal heart rather than the left ventricle In
deed the ime commonly gnven for completion
of nght ventricle actnation (03 to 04 sec )
will be found 1 the normal heart to be the time
for the herght of the R wave 2t V6 °

Duration The QRS duration 15 measured to
determimne the length of time required for ven
tnenlar excitation The longest QRS duration
n am lead approvimates the cxaitation mtenal
Lead V2 most often has the greatest QRS durt
tion 15 the terminal actnation of the left ven
tricle creates a posterior pithway  The 1deal
determmntion 15 mde from three simultaneous
mutully perpendicular leads The QRS dura
tion 15 an idex of wall thickness  Smce the wall
becomes thicker from childhood to matunty
the QRS duration increases accordingly The
normal QRS duration varcs from 06 to 10 sec

Due to comphicitions of the wave front at the
base of the heart discussed previously the
termunl QRS complex may be p d or

51

Amplitude measurements of spatal forces re
quire consideration of three perpendicular axes

Lffects of Heart Rate With a slow heart rate
the stroke volume 15 mercised The increased
volume 1s reflected 1n inercased QRS amplitude
A mipid heart rate 1s associated with smaller
QRS amphtude (Fig 66)
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prolonged This 15 particularly true m younger
mdisiduals Wath matursty these vanations are
less common

Amplitude QRS amphitude 1s dependent up
on the recording techmque (lead lengths elec
trode distances) density of charge across the
wave front and the volume of the ventncles
The volume of the ventricles depends upon

EETTH TR
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Figure 66 Note the difference m amphtude m two
dwiduals of the same age health and

1

T

cardiac rate and phase of the r y evele
Amplitude should be determimed by using three
perpendicular lends A rough guide for QRS
amplitude 15 the sum of the QRS amphtude n
V2 avf and V68 When this value exceeds 50
mv ncreased amplitude should be considered

The nght ventncle begins activation 005 sce after the
left ventri] By 02 sce tle conflient right ventncr lar
cone 1s estatIshed Muscle spread ext nd outwa d at 3
mm eact 01 sec Allowing a wall Hickne  of 8 mm ¢}
nght ventncle wall complete actt aton by 04 s ¢

PP
size Increased nmphitude 15 scen with 1 rate of 55 per
mumite and low amphtude 1t a rate of 100 per minute

Effects of Resprration. Respiration has 4 large
effect on QRS amphitude wnd configuration In
the past these have been attributed to a simple
change m heart posiion  An onginal obsers1
tion mdicates that the change 1s not 1 simple
aws shift  In actuahty the ECG 1s 1 sensitine
measurement 1n the changes i Ieft ventrniculwr
stroke volume Itis well known that inspiration
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causes mcreased night ventncular stroke volume
and dimmishing left ventrcular stroke volume

During deep mspiration there 1s a progressive
decrease 1n QRS amphtude 1n all leads The
mtial 04 sec peniod becomes more ertical
with mncreased nght ventnieular volume The
termmral 04 sec 1s dimimshed consistent with
decreased left ventricular volume A simple
shaft in aus requires that amplitude be mereased
m Lead II (Figs 67 and 68) Holding the

Fundamentals of Electrocardiography and Vectorcardiography

mution and merease i size (Fig 71) Ths
may be observed at quet respiration m m
dividuals with adequate stroke volume It will
be recalled that the § wave of V21s chiefly due
to the left ventncle

The mnfluence of respiration 1s further com
phicated by the increase m cardiac rate during
mspiration  The mcreased rate can decrease
diastohie filling with decrensed volume causing
diminished amphtude However when the rate

e =1
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Figure 67 A simultancous recording of four leads show ng the decrease in QRS amphtude with mspiration and

retumn to normal htude v

I effect 1s on the termimal half of the QRS complex

with exp Note the
not the first half The last half of the QRS evele 1s largely created by the left ventrcle

breath at deep inspiration causes slowing of the
heart rate  In the vertical electneal axs it 1s
noted that an S wave i Lcad I disappears or 1s
markedh dimimished A simple nght awus shift
would have the opposite effect increasing the S
wae (Fig 69)

With mspiration 1 late R wave 1 aVr will
losc 1ts prominence and 1 deep § wave may oc
cur n aVl This termmal change m the QRS
cvents simph reflects 1 leftward (more vertical)
shift of the termmal QRS forces A shift in
nghtward aus with mspiration of necessity
would increase the late R wave mavr (Fig 70)

A most stnking ¢xample of the influcnce of
respiration 1s noted 1n V2 The § wave behaves
as a simple sprrogram by ats progressne dim

1s stabilized with arrested msprration the pure
effects of increased negative intrathoracic pres
sure 15 evident  When deep mspiration 1s held
for some time thc ECG begins to return toward
normal  This reflects more or less complete
filing of the pulmonry vascular bed or m 2
sense a modified valsalva

Change m conduction with lung inflation can
not be used as an cxplanation of dimimished
amphtudc as the imtial 04 sce show ncreased
amphtude Morcover V2 position 1s directly
over the heart 1nd not nsulated by lung tissue
evenm full nspiration  The drop 1n QRS amph
tude 15 also mamfested i all lexds when a pre
maturc nodal or atril contraction oceurs carh
cnough to markedly dirmmsh diastohie filling
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Fxgure 63 Another example of the overall change n QRS ampltude cnused bv mspiration A simple anitomue

change 1n carduac position due to the lowering of the } should cause de m Lewd 11 as
the electrical position becomes more vertical This simply does not occur
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Figure 69 A) The mspiritorn phise of the respirtors eycle with decrewsed wmplitude of the S wwe in V2
B) Holding the breath at the height of inspiration Notc the S wave in Lead T cntirely disappears completely
contrany to 1 simple nght wis shaft  C) After holding the breath for 30 seconds at full mspiration the QRS am
plitude increases despite the frct that msulation and mechameal effects of lung mflttion ire at the maximum
D) On expiration about the fifth cvele hiter the QRS umplitude 15 the stme 15 at the onset of the maneuser

This 15 not 1ssociated with respiration (Fig 72)
Also agumnst the theory of msulation 1s mereased
P loop magmtude obsened during mspiration
md decrcised P loop magnitude with expira
tion \Moreover nsulation 1s theoretically great
est with deep mspiration and with prolonged
held deep mspiration the ECG changes back
towrd normal

The observation that the ECG can be used
as 0 ndex of difference m nght and left ven
tricular strohe volume creates 1 whole new ave
nue of mnestigation n electrocirdiography
wcludmg the possibilities of appheation to
pu]mon’u’\ function It 1s interesting to note
that the ballistocirdiograph has long been
touted as supernor to the ECG becwse 1t could
be corrclated to stroke volume  Changes n the
ballistocardiograph have been correlated to the

respiratory ¢vele  The above obsers itions m
dicate the ECG may be uscful for this measure
ment

Effects of Exercise The usual response of the
voung lewn indinadual to acute exercise 15 n
ncrease m rate muntuning stroke volume  The
QRS amplitude remuns unchanged There are
a group of mdniduals that respond differenth
Immedintels after exercise thoy himve a decrease
mn QRS amplitude assocrated with in merease
i rite  As the rate slows the QRS amphtude
returns to normal - Although the group obsened
to date 1s small 1t appears to be in those m
dniduals who are overweight and do ittle
physical exercise  One explnation for their de
creased QRS amphitude s dimimished distolic
filling assocrated wath rate and iadequate
venous return (Figs 73 74 and 73)
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THE NORMAL ST SEGMENT

After the QRS comples the phase of ventrie
ulir recovery begms The euly stage of re
covery creates very small forces due to the size
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Figure 70 Note the small de
crease m the termmnal R wave
m aVr from expiration (left)

to nspiration {nght)

and shape of the wave front This ewly penod
1s represented by a nearly 1soelectnic phise on
the clectrocardiogram and 1s called the ST seg
ment The mtial antenior direction of the small
forces ongimating from the nght ventndle
creatcs a normal elevation of the ST segment at
V2 The provimity of the clectrode at V2 posi
tion enhances this effect  Particularly in young
ndniduals normal ST segment elevations may
be quite marked (Fig 76) A slow cardine rate
1s commonly associated with thys finding  Nor
mal ST segment elevation occurs in the leads
with a positne wave for the entire event of
ventricular recoveny {leads with an upnght T
wue)
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THE NORMAL T WAVE
Recovery of the left ventricle from apex to
base creates 1 much larger force manifested by
the Twave In generil the T wave 1s positive in
those leids with positne QRS complexes Nor
mnl vanations ewst due to the difference m size
shape and speed n the wave front of recovery
and excitation The durition of the T wave re
flects the time required for recosery The man
T wave deflection occupics roughly 16 sec The
entire recovery tume from completion of QRS
to completion of T approumates 28 to 36 sec
The T w e umphtude 1s greatest in the lead
most nerly parallel to the greatest displacement
of the T loop (allowing for electrode distance)
In the 2dult the T wave 15 normally upnight
m Leads I 1T ind precordial leads V3 through
V6 Dependmg upon clectrical was and lead
length the T wave may be either positive nega
tive or isoelectric mn all other lends except 1Vr
Lead aVr normally has 1 negative T wave m the
adult
Amplitude of the T wave 15 very difficult to
define n precise figures In young mdividuals
the T wave may be extriordmnly large This
1s particularly true of the more athletic n
dividual with a slow heart rate In general 2 T
wave of seven tenths millnolts (7 mm at nor
mal standard) 1s large requiring consideration
of age rate electrode distance and physiologteal
stages
The T wave 1s normally subject to vanabihty
Drinking 1ce water to chill the apex reverses
the apex base order of recovery mnverting the T
waves m those leids with positive electrodes
facmg the apex Changes mn cardrac filling due
to change 1n eardiac rate or changes m posture
may also change the charactenstic of the T
wave
The African ECG 1s particularly vanable m
reference to transitory T wave changes A young
adult negro with no demonstrable heart disease
often presents a seeming abnormnl record with
2 high degree of vanability  Ths 1s thought to
Grusin T JIeenlant s of the Afnican s El ctrocard ogram

and the Changes Observed in S nal St dies Circtlati n
9866 1954
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This 1s 1 continuous strip of Lead V2 showing the perfect Sprrogram recorded by the S wave Note

there 1s no change i the R wave (first half of the QRS) and the base Iine 15 absolutely stable This 15 2 selec
tine change of the S wave alone

occur more frequently durmg the tunc the
jusemle pattern 1s changing to the adult chirac
tenisties (Fig 77)

THE NORMAL U WAVE

The after potentinl force 1s demonstrited by
1small positis e wase immediatcy following the
positne T wave Lattle factual information re
garding 1its normal and abnormal vanations 1s
walable (Fig 78)

THE NORMAL QT INTCRVAL

The intenal between the ouset of ventncular
cxettation and the end of ventricular recoven
15 called the QT intenv 1l This perrod of time
corresponds npproumatcly to mechamenl svs
tole of the heart and 15 sometimes called elec
trnical swstole The QT terval s properls
measured as the longest nterval m any of the
leads Its value will sany with the heart rate

The QT mterval should be coirected for rate
before determning whether 1t 1s withm normal
hmuts This may be done by utilizing Bazette s
formult
K = QT mtennal X VR — R mterval

K 15 a constant and 15 37 sec for men and 40
sec for women R — R inters 1l means the time
between two successne R waves The QT m
tersal 1s measured directly from the tracing
m queshon  Whenover QT mtenval times
VR — R 1s greater thm the constant K the
QT ntenv 1l 1s prolonged  An average QT n
tercal 15 34 to 44 sec

THE MI'AN VECTOR

A number of normal values in electrocardiog
raphy are dependent upon the so ealled “mean
vector ™ These are derived from the net positive
or negatne value of complexes graphed on the
lead coordinates The QRS complex 1 an ex
ample will have 2 net positne negatnve or zero
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Figure 72

Each nodal

| i
1 Y3
|
n

has less QRS amplitude than the preced

iy, and following QRS complex This appears to occur only with very early premature
contractions

value 1n any lead The sime 1s true for the other
events The final menn vector determined for
an event 1s an over all resultant force equated
to the event

The first step 1s to deternumne the net value of
a complex n a grven lead The triangular area
of the posiive wnd negative deflection 1s ob
tamed (amplitude times base divided by two)
The values are subtracted (added algebraically )

dicular to Lead I If Lead II and IIT are positive
the mean QRS axis 15 +90 Determmation of
the mean T and P vectors mav be made m 1
sumilar manner

The mean vector measurements are clearly
mathematical derivatives and crude determina
tions The reader should review agan the
mathematical ongm of mean sectors obtamed
from c graphs as d d m Chapter

to obtam the net value When the positive and
negative deflections are equal the net value 1s
zero A lead with such a complex 1s called the
soelectrical lead for the event bemng measured
The mean vector 1s perpendicular to this lead
Guven Lead I with a diphasic QRS complex and
et value of zero the mean QRS avis 15 perpen

I Thev can be used for average directions md
m a very coarse manner for magnitude

THE MEAN 04 QRS VECTOR

On occaston 1t 15 advantageous to calculate
the mean vector acting for a speaific period of
time The mean QRS vector acting during the
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Figure 73 A) Bifore exercrse

mitral G4 sec of ventricular exeitation 1s mam
fested only during this 04 sce mterval irrespec
tive of the character of the QRS complex duning
the latter period of exaitaition The terminal 04
sec QRS vector acts only during the l1st 04 sec
of ventriculir ¢ xcitation

The relationstup of these component QRS
vectors to the mean QRS vector muyy be tllus
trated by the following cise (Fig 79)

1) The total QRS duration s 08 sec (longest
QRS durition 1 1ny lead)

2) Lead III has a QRS duration of 08 sce
Its mitial 04 sec 151 Q wave 4 mm deep The
last 04 sec 1san Rwave4mm hugh The mitinl
04 QRS value 1in muinus 2 umts (4 X 1 divided
by 2) and 1ts termmal QRS value 1s plus 2
(4 X 1diaded by 2) The men QRS value n
Lead II then 15 0

B) Immadintels after exerene

3) Laad IT has a QRS duration of onhy &4
se¢ The compley his 8 mm of positne wunpht
tude The meam QRS viluc in Lead 1T 1s 4
positine units (8 X 1 divaded by 2) Smce the
QRS mterval ws short i Lead 1T isoeleetrie
mterval of 04 sec durition must have occurred
on this lead s during ventnculir exertttion
Tlus occurred either before or after the positine
complex was mserthed

4) Lead I has 1 QRS durtion of 08 sec The
entire complex 1s positne  Its height of 4 mm
1s rerched at O sec The mtial 04 sec QRS
value 15 plus 2 units (4 % 1 divided by 2) The
termml 04 QRS vlue 1s vlso plus 2 umts The
mean QRS value m Lead I 1s plus 4 umts (4 X 2
drvided by 2)

The imtial 04 QRS value changes from minus
2 umits m Lead 11T to plus 2 umts m Lead T
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Figure 74 A} Before excreise B) Immedhately fter exercise C) Return to normal
rite after exercise

Therefore an 1soelectnic pomt must exist be
tween Lead T and Lead T for the mitinl 04
vector This isoelectric pomt wis it Lead IT
nd wrote an 1soelectric mtery 1 before the posi
the wie occurred  This 1lso crsed the QRS
mtenval to ppear shortened mm Lod 11 (04
sec) The mitial 04 mew QRS vector 1s per
pendiculrr to the lewd aas of Lewd II and
directed toward Lewd I or its 1as1s 30 The
termmal 04 mewn QRS vector records plus 2

umts m Lead IIT plus 2 umts m Lead I and
plus 4 umts n Lend II Its aws 1s parallel to
the aus of Lead Il or -+60 The mean QRS
complex 1s perpendiculir to Lead I wherc the
mean QRS magmtude was 0 The mewn QRS
vector has an axis of 4-30

The antenior or postenior dircetion of the 04
sec yvector en be determmed from the V leads
igan by locating the trnsition from positive
to negatn e value
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Figure 75 A) Before exerasc

NORMAL MLAN QRS AXIS

The projection of the QRS vector on the
frontal plane 1s c1lled the QRS s 1t 1s defined
m degrees from the 1as of Lead I The norml
adult heart may have 1 QRS 1us between -30
and 4110 Any ras beyond this range must
be expluned before the 1us 1s considered nor
mal In the mfint the axs 15 normally to the
nght beyond +90 and gridually shifts left
ward to 1ssume the adult position  As age ad
vances the QRS axis commonly shufts Ieftward
to an axis of 0 or 1 mmus value

As the QRS vector 1s rotated out of the frontal
plane to either 1 more postenor or antenor di
rection 1ts magmtude 10 the frontal plane 1s
dimimshed  In the nonmal adult the mean QRS
vector 15 directed posteriorly  This 1s the m
fluence of early completion of septal activation
causing the termmal QRS pathwty to be du
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B) Immedntey after exerase

rected postenody IE the loft ventncle s
clongited the septil content 1s Targer and the
mean QRS vector s directed even more leftw ard
md bichward

The aus of the QRS vector m the frontal
ple or amy other plne can be determined
by the mcthods outhined previoush for the ¢l
calation of any spatral force m any plane

THLC MEAN T VECTOR

The spatial T vector 15 directed far to the
night and posteriorly at birth The vector grad
uilly moves leftward and anterrorly with age
Occasiomlly the posterior direction of the T
vector m1y persist mto 1dult Iife  This 1s one
cause of negitive T waves m V1 through V3 and
it 15 ealled 2 persistent juvemle pattern

The normal mean T vector in the adult ap
proumates the longitudinal axs of the lft ven



The Normal Eleetrocardiogram

Figure 76 Note ST segment elevation m Leads
HI AVF ¥2 and V3 in 1 healthy sobject

tricle Thus st 1s normally antenior to the mean
QRS vector When the mean QRS vector be
cowes markedly leftward the mean Ty ector will
be to its nght eg QRS =30 T vector zero
degrees

The magmtude of the normal T vector 15
usually less than the magmtude of the QRS
vector although it mas be uger m slow hearts
with vertieal vas as seen 1 voung mdividuals

THE MEAN SPATIAL QRS T ANGLE

Chiefly due to earh completion of scptal
actnation 1 norml angle eusts hetween the
mean QRS and mean T vectors (g 80} The
spatial angle in the adult 1s usually less than 60
Occastonal indiduals without known evsdence
of heart disease miv hase an angle as Jarge as
98 These are exceptionl Any angle over 60
must be explaned

In the normal voung adult the ventneules

61

are shost  The septal companent 1s small The
mem QRS vector tends to be electrically ver
tscal and not very far postenior It 15 chuefly
strayght down The QRS and T vectors are
nearhy prraliel and the mean spand QRS T
angle may be only 15  Later m bfe the left
ventricle tends to elongate increwsng the eof

ﬁ:{;

i
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Tigure 77 This ECG was recorded on @ soung
negro without any demonsteable evidence of
heart diserse hypertraphy or hypertension The
QRS amphitude 15 mereased m part due 1o the
small chest Note the QRS complex bewg 1e
corded off the papez  This 1s n error in tech
mrue When the QRS ampltude 15 too Luge for
proper recording the standardss ihon should b
reduced
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fective migmtude of the septal wevector This
causes 1 shift m mewn QRS avs leftw ard ind
posterior  The mewm spatnl QRS T wgle
widens

If the migmtude dircction ind sense of the
QRS nd T vector 1s hnown the net positine or
negtive v alue that 1s recorded m iy lead e
be determined (kg 60)

If the spatid QRST nglc 15 bnormnlhy

Fundamentals of Llectrocardiography and \ ectorcardio raphy

wide it will register bnomml patterns mes
ured by mdiadml lewds The measurement
of thc QRS T e projection on only one plume
1 fidhaous md mulading In am instanec
when the QRS wmd T vector hae the same
frontal phine s the men QRS T angle i the
frontal plwc 15 0 I the QRS veetor 1s pos
tenor and the T vector s mterior the spatnl
wgle will hecome smaller as it becomes vertietl
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Fugure 76

Figure 79
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(Fig 81) Viewed m the sagutal phwme the
angle between 1 and b s Tuger than the more
vertienl angle between 1ond b dthough m
both eases the gle 15 0 1s projected on the
frontal pline and 60 s projccted on the trns
verse pline

If the QRS and T vectors both have 1 s
of 490 the angle w 1ll he aither 0 or 160 m
the transverse plwe projection  Turther
crease m the spatnl wgle will only mercase the
magnitude of projcction 1 the trinsverse plinc
(Tig 81) This accounts for the wide QRS T
angle i the V leads m the presence of 1vertical
electrical 1us and small mean spanl QRS T
angle

Certan difficultics m ealeuliting the spatial
angle are inherent to the human bods nd must
be iwssumed Not only s there n indiidual
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Figure 81

matomie v wretion m the Vo posttion bat
the location of the crdiie sero center s not
constant  The center of zero potential may be
crther intenor or postcrior to ats expected locy
tion or it muy be lower or Ingher When the
zero conter s shifted the entire reference system
1s Atcred Neserthddess it is better to he
some mens of approximating the spatnl angle
than none at ll

The actual cileulition of the spatid QRS T
angle 15 somewhit cumbersome wd for th
reson 1 simphfied tible 1s provided to approx
mate rcadily the spatnl QRS T angle (see
spitinl angle chart)  Tich vector 1s deseribed
by 1ts vas n the fronta pline and its trnsition
pomt m the V lawds  The desenption of the
vector n the Ift hand magm s located for
ather the QRS or T veetor The description
of the other vector 15 located at the bottom of
the table At the mtersection of the columns
the value of the spitnd angle 1s recorded  The
method of using the tible 1s exicth bhe nsimg
w ordwmary muleage chart The values we e
curite mathematieallk within 5 The chart
mn be used to erleulite my two spatial vector
forces meluding the angle butween 04 QRS
vectors and the mern QRS vector

Assuming the lexd 1as of V6 1s parallel to
the \ coordmite when 1 complex s transitional
at V6 the vector for that event must be 90
or ~90 n the frontal phine  Accordingh 2
trnsition complex 1t V6 1s described m the
chart as a stricthy vertical force of +90 or -90
If the vector s onh shghtl postenor V1
through V5 will be negatne 1f 1t 1s shghth
anterior V6 1s negatne The more mtenor or
postenior the direction of the spatinl force the
smaller 1ts magmtude m Lead aVf

Transition 2t V6 with 1 diphsic or 1soelectric
value i all the imb leads meluding aVf 1s pro
duced by 1 vector which 1s directed entrrely
anteriorly or postenorly  Such 1 vector 15 truly
perpendicular to the frontal ple If it 15
terior V1 through V3 are positne If the vector
1s directed posteriorly V1 through V5 are negr
tnne On the chiart they are described as anterior
to the frontyl plme with tranwtion at V6
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(A V86) or postenor to the frontal phine with
trmsiton At VB (P VB)

In any ndivideal cise the spatial angle be
tween two forces can be determmed by using
the law of costnes (Fig 82) 1 2 lne 1s driwn
betneen the ternmmations of the QRS and T
svectors a spatrd tnangle is formed By the Jaw
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Figare 82

of cosmes the angles of any tnangle can be de
termned wheneyer the magnitudes of the three
sides e known  One side of the tnangle 15 the
QRS vector nd another side 15 the T seetor
The base (B} must be calculated The base
can be calculted becanse the twelve lead ECG
measures the spatil force along three perpen
dicular axes X Y andZ The projection of the
force on cach 105 15 known for both the QRS
and T vector The sum of the square of diifer
ence of projected magnitude 1 ech coordmate
equals the square of the base  This may be ex
pressed

™ =AY Uy, =% {2 -2 =B
Utshizing the law of cosines the

cosine of the
QRS T Angle = (QRS vector) + (7T vector} — B
% X QRS vector W T vector

Stepwise one determmes
1} The spatal magmtude of the QRS vector
2) the spatial magmtade of the T vector
3} the value of Base squared
4} and the cosine of the QRS T Angle by the
law of conmes
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Fundamentls of Vectorewrdiography

Tm: IREVIOUS DIsCUssions hive cmphasized
that the eleetrical Gvents of the heart desenbe
spatnl paithways or loops P QRS wd T The
vectorcrdiogram strives to record these spatnl
loops The sptil loops are polygons and the
ECG reeords the successive resultunts of the
poligon The differcnces d similinties of the
VCG and ECG 1re those which cxist botween
polygons and coordinate graphs of polygon re
sultwits It 15 clear that the ECG mesures dun
tion sequence nd dircetion  The VCG abso
measures magmtude beeuse it records the sides
of the polvgon 1s the spatial pithway

The Frontal Planc Vectore wdiograms are re
corded with a cathode r1y oscilloscope  Use 1s
made of the X 1nd Y aas of the cathode rav
beum (side to side nd up ind down) created
by the horizontal wmd verticil plates The lead
chosen to represent the X coordmte 1s fed mto
the \ nus  The lexd representing the Y coor
dmate 1s fed mnto the Y 1xas When the X\ and 1
coordinttes are recorded simultincously they
record the frontal plane projection of spatil
loops (Fig 83) The s limb leads of the ECG
e be extricted from thw projection

The Sagittal Planc projection of the spatial
loops requires use of the Z wd Y coordinate
leads The lexd representing the Z coordinate 15
fed nto the % axis of the osalloscope  The Y
coordmate lead 15 fed mto the Y aus Ther
simultaneous recording 1s the sagittil pline of
the spatial loops (Fig 84)

When n oscilloscope with two beams 15 used
the sagttal and frontal pline projections of the
vectorcardiogram e be re corde d simultaneous
Iy This gives a frontal and profile view of any

66

one cwdne cyele The two plancs utihze Al
three mutully perpendiculyr coordimtes (\
Y /) thus definng spatnl forees

The Transverse Plane s recorded by feedmy,
the lead for \ coordinate mto the \ 1as 1nd

Figure 83

the lewd for the Z coordmite mto the Y axis
(Fig 85) The transverse plane represents the
cross section through the thorax  The V leads
my be extricted from the trinsverse pline by
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Figure 84

projectiug the transverse plane upon the co
ordmte ras of each V lead
Timing 1s accomplished by introducing mter
ruptions 1 the beam at known mtenals (Fig
86) 1f the beam 1s blanked out each 0025 sce
An nterruption will ocour e the loop <eny
0025 sec By locating the time intervals on both
the frontal and sagsttal planes the pomt m spce
for exch instantaneous vector can be deseribed
m terms of 1ts X 1 Z coordmates From such
a determunition «t spthial representation of the
spatial pathway (polygon) can be constructed
The instantancous vectors of such a three du
1 rep are the ere
sultants of the sides of the polygon The suc
cessive mnstant ineous spatal vectars ¢ be pro
jeeted upon eich lead axis to construct each
lead (Fag 87)
It 15 obvious that whatever leads onc uses for
N\ Y} Z coordinates ¢in m turn be extracted

from their rccorded vectorewrdiogram  This 1n
no way vihdates these particulr leads as true
representatnes of X\ Y Z coordmates for the
body In anmy system employving bipolar leads
the leads must be centercd 1n reference to the
zero center and the leads standardized equally
to each other Standirdization requires that
both the lead length and the radius distance of
the electrodes from the zero center be known

Figure 83

Figure 86



65 Fundamentals of Llectr il

THE YCG SYSTEM

The system used to record the vectorerdio
grims demonstrated 1 this text attempts to sit
|}f) the requirements of 1) symmetricd vl
tion to the zero center 2) mcsured lead
lengths and 3) known raduus distwnees of clee
trodes from the zcro center The first step s
location of the zcro center It 15 assumed that
the center of the left ventricle approxumites thi

wraphy and Vect lography

pomt A Ieft hiteral and PA chest \ iy 15 ob
tuncd In cach subject the eenter 1s located as
1) one Mlf the vertical distance between the
ught atrnl groove and the Ieft leaf of the dia
phrigm b} onc InIf the distance between the
nud sternl hine and the left cardiae border at
this leved and ¢) one Inlf the dist inee hetween
the antcrior and postertor cardize bordcrs at the
same vertical Teved as located on the sigittal
Ny (g 8%)
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The transverse lead (\ coordnate) 15 on the
back across the shoulders It 15 arranged so
that ats length 1s isected by a perpendicular
extending to the cardiac center prev ously mes
ured In the adult the length most often chosen
1s 22 em Thus if the center 15 4 em to the left
of the mid spinal line the left electrode (+) 15
15 cm to the left of the midline and the nght
electrode (—) 7 ¢cm to the nght of the mdhne
The nurowness of the lower part of the thorax
prevents symmetrical location of 4 lead of such
length at this location 1n most normal adults
For this reason the lead 1s placed across the
upper thorax 1t 1s desirble to retun lead
length whenever possible *

The vertical lead (Y coordinate) 1s isected
by a perpendicular from st to the cirdiac center
The usual lead length i the adult 1s 30 em  The
negative electrode 1s the same as the nght elec
trode for the transverse lead The positnve elec
trode 15 directly 30 em beneath 1t

The three symmetncally phced electrodes are
all of equal ridius dist inee from the center The
chief difference 1n their sensitivity 15 their daffer
ence n lead length  Since the vertical lead 1s
the longest 1t will have the greatest sensitity

It is recognised that the left shoulder has a more com
pheated potential feld  However the advantages gamed
by a long lead length symmetnical to the zero center out
weigh this disadvantage

¢ phy 69
In order that they be equal the standardization
(amplification) must be adjusted Ths 15 done
simply by multiplying the transverse lead stand
ardization by the ratio of the lead lengths With
@ standardization of 10 em = 1 myv for the
transverse lexd (length 22 em ) the vertical
lead (30 cm } standardization should be 73 cm
=1m

100)(22‘— 73
Eo-—t

The sagittal lead (Z coordmate) 15 a V lead
placed directly over the cardine center on the
back (commonly 4 em to the left of the mid
spine ) The standard Wilson central termnal
1s utihized The lead length 1s obtamed by meas
unng the distance on the sagittal \ ray from the
center to the back (commonly 19 em ) The
standardization 15 determined by using the
equation for the sensitnity of the bipolr lead
(3L/R®) and the V lead (3/r) When the
standardization for the transierse lead 1s 10 em
= 1mv (trnsverse lead 22 em long vertical
lead 30 cm long and sagittal lead 19 cm long)
the formula 15

V lead standirdization =y _x transverse lead length
R
42=19 x 19 x 22
18500

Like 1l systems leadmg from the human
body certan errors must be assumed  The ind:

Figure 87 The three d

1V CG model 15 constructed from a simultneously

recorded frontal and sagitta] plane VCG (frontal view at the left and sagittal view
at the right) The very Jarge white loop 1s the QRS loop The blick markers repre

sent 01 sec intervals

The white vectors are the mstantaneous spatial vectors at

each 01 sec (the resultants of the polygon) The QRS loop begins antenorly and
sweeps downward to the left and posterior Its terminnl portion 1s complicated reflect
g the terminal comphcations of the wave front The sagittal presentation 15 a left
profile of the model The small P loop n tlus instance 15 more vertical than the more

leftward T Joop

‘The white marker at the base of the madel represents 5 em length and 1s a stand
ardization By companing the site of the standird i each succecding photogriph
a concept of relative size can be appreciated  All succeeding models unless other
wise stated are built to the same scale 1n terms of electrical moment (corrected for

lead length and distinee of electrode positions from the heart)

equils 95 millivolts as electneal moment

Each centimcter

The above example depicts 1 vertieal QRS foop Note the mitial Q w e i Led
D1 corresponding 1o the mitial upward coursc of the QRS loop ind the termnil §
wive m Lead 11 Lead I and 2V 1s the termmal QRS pathway s dirceted even

farther toward the nght shoulder
avrand g\l

This cvent also creates 1 termmal R wwve
As the terminal QRS pathw w 1s nearly perpendicular to the aus of

Lead I 1t has almost no mfluence on that lead
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Figure 88 A) Demonstration of electrode positions n relation to the center of the left ven

trcle as seen on the PA film B) Demonstration of the method of determmmng the sagittal

lead length from the sagittal x rav  C) Diagram of actual electrode pltcement far recording
CGs
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vidual v anntion 1n body shape body size and
the location of the zero center are i part cor
rected mothes system It lse enables comver
sion for factors of ridws distance and lead
length from one subject to the next (terms of
clectrical moment} which cannot he done un
less such me1surcments are made W ithout such
comersion factors electrocirdiogriphie md vee
torcardiogriplic measurements of magmtude
are imahd  Unless the Jeads are standwrdized
mrelation to each other the loops ire distorted

VECTORCARDIOGRAPH
ELECTRODE
PLACEMENT

ELECTRICAL CENTER
OF HEART

® ELECTRODE
® WILSON JUNCTION

Figure 88¢

The general configurition of the compleses of

P QRS T m the 12 lead routme ECG leids cn
be extracted from the VCC Sumply draw the
lead auis through the center of the 1ectorcardio
grim and graph the mstantineous vectors on
the lead avs like a simple coordmate graph
Differences between the extracted leads and re
corded Jeads cin be attubuted to differcnce 1n
the lead svstems emploved The routme ECG
makes no corrections for zero center location
lead lengths or radius distwnce

Is of Vectorcardiography 7

INDFX OF MANIMUM POTENTIAL AND
POTENTIAL SECONDS

The vectorcardiogram enables the eileulation
of the Inder of Maximum Potcntial and the
Indcv of Potential Seconds The former 1s direct
Iy related to lcft ventricular surfree arex (and
consequently strohe volume) and the latter 1s an
evpression of wall thichness as well The mdex
of mrumum potential 1s obtamed for the left
ventricle stmply by mensuning the length of the
QRS pathw 1y after completion of night ventric
ulr and septal actnation  The pathway repre
sents the length of the sides of the pols gon

The instantaneous long left ventrculir vector
commonly represents the resultant of the base
vector and septal vector Thus the st half of
the QRS has two major directions 1) < Jong
tudmal and 2) a posterior component The
longitudinal component represents the arca of
the base and the posterior component repre
sents the area of the septum These two com
ponents are roughly two sides of 1 trnangle
(semuparallelogram) and the long left ventncle
vector 1s the drigomal or their resultant

The ndex of potential seconds 1s obtaned by
first multiplying the length of each segment of
the spatial pathway by 1its duration of action
then summing these salues Each segment rep
resents 1 side of the polygon or 2 component
force expressed m millivolts thus each segment
15 comverted to millnolts times sec /100

Since the difference n time of onset for endo
cardial excitation for different muscle regrons 15
not great 1t 1s practical to begm at 00 sec for
the onset of action for a force Thus the side of
the polygon from 04 sce to 03 sec has an aver
age duration of 045 sec The length of the side
depicts the magmitude of the force ey, 3 mv
In such a case 3 mv X 045 sec = 135 X
sec /100

This value represents the force i umits of
time mamfested by this one side of the polygon
A similar procedure should be done for exch
successne side  The sum expressed in mv >
sec /100 1s an ndex of the voltage m umits of
time cre ited by the left ventricle for one cardine
cvele
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In order to be comparable from one subjcet
to the next the mdey of mamum potential and
the mdex of potential sceonds must be converted
to terms of clectrie:] moment by multiplying by
the factor B* 3L Tlns factor 1s the reerproct
of the sensitmity the transverse Jead used 15 1

2T Ty
wx
e ¥

e

Figure 89 In the above exwmple the QRS duration 15
09 sec (the 08 tune marker 1s behind the T loop)
The long left ventricular vector occurs 1t 04 sec The
length of the pathway from 04 to 09 sec 1s the mdex
ot maximum potentin] In this case the length 15 315
em or 29925 mv (1 em equals 95 mv n terms of
electrical moment) The lengths for each time mterval
for calculation of potennal seconds are as follows
04— 03sec = 16 = =684 mv sec/100
sec 100
sec /100

Tem = 95m = 608mv secs100

1661 5 sec /100
or 166 volts X sec, 100 equals the potential seconds
per QRS cyvele At a cardsac rate of 80 per minute the
potential seconds per mnutes would be 166 volts X
sec /100 X 80 or 1328 volts X sec /100 or 133 volt
sec per mmute

08— 09sec =

base for standardization The index of max
imum potentinl and mdex of potential scconds
we determmed per eardine eyele, to be cx
pressed per mmute they must be multiphied by
the pulse rite (Fig 69)

THI NORMAL VLCTORCARDIOGRAM

The norml vectoreardiogram depicts « QRS
loop to the night at birth 1t 1s of small magm
tude m terms of dectrical moment (g 90)
There 15 1 gradual transtion to the adult type
seetorerdiogeam  In the cluld the svalues ob
tuncd from the VCG (index of maximum po-
tential aind mdes of potential seconds) remams
smill (Fig 91) The values merease with i
crexsmg body size until ey adult hie  krom
this paak there appewrs to be 1 dechne m the
size of the VCG The nverage forty vear old
Amcncan male has 1 decrcise i indey of mix
mum potential  The sigmificinee of this 1s not
tlerr Theoretically 1t could represent changes
m density of charge 1cross the wave front sec
ondirily related to cell function or even a de
crease i cardnie ontput Common types of
normal vectorewrdiograms re illustrated for the
reader to compare wath the routine LCG (Figs
92 93 94 and 95)

The VCG i athlctic mdiniduals s usnlls
much larger with 2 large index of maximum po
tential and 1 hrge mdex of potential seconds
per cardine evele These mdwiduals commonls
have slow pulse rates with lrge stroke volumes
The surfice wren of the ventricles 1s greater m
creasing the size of the excitition wave front
manifested by an mcrevsed mndex of maumum
potential  The ST mtersal 15 often displaced
and the T loops are mereased in magmitude The
mereise :n T magmtude 1s evidence of physio
logical enlargement rather than pathological
change

Charactenstieilly the QRS loop of the athlete
1s opened consistent with ewrdiae dilatation
The termmal portion of the loop 15 often com
plicated mdicating a complicited wave front
at the base of the dilated ventncle (Figs 96
and 97)



Figure 90 A vectorcardiogram of a seven day old mfant Note the nghtward direction of the

QRS loop and the mean QRS avts on the ECG of + 120 The mstial R wave in Lead I 15

depicted by the imitial leftward course of the QRS loop The termmal § wie depicts the

nghtward course of the loop Trv to reconstruct the character of the QRS compley mn each

of the othcr six hmb leads by projecting the loop on the correct lead axis The QRS duration

1s onlv 03 sec This model 15 the onhy one not corrected for electnical moment as 1t was re
corded by a different techmque i 1951
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Figure 91 The VCG of an eight vear old gir]  The QRS loop 1s small 1n terms of elcctricrl moment This 18w

excellent cxample of small QRS amplitude when expressed in terms of clectrode plicement The QRS 1mphitude

on the routing ECG 1s not expressed 1 terms of electrode plicement and the QRS amplitude therefore bears no

relation to the true size of the small heart of this 56 pound child  The small P loop 1s directed postertorly and

obscured by the larger T loop  The T loop 15 directcd posteriorly on the VCG and 15 mamifested Iy an 1oy erted

Twnemm V1 V2 and V3 This 15 the juverule pattern  The spatial 1 CG suggests that the apex of the heut
may be pownted backward 1n such examples

The yectorcardiogram provides 1 clear dem
onstration of the nfluence of respirition The
exprratory VCG consistently 15 the Tirgest At
the onset of nspirition there 1s marked decrease
n size of the last half of the QRS loop represent
ing the left ventricle and shght increase n the
anterior segment When the breath 1s held m
deep mspiration the left ventricular component
momentarily increases with the surge of blood

from the lungs mto the left ventricle but there
1s 1 over all deerease 1n the loop consistent wath
decreased stroke volume (this 1s most marked
n complete valsalva)  On expiration the VCC
1s momentanly larger than during quiet breath

mg The temporal changes in the QRS ¢ycle do
not permit the simple explanation of change m
curdiac posttion due to excursion of the dn

phragm (Fig 98)
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Figure 92 The VCG of an erghteen year old healthy male The mntial upward
course of the QRS loop creates an mitial R wave mn a\r The QRS loop remans
open indicating a force 15 still active at the completion of excitation This 15 the
same as the elevation of the ST segment scen m Leads I II III aVf and 12
through 16 The QRS lonp continues directly into the T loop The P loop 1s very

small and directed nearly straight to the left
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Figure 93 The A CG of a forty three yer old man  The QRS loop 1s mtermediate i Jocation  The mitnl nght

ward course of the QRS loop corresponds to the imtial Q wave n Lerd I wd the intnil R wave in Lead I The

subsequent leftward QRS pathway writes an R wase m Lead Iand an § wave mn Lead III When the QRS path

way descends 1t enters the positne zone of Lead III cresting an R wave The terminal QRS pithway 1s di
rected upward to such a degree that a terminal $§ wave 1s mscrbed 1o Lead T
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Figure 94 An mtermediate VCG 1 « normal forty yearold man The QRS pithway 1 finst directed to the nght
ind downward (Q wave m Lead I wd embryonic R wave 1 Lead 1I1)  As the pathw 1s directed upward a
tmy S wave 15 mscribed m Lead 111 The QRS pathway contmues to the left and 1s the fertor Imb of the mam
QRS loop It mnvades only a Ittle way into the positive zone of Lead III cretng wm R wve of very low amplt

tude The termmal QRS pathwy 15 well within the negative zone of Lead III creiting a more prominent S

wave The chief difference m this VCG from Fig 93 s that the mam termm1l QRS pathwny 15 above the man
mtial large QRS pathway thus there 1s no R wave following the man S wave in Lexd HII The mtial R wave
m the \ Jexds becomes progressively luger as the V lead s becomes more leftward  Compare the configura

tion of Lead I and V6

[
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Figure 95 A VCG with honzontil orientition  The QRS loop 15 nirow and
newrh perpendicular to aVf This tecounts for the low amphtude and diphasic
character of the QRS loop m that lead The loop 1s also nirrow 1n the samttal view
corresponding, to the low QRS amphtude m V2 The arer of such long narrow
loops 1s quite small  Caleulations based on the enclosed are1 ire me ingless In
such examples only the cormrect pnnciples of the polvgon sides (length of QRS
pathway )} can be expected to reflect the mignitude of electnictl activats - The P loop
a5 usual 1s smaller than the T Ioop
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Figuze 96 The VCG of a twenty stven sear old Olvmpic athlete The qRS eonfiguration of Lead I can readily

be extracted trom the frontal plane Regard the 5 an standard to appreciate the Jous size of the

VCG The marked mcrease i QPS amphtude 1 lost in the routtne. ECG ~ The subject bas a resting pulse rate

of 44 per mm with necessanly ncreased stroke volume  The ST mten al creates an open QRS laop  The T lonp
15 large and normally directed  The smaller P loop 1s clearly evident
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Figure 97 The VCG of a thuty seven year old Olymme athlet
46 BP 92/52 The large QRS loop 1s clearly evident associated with a
large T loop and smaller P loop The QRS loop 15 open
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Figure 08 The VCG shows marked chanyes dunog the respreatory cyele The above maddls are all of the same

mdmdual Qn the left the subject 1o m exprration The center mode] represents the early phase of mspwation

e model on the right shows the mcrease i size of the 3 (G that eccurs winle holding the breath m full mspira

tion despute the fact the lungs ate at mixmum mflatton  Note the absence of nyhtward shift of the 3 CG ang
the selectnne changes m the last half of QRS pathway on early mspirabon
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Cardnic Enlargement

ATRIAL FNLARGLMENT

A'nuu, ENLARGEMENT 1s mantfested by w
crewe m duration or amplitude of the P wue
It 1s not possible to detcct which atral chamber
13 enlirged from the routine clectrocirdiogrim
Howcver there 1s 1 tendenes for 1 more Jeft
wird P Joop or P aus with Icft atnal cnlge
ment nd 2 more vertical loop with night atrl
enlirgement (Figs 99 wd 100)

LEFT VENTRICULAR ENLARGEMENT

As the left ventricle cnlwrges the length of
time requied for completion of a confluent
wave front of excitition s ncrensed This s
caused by the mercase i endocardial area to be
excited or directly related to ventricular dilatay
tion This factor can merease the time required

EI

for cxatation (increased QRS duration) with
out sigmficmt mercase i wall thickness

Dilatation of the Ieft ventncde mereases ats
surface et wd conscquenthy mercases the size
of the cxatation w e front  This 1s mantfested
by nereased QRS wmplitude incresed index of
mwimum  potentinl and mereased  potentnl
sceonds  The septum remuns s 1 60 1re of
the sentricular cone  Elongation of the ventricle
merenses the septal arcr (in relition to the
base) The mercwsed septal component opens
the spitial QRS loop crenting 2 promimnent pos
terior component during the Inst half of the QRS
cvele The open loop 1s chiractenstic of ventric
ulr dilatation ind elongation  Opening of the
loop cwnnot be determined on the routine ECG
It 15 related to the amplitude and difference n
time between the S wave in V2 and the R wave
m V6

Uin

Ll LI

Figure 99 The ECG of advanced pulmonary emphysema The PR interval 15
prolonced to 24 sec  The mean P vector 1s +90° with an 1soelectric P interval
mn Lead I The mean QRS axis 1s +60 Nate the low amplitude of the QRS
complexes throughout the record The distincine features are the comparatively
Tarde P wavece with vertical P avis and the verv small ORS amplitude
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This 15 an exumple of mitral stenosis and msuficency PR
mcreased P amplitude P axis +45 compairatiely small QRS

amplitude mean QRS aus +15 The distinctive feature 15 the large P waves mn
Lead I and II

Amplitude 1s often msleading when meas
ured by the routine ECG due to electrode dis
tance and lead length Whenever the sum of
the wnplitude of the QRS complexes in Leds
V6 V2 and aVf exceeds 5 millnolts the ques
tion of dilatation should be considered A prom
ment § wave m V215 1 frequent finding m left
ventricular hypertrophy

Generalized dilat1tion mav be manifested by
mereased svoltage The mcreased magmitude
scen in the presence of a normally slow heart 1s
such an example There 15 an mcrease 1 1m
plitude in both the R ware and § wave in V2
In 1soluted left ventriculr hypertrophy the R
wave 15 normal or diminshed 1n amplhtude
whereas the 5 wave 1s mereased in size  The
ncrease in voltage caused by uncomplicated
left ventnicular hypertrophy affects chefly the
Tast half of the excitation cyvele or that portion
domnated by the left ventricle

The value of converting measurements to
terms of elcctrical moment 15 evident in com
panng such 1 vectorcardiogram mn 1 child a
nomal adult and in the presence of hyvper
trophy (Fig 101) It 1s known that the childs
heart 1s small and the relative size difference ¢
be appreciated m this manner

Increase 1n wall thickness mereases the QRS
duration and the potential seconds The QRS
duration hecomes more sigmificant as an index

of wall thichness m the abscnce of diltition
(norm1l QRS amplitude)

Ventricultr recovery 1s tered in the presence
of left ventricular Iy pertrophy  With nereased
wall thickness the time requared for transmis
sion of the wave front of recovery to the surface
15 mcresed  The ewly endocirdial recovery
at the apex creates 1 wave front before armval
at the cpicwrdiil surfice  This wae front
dircets forces towards the recovered endocardnl
tissues or towards the base The apical endo
cardial recovery creates an ST segment depres
sion 1 those leads with wn upright QRS com
plex The degree of depression depends upon
the degree of wall thickness

It 13 interesting, to note that physiological en
largement as seen m the athlete 15 often ac
compmmed by ST segment changes These
however are due to 7 vector directed parallel
to the QRS rector and are associtted with
early recovery of the night ventricle ind aprenl
regions throughout the thmn wall

With increased wall thickness the comeal
wave front of recovery devclaps steeper walls
or 1 evlindrictl shape  This dimimishes the mag,
mtude of the T loop aind T waves Progressne
wall thickening results 1n an everted comeal
wave front throughout the endocirdinl shell At
this pont the T vector 1s directed opposite the
QRS vector or creates 1 wide spatinll QRS T
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Three VCC models constructed to the sime seale (sce stind wrdization bar)  The left model 15 a

fifty six pound cluld The center model 15 a normal twenty two yerr old 155 pound male The modc! on the nght

15 that of a twenty-one year old fumale at 120 pounds with congemital aortic stenosns and marked left ventricular

enlargement The difference 1 cardiae size 15 unquestioned chimically and the diffcrence m the V CG model size
15 obvious

angle the T loop 15 opposite the QRS loop the
QRS complexes are upright with inverted T
waves The mverted T wave becomes progres
sively larger after this stage

The mcreased time required for excitation
and recovery causes an increase in the QT m
tenal  Physwological enlargement wlich s
chefly dilatation 1s assocrted with 1 large nor
mally directed T loop (Fig 102)

Left ventricular hypertrophy may be present
with vertical intermediate or left electrical aus
(Figs 103 and 104) Marked left ais 15 more
apt to occur with elongation of the ventncle
m association with other physical fictors A
high maidence of angma previous nfarction
and conduction defects occurs mn subjects with
an electrical aus farther left than 30

Left ventricular hypertrophy causes *

There 15 a wide difference of opunien amongst authorities
ding what is left lar h by the ECG
This 1s hardly surprisng since the mportant factors of
magmtude are not considered (electrode distance and lead

1) Increased QRS durition (increased poten
tal seconds)

2) Increased QRS amphtude (incrensed 1n
dex of mumum potentral)

3) An ST vcctor directed away from the QRS
vector  Physwologieal dilrtation creates an ST
vector piriliel to the QRS and T vectors

4) Decrensed T vector magmitude  Physio
logical dilatation mereases T vector magmtude

5) Isoelectric T waves

6) Imerted T waves with a wide QRS T
angle Physiological dilatation 1s associnted with
a normal directed T wnve

7) Increased QT mnterval

RIGHT VENTRICULAR ENLARGEMENT

Enlargement of the nght ventnicle creates
particularly complicated  electrocardiographic

length) the diff 1w opinion 1n d and use
of the so called intnnsicord deflection the fulure to use
the stdes of the polygon principle to evaluate magnitude and
the absence of any correlation of QRS magmitude to cardite
rate
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Figure 102 The VCOC of an Olympw athlete  The large normaltv duected T loop 15 character

sstic of physilogicd dilatation  The ST mterval 1s mamfested by « normlly directed ST farce

There 1s an averall enlargewent of the entire QRS loop as one would expeet from generalured

dilatation Thus the R wove m V2 15 Jarge compared to the S wave Contrast this to the R/S

o i hvpertrephy due to selective wcrensed work of the left ventncle w the subsequent
figures
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maunifestiions  In addition to 1 simple consid
erition of chimber size and wall thichness
there 1s the problem of chinge in posstion of the
left ventricle secondiry to right ventriculir dily
tation

Sunple uncompheited nght sentriculr &
latation pushes the left ventricle posteriorh
(Fig 105) This simple mnemer causes the
termmal events of left «entricular cxertation to
describe 1 spatinl pathway to the nght and
posterior It requires only 1 small bachward
shift of the 1pes to accomphsh this cffect The
left ventricle then creates 2 lurger § wive m

Lead T with 2 verticd or nghtward mean QRS
aas There 1s an S wave m Lead V2 The
terminal nghtward pathway may desenibe an
R waneat VI

As Jong s the left ventricle s the last to com
plete cxettrtion the § wave mn Lead T cannot
be ascribed to the nght ventncle  When the
nght ventncle dominates the terminal eveita
tion there will be ittle of amy S wave in Lead
Ve

Dilitation of the nght ventricle causes prolon
gation of the time required to form a confluent
wave front of exaitation This prolongation m
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Figure 103 The \CG of left ventricular hypertrophy m hvpertension The QRS

amphtude s markedly increased The QRS loop 1s directed backward The large

T loop 1s duected opposite the QRS loop  Note the ST mterval 15 directed parallel
to the T loop The V leads are recorded at half standard
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Tigure 104 The VCG of twenty one yveir old case of aortic stenosis  The QRS
loop 15 vertical but agan chiefly postenor n its onentation The T loop 1s com
paritively smaller than the previous eximple and 15 directed opposite the QRS
loop The P loop 15 directed backward Leads V2 and V3 are recorded at half

standard
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Figure 103 Right ventricular diltthon
termmal S wave 1im V2 and Lead I repres

with a mewn QRS aus of +105  The
ent the termmal forces of left ventnicle

An S wave m Lead [ due to the nght ventnicle would not hinve in § wave 1n V2

tume of exeitation may allow the nght ventnele
to create a large force durmg the pertod normal
Iy occupred by left ventriculir exertation 2lone
This opposite force dimimshes the QRS wmph
tude and the mdex of mramum potential

The thicker base way be sufficiently delasved
m activation to create 1 Iite R wave from the
nght ventrcle alone  In this cise nght ven
tricular hypertrophy resembles the electrocar
diographic pattern of night bundle branch bloch
(Fig 106) It differs from bundle brinch block
n that 1ts index of maximum potentil 15 usunlly
less

Right ventricular dilatation may cruse

1) Increased QRS duration

2) Decreased index of misunum potentinl

3) Rught 1us sluft of mew QRS vas mamt
fested by a prommment S wive m Leads T and

ST

V6 termmal R wave m V1 ind terminal R mn
Lewd III

4) Delay 1 actination of the base with com
pheited conduction resembling bundle brinch
block

When right s entricular dilitation 1s assocrated
with ncreiscd wall thickness there s further
prolongation 1n its actination  The prolonged
period of 1ctiy 1tion my mamtan 1 larger ware
front 1 the nght ventriele than mn the left This
creates night ventricultr domnance of exeitn
tion  As left ventricular actisation 1s completed
the nght ventricultr force directs the spatul
pithway anterior  If nght ventneulir dom:
nance 1s mamtamed the entire pithway 15 dis
placed antcrior to the pomnt of ongm

In this mstance the nghtward 1as with
termmal § wave m Leads T and V6 1s due to the
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Figure 106 An ECC of an adult with 1nomalous pulmonary yvenous dramage nto
ht t

ht bund

le bran¢h block may disappenr following

1 Y ertrarthiar 1 c11eh
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nghtventnicle The QRS complex in V2 1s chuef
Iy positine with lttle or no $ wave These
findings re most often seen 1 congenital lesions
placing the increased work chiefly on the nght
ventricle e g, tnal septal defect and pulmo
nary stenosis Since the right heart 1s larger at
buth the disproportion persists and the left
ventricle never has an opportumty to exceed
the size of the night ventricle

1.2

89

Mitral stcnosis with advanced night ventricu
lar hvpertrophy can develop an anterior loop
with a completely positne QRS at V2 Left
ventricular atrophy may contribute to the 1m
balance When the left ventricle remans of
normal thickness or if other complications are
present the S wave m V2 will be more prom
nent Decrease 1 the index of miumum po
tential 15 lmost constant i the presence of
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Figure 107 Mitral Stenosis  Note the vertical QRS loop small
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QRS amplitude

and promment early anterior pathway of the QRS loop (prommnent R wave fn
Vva) The P loop ss the most leftward loop (mean P axis —15 ) The leftward
P loop (left atrum) and vertical QRS axts suggests matral stenosis
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mficant mutral stenosis  The possibilits of  comung the domm nt s entricle with a thick wall
asculrr damage duc to rheumatie actiaty  at effeets ventricular recovery much as docs left
uld be m assocrited factor (Figs 107 and  ventniculw hvpertrophy  The T vector rotates
8 w1y from the QRS forces widening the mean
As night ventricular hypertraphy ensues be  spatial QRS T angle

'

Figure 108 Advanced Mitral Stenosis The small QRS loop 15 directed anteriorly
(Rwavem2) The P loop 15 approvimatel, 1s hrge s the T loop
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Conduction Defccty

LEFT BUNDLE BRAMCH BLOCh

'rnz smpeestT romvt of kft bundle brnch
block 15 a smgle locabzed mtorruption of the
left bundle with the rest of the endocardial
conduction system i1t Due to the block m
the left bundle the ciertition bse passes

012 see The free wall of the left ventncle
normath requires 008 see for excititan The
free wall does not recenc actithan until the
unpulse crosses the septum which requires 004
sce m the presence of complute bloch Thus
the delay n septal activation is responsible for

through the night bundle from the AV node
This cruses excitation to begm 1t the nght en
docardial region at the septal arer (Fig 109)

Activation of the nght septal swriwe ereates
a force dwected posterior and shighthy to the
left {005 scc) When the nght ventricular
cone of actn stion 1s complete {02 <ec ) the
vesultant force 1s more Jeftward and commonh
postenor  Excrtation spreads outward from all
vegions  The free wall of the nght ventricle
gradually completes actnvation cwsing the n
stantaneous vector to be directed even more
posteriorly  The evatation wave reches the
endocwrdil surfice of the left ventncle 2t its
thinnest region 2t 04 sec 4s soon s the m
pukie reaches the left ventnele rTpid endo
cudinl excatation oceurs  As the left ventncular
cone becomes confluent the mstantaneous vec
tor moves leftward retwmng s postertor direc
tan By 08 sec the wme front s the 300 arc
left ventriculir cone The magmtude of the
rector gradualhy dimimishes to zero 1s exatation
proceeds to complition

The order of exutition m left bundle bi mch
block commonly eretes an carh postenor path
wav  The normal loop acates i earh antertor
pathwae  Thus the loops of left bundle branch
block are usuills just opposite w direction to
the normat loop

The durition of «aitation w prolonted to

gt

the prol d e
Hccower; begins at the nght ventricnlar re
gon The formation of n ¢ndocardial wave
front near the 1pex creates a force directed to
svard the base of the nght ventricle As recovery
ensues the frec wall of the nght ventncle com
pletes actnation  The septum undergoes re
covery from both sides, thus its force 1s small or
non eustent  The left ventncular free wall xe
covers from the endocwdial region The re
sultant vector of the wave front 15 dweeted
tov ard the scptum and left ventncubr base
(Fig 110) Recoven of the nght ventricle pre
vents the QRS loop from closing and subscquent
recoven creites a spatral pathway oppostte the
pathn v of exertation

If one profects the mstintmeous vectors of
the spatial pithum creited by left lmndle
branch block on the led coordinates the pat
tern of left bundle branch block is created Sinec
the QRS loop 1s directed posterior the QRS
compleves m V1 and V2 e commonly negtive
deflections nd the leftward counse creutes a
positive QRS complex in Leads I and V6 The
onset of nght ventnicular recovery creatcs a
force opposttc the QRS loop or an ST segment
depression m those leads with 2 upnight QRS
compler  The T loop 1s oppostte the QRS loop
and creites 1 negitne T wave i leads wath
upnight QRS compley (Fig 111)

The chricterstices of kft bundk brinch
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Figure 109 Order of exatibon in left bundle brinch block

block noted on the routme ECG are

1) QRS duration of 012 scc or more

2) Upnght QRS complexes in Lead I and V6

3) ST segment depression i Lead I and V6
or an 8T sector opposite the mean QRS yector

4) Imverted T waves n leads with upnght
QRS complexes 1e a mean T vector directed
opposte the mean QRS vector

In the event there 1s loss or absence of add:
tional specialized conduction tissue n the left

ventricle actnation through the left ventricle
will be slowed In 1ts greatest extreme the en
tire left ventricle could require activation by
slow muscle spread This would greath prolong
the QRS duration bevond 012 see

The clinical sigmficance of left bundle branch
block depends upon its canse It may be caused
by arteriosclerotic heart disease or myocarditis
In very rare mstances 1t 15 thought to be con
gemtal m ongm  Left bundle branch block
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ONSET OF RECOVERY

RECOVERED

Figure 110 Order of recovery n left bundle branch block

without cardiac disease 15 1lmost nonevistent
m children

RIGHT BUNDLE BRANCH BLOCK

Whenever septal actnation 15 accomplished
from only one side it will require twice the
usual length of ime  When the nght bundle 1s
blocked activation begins normally at the left
endocardial surface and forms a normal left
ventrieular comcal wave front Right ventricular
activation begms when this wave front crosses
the septum  The thick base of the nght ven
tricle 13 the last to be activated The termnal
force 15 to the night and antenior (Fig 112)

The 1mtial forces of excitation are created by
normal left ventricular activation and are man:
fested by an antenior pathway  There my be a
very small short duration force directed to the
nght with the onset of septal actnation The
remainder of the cirly pathway s leftward The
termmnal pathway 1 nghtwrd and anterior
The mtial and terminal antenor direction of
the forces creates an R R wave over the n

terior precordmum at V1 and V2 The QRS
complex at V1 and V2 may be entirely positive
The termnal nightw ard forces creates a terminal
S wave 1n Lead I and usually a termunal R
wave i Lead HI (Figs 113 114 and 115)

Recovery proceeds normally from apex to
base creatwng a force directed toward the apex
Thus there 1s a normal upright T wave 1 Lead
1 Tlus has lead to the observation that the T
was upnght i the lead with the termunal S
wave {Lead I}

The charactenstics of right bundle branch
block are

1) QRS duration of 011 sec or more

2) Termunal S wave in Lead I and terminal R
wave n V1 (a termmal nght anterior vector)

3) There may be T wave changes secondary
to the change n order of achvation

Right bundle branch block seems to be more
common than left bundle branch block i other
wise normal children Its presence does not
demand a bad prognosis  The problem 1s to de-
teet underlving heart disease if any - Right ven
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Figure 111 A thirty year

old pulot with complete left bundle brinch block of

undetermmed ongin  Correlate the mode! with the eurler example of the order
of exaitition and recovery then project model on lead coardmates to construct 12
lexd electrecwrdiograms

tricular dilwtation wd hy pertrophy often cretes
sl or mdistmgmshable findings  The differ
entiation of nght bundle brinch block from
nght ventricular hypertrophy 1s not entirely
satisfactors by current methods

THE 5 § S PATTERN

A fiequent finding m voung people 1s the
presence of a termmal § wave i Leads I 11
and I (Fig 116) This means the termnal
force of excititron must be directed toward the
right shoulder In some mstances this 15 1ssoet
ated with an rSr at V1 and i other mstances
with a terminal broid § wave at VI This dif
ference depends upon whether the ternmnal
cvent 15 anterior or posterior

For the most part this finding 1s wathout

climel significinee 13 long s the QRS durition
15 less than 12 sec The S, § S pattern hs
been attributed to 1 number of causes The most
frequent cwsse cited 1s the Inte actiation of
muscle tissue ner the tricuspid or pulmonary
valves Itis mteresting to notc that the termin p]
site of rctrs ation n the dog s heart 1s the buse of
the stptum  This m stself could produce in
S § 5 configurition

Distinction between n S, § S pattern and
right bundle braneh block 1s not always possible
as both are assocrated with 1 termnal rightw ard
vector However if congemtal ongm cw be
established distinction 1s not important If late
activation of muscle tissue neir the tricusprd or
pulmonary valve 1s the cause 1t 1s actually vde
Jay m actisation m the nght ventncle
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>

TERMINAL RIGHT VENTRICULAR
ACTIVATION

Figure 112 Order of ventricular excitation mn nght bundle branch
loc!
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Figure 113 A twenty five vear old pilot with a nght bundle branch block  The close groupmg of the time
tennals depicts the conduction defect

INTRA VENTRICULAR CONDUCTION
DEFECTS

A change m the order of exaitiion may oceur
at pomnts other than the septum The QRS con
figuration m1y be altered or the duration of
excaitation prolonged to newly 12 sec Oc
caswonally these are called mcomplete left or
nght bundle branch block A better term 15
mtraventriculir conduction defect The sigmf
1cance of this finding depends entirely upon
3ts cause

ACCELERATED CONDUCTION (Wolff
Parkinson White Syndrome, False Bundle
Branch Block, Pre Excitation)

Normally there 15 a delay between the com
pletion of atnl excitation and the onset of ven
tneular exeitation  Tlus delay 1s mamfested by

1 noelcetric mtery 1l betwcen the P wive and
the QRS complex In certun induiduals ven
triculnr excitation begins early or pre exaitation
occurs  Often a Jocilized muscle wen 1s stimu
Inted ewly and the rammnder of the muscle 1s
excited 1n the usu1l manner This shortens the
PR interyal ind prolongs the QRS duration The
clssic form 15 1 PR mterval of 010 sec or less
and 2 QRS duration of 12 sec or more (Figs
117 118 119 120 and 121)

Since the QRS duration 1s prolonged 1t re
sembles bundle branch block The clue 1s the
short PR mterval Pre excitation mny occur m
either the nght or left ventrcle and the QRS
complex mty resemble either nght or left
bundle branch bloch

Two evplanations have been advanced as
cwse for this finding A bndge between the
atnia and the pre excited are1 called the Bundle
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Figure 114 Right bundle branch block n an asymptomatic thirty four year old
physician
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of Rent wis duseribed s 1 means of cirly pas
sage of the impulsc around the AV node  An
other explanition 15 to consider the AV conduc
tion system 1s 1 eentril nervous systum of the
heart  An accelerition of conduchion through
one part of the node would stimulate its muscle
receptor aren ewly  This 1s called aceelerted
conduction  This has been demonstrited o the
presence of nodal disese

Regardless of the mechasm cusimg pre
excitition 1t 1s clear that the cueitation impulse
must first pass over the atna to the region of
the AV node before pre exetation ¢ be sct
off by accelerited conduction or through the
Bundle of Rent If the atrix requires 12 sec
(normal saluc 15 06 to 12 sec ) for actination
the pre exaitrtion phase must begin at 12 sce
or after a PR mtenval of 12 see In the cvent
atrinl exaitation requires only 06 sce 2 PR
tervalof 10sec gincs 2 relitn ey normal period
for delay between atrinl and ventricular actina
tion The absence of 2 delv hetween com
pletion of atmil exeitation and the onset of

ventricular cxertation should be used to de
termme the prasence of weedlerated conduction
rather than fived values for the PR intenval

The musele e undergoing pre eaettation
cretes 2 small foree of slowly chinging magm
tude  This creates 1slow ey QRS pathway
wnd on the LCG griph 1 slow onset of the QRS
complcn The wave created Iy early onset 1s
alled the delta” wnve

The T wane mmy be ather nonmally dirceted
or altered secondany to the chnge m the order
of exatation The ccelerted eveles may not
be constant sarving with respiration or alter
mtmg from vicle to evle  Occsional nornnil
records e recorded at mtervals m the sume
subjeet

Accelcrited conduction 1s usunlly thought of
s congemt:l m ongin Howover aceclerated
conduction has been demonstrited m proved
nodil diseise In hospital pitients and those
scang 1 physienin 50 to 75% hue recurrent
poasml taichy eaedin

HERY, S5 RS
Figure 115 A thnrty four vear old p:lots eledmc\rdmgnm of complete nght bundle
ldh

branch block An

luring

d

showed 1n mtr: ventriculwr

conduction defect which remuned unchanged until age twenty bvo At tge twenty six
1 1

an elect showed

nght bundle branch block which has remuned

unchanged for eight years Cathetenizition studtes were normal as were the remumng
parts of the exammation It 15 of terest that he had cocaidioidoms cosis
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Figure 116 An'S S S pattern m 2 normal adult The terminal QRS pathway

15 cirected toward the night shoulder ereatmg an S wave m Leads I II and III

‘The close grouping of time intervals noted m nght bundle branch block are not
seen
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Figure 117  Accelerated nodal conduction in an asymptomitic tweanty year old student

The short PR interval and prolonged QRS complex are chirictenisiec  The promment

posterior course of the QRS pathway resembles Jeft bundle branch block  The nverted
T waves 1n Leads I Il ind V6 are of no chimeal sigmificance
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Figure 118 Accelerated nodal conduction 1n a forty year old woman The slow con
duction at the onset of the QRS 15 classical The antenor prentation of the QRS path
way resembles right bundle branch block
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I-xgure 119 Acce]mlul nodal conduction i an eighteen 3y ear old boy found
upon b for possible rh fever Subsequent investigation

uncovered the same finding i records recorded dunng early childhaod
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Figure 120 Upper Jeft On admssion the patient had atrnl fibnllation Upper
nght Sinus tachycardia (130/min)  The small P wave runs mto the QRS
complex 1n Leads 11 and I In \2 the sius mechanism 1s readtdy apparent
Lower left At normil rhathm the short PR intersal of aceelerated nodal con
duction 15 seen  The QRS durition 15 within normal imits Lower nght The
P wave occupres 12 sec causing the PR internval to be 12 sec  There 1s no

woclectric mterval between the P wave and the QRS complex
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An example of accelerited nod:l conduction that converts to normal
conduction during recordmg of 12
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Pericarditis

Acun: PERICARDITIS creates generihized epr
cardial injury  Injury current creates a force
away from the zone of njury duning the restmg
state and towards the zone of jury during the
exaited state  Thus the resultant vector of gen
eralized epreardial mjury 15 directed toward the
base of the heart m the resting stite and toward
the apex i the cxated state (Fig 122)

RESULTANT
VECTOR

EPICARDIAL INJURY

RESTING STATE

RESULTANT
VECTOR
Q
_ﬂ?‘r

EPICARDIAL INJURY

EXCITED STATE

pression m leads with an electrode facing the
base of the heart (aVr and VI)

The njuny vector during the excited state
presents the forces of exatation from return
ing to zero value (base line or pomt of ongmn)
consequently the QRS loop remams open The
spatial vector directed from the powmt of ongin
to the ST interval 1s the spatial mnjury sector

EPICARDIAL INJURY
]ﬂ

RECOVERY

ONSET OF RECOVERY

EPICARDIAL INJURY

PROGRESSIVE RECOVERY

Figure 122

The mnjury vector merely displaces the base
Ine durmg the resting state so that the injury
force 15 apparent only during the exaited state
This 1s manifested by ST segment displicement
The apical direction of the vector in the excited
state causes ST segment clevation 1 thase leads
with positive electrodes facing the heart and de

Its length 1s proportional to twice the magmtude
of resultant mjury force

Recovery proceeds normally from the en
docardial surface Its onset causes a decrease 1n
the resultant injury force or a decrease in ST
segment elevation When the wave front of re
covery reaches the surface the mjury foree 1s

103
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reversed towards the bise of the heart (re
covered tissuc djacent to mjury has n mpuny
force directcd vy from the aret of injury)
Thus the wave front of recovery forms 1 con
tinuous shell with the eprcardial region m the
resting state  Effectinely the wave front of r¢
covery 1s n everted cone

The force of recovery 15 opposite the foree of
exertation and 1s mamifested by i omverted T
wave following an upnght QRS complex or + T
Ioop opposite the QRS loop The T sector s

Lundamentals of Flectrocardiography and Vectorcardiography

commonhy smull when the myury vector is larg
As the imuny scetor dimimishes i magmtud
the T vcctor magmitade mereises The eleyatio
of an ST scgment n leads with an mverted
wave has given mise to the rule that abnorm,
ST scgment deviations are present when the §
tector ts dirccted oppositc the T veetor wherec
normal ST scgment dusplacement oceurs wat
the ST vector and T vector dirccted i the sam
duwcction (Fig 123) Senal records provide th
best cvaluation of the sigmificince of ST seg
ment displiwement
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Pencardiis

As the arex of mjury subsides the magmitude
of the mjury vector dimmishes  This results in
closure of the QRS loop or return to normal of
the ST segments VWith complete healg of the
mjured wer new ccdl membranes are formed
and no constant current exists T wve myersion
mav persist for an mdefimte pertod of ime fol
lowmg 1cute peniewditis and w some nstances
1s permuent (Fig 124) The sewficd tissue
over the myocardium creates local tension by
pulling on the subjicent muscle tissue  Such
mechameal ction causes abnormal delay m
epieardinl recovery  Conscquently  the wave
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front wssumcs the shape of an cverted cone with
forces directed towards the base of the heart

Penicarditis may be associated with decreised
QRS amphtude This m1s be ciused by 1)
acturl musele damige by inflammtion or ¢l
crumdeposits with dimmished densits of change
on the wne front 2) merewsed hewt rate in
the febrle state or 3) cardiac compression
dinunishimg, cardiac volume and the wize of the
wue front either by effusion o1 constnction
Pencardiil effusion occurs m the wute stage
Constniction occurs 1n the chronic form of pn
carditis
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Myocardial Infarction and Arteriosclerotic Heart Disease

MYOCARDIAL INFARCTION

Ir.mncnov OF THE MYOCARDIUM results from
deficient blood supply to 2 muscle aren This
m1y be due to increased need or decreased
supply or 1 combmation of the two The most
common cwse of myocardial infarction 15 ar
teniosclerotic heart disease with coronary artery
thrombosis  Coronary arters thrombosis 1s not
entirely analogous to expermmental hgation of
the coronary artery because coronary throm
bosis most often occurs 1 an mdnidual with
diseased arteries  The disease 1s not necessarily
confined to the thrombosed vessel

The myocardium recenes its blood supply
from the nght and left coronary 1rteries The
arteries anse from the base of the aortn and ex
tend over the ventnculr surface The nght
coronary artery wnd its ramufications extend over
the postenor surface The left coronary artery
extends over the anterior and posterior ventricu
lar surface Ramufications of these arteries x

tend mward through the myocardizl wall The
smaller vessels extending from the Irger vessels
create n mterheing network at the endocardial
shell

A number of conflicting v1cw pomnts have been
presented by varous quthonities to explun the
ECG findings of infarction To cite one major
mecompatibility  consider the concept that m
farction mvolves chiefly the endocirdral surface
If this 1s true the laws of mjury current are
mcorrect The forces of mjuny are directed to
ward the zone of mjury during the excited state
therefore 1 large endocardil infarction zone
would create an 8T force awy from the zone
of nfarction (Fig 125)

The ficturl mformation based on empimcal
observations 1s s follows

1) Infarction may occur without any sig
mificant changes in the routine ECG

2) Infarction m1y be mamfested only by T
wave changes n the routine ECG (Fig 126)

3) The chssieal ECG pattern n nfarction

INJURY

INFARCT

P S
RESULTANT
VECTOR

ST

Figure 125 When endocardial mfarction 1s larger than the epicardzal region the ST
vector 1s directed wway from the site of myury rather than toward the infarction
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Figure 126 A) Base line ECG six months before illness m 2 fifty seven year
old min B) Approumately 18 hours after mmnor chest discomfort The only
signific int change 1s the T wave n Lead 1T C) Three weeks later the T wave
has griduallv retumed to 1ts upnght position There are mmmal ST segment
chinges m Leids T II and V1 (not sufficient for a defimtive diagnosis alone)

D) Four weeks later following an episode of syncope while having his hair cut

At four weeks and three dys the el 3l showed ats

changes of mmor T wave changes He had clintcal mfarction patr and hibora

tory findings following the episode of syncope E)} Seven weeks from onset the
ECG appeared almost dentical to the base hne record At eleven weeks he died
suddenly without warmng  Autopsy findings demonstrated diffuse scarmng of
the antersor wall of the left ventncle with long stinding disease of the anterior
coronany artery The septum showed diffuse scarmng, of healed mpury  There

wae thrombosis of the night coronary artery
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consists of m mttinl Q wave of 04 see durtion
an elivated ST segment and an myverted T w ne
n those leads with 2 positne clectrode facng
the infircted arer This 1s 1 changing pattern
with gridul return tow 2rd normal and in somc
mstnces complctt return to normal

4) T wave chinges pursist m 1 portion of
records and abnormal Q waves persist in others

5) Infarction may present wn ttial finding
of very large T wves that are upnght rather
than the chissic mversion desenibed above (Fig
127)

6) Infarction mav decreise the QRS wmph
tude or the length of the QRS pathwy

7) Discrepancies m the location of the m
farction at post mortem cximmation and the
location indicated by the ECG cn be attributed
mn put to eccentric zero center locition ind
varation m lead lengths

Bavley s® classic cxpeniments on ligation of

Bayley R H and LaDuc Electrocardiographic changes
of mmpending mfarction nd 1schemia mjury pittern pro-
duced m the dog by total and sub-total occluson of a
coron:ny artern Am Heart ] 2894 1944

¢ a1 =)

Fundamentals of Electrocardio raphy and Vectoreardiography

the coronary artery have often been used s an
expluntion of the sequence of mfuwrction In
considering the expenimental findngs 1t 1s well
to remember that coronan artery disease was
not present nd presumably normal coronan
flow occurred through the rest of the arternl
trec

The carhiest chinge noted after hgation was
myversion of the Twwe T wive chinges were
followcd by ST segment elevation If the vessel
was tied 1t sufficient length of time 1 Q wane
ippered

It seems logical that of enc considers the
endocrdial shell rdativeds defierent m blood
supph 1t would be the first aren to suffer from
hypoxiz under these crrcumstinces This would
result 1 Jarger upnight T wave not an m
varsion Injury should affect the endocardial
shell first and this would produce an ST scgment
depression On the other hand of the epicardial
shell 15 relatnely deficient 1n blood supply the
T wave md ST scgment chinges obsened are
comptible wath the basie concepts of hypoxn
and mjury - The endoeardid shell normally re
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Figure 127  An example of Jarge upniht T waves at the onset of antenor
wfarction (above) and i erted precordial T wves in subscquent records
(below )
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cewes some blood supply from both major ves
sels This probably accounts for the earlier
changes i the epicardial region  If hvpovia
persists the entire thickness of the myocardial
wall becomes infarcted  Involvement of the en
docardinl shell creates the abnormal Q wwe
(Fig 128)

A comparable situation occurs 1n the patient
with localized coronary rtery disease and
thrombosts  Early T wave changes are followcd
by ST segment elevation and bnormal Q waves
The classic infarction my be defined mn vector
termmology 15 follows

1) An mtial 04 QRS vector directed away
from the aren of ifarction

T'undamentals of Electrocardiography and Vectorcardiography

2) An ST vector directed tow rd the arca of
mfarction

3) A T vector directed wwny from the area of
mfarction

Using these rules mfarctions may be classified
s to location  Therc are four prmcipal loca
tions antenor postcrior Iteral wnd drphrag
matic Combimitions of these areas may be m
volved (Figs 129 130 and 131)

The mitial forces of excitation arc dirccted
awy from the infarcted 2rea by the hole the
mfarction mahes in the w nve front This will be
the dommant effect of 2 transmyvocardm!
farction until the conical wave fronts begin to
change 1 the completion of nght ventricular

QRS pathway The T laop 15 durected away from the area of mfarction This 15 depicted by the Q ware and
wnverted T wave m Leads IT 1II and a\f The size of the QRS loop 15 small



Myocardial Infarction and Artertosclerotic Heart Disease

and septal actrvation Thus period of time rough
ly corresponds to 04 sec This has given nse
to the chimieal observation that mfarction creates
abnormal Q waves with 1 duration of 04 sec
Depending upon the locttion and size of the
mfarct the remaunder of the QRS pathway may
be increased or decreised in size  After the
wave front has passed the level of infarction the
QRS pathw 1y assumes its normal course and
magnitude
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Charactenistic QRS changes are the most re
Lable hallmark of mfarction ST and T waves
are mmportant but thev are not alwavs good
indicators of the location of the infarction and
may be due to many other ciuses

The early large upnght T waves may be ex
planed on the basis of transmyocardial hypovia
In the event of shock or disease of other coro
nary vesscls the endoctrdial shell will not enjoy
the additional blood supply from collateral cir

Figure 130 An example of anterior wall infarction The QRS loop 1 directed entirely postenior  This 1s repre-
sented by QS deflections ;n V1 V2 V3 and V4 The QRS loop 15 small This indnvdual s first evidence of infare
tion occurred eleven years ago



114 Fund Is of Elcctroc
culation Occlusion of 1 vessel will cwuse i m
medite hypoxin of the entire wall thickness
followed quickly by myury ind necross
Diffuse endocardial imfarction 15 desersing of
speciil comment Infarction of the cntire en
docardil shell will be appuent only s an ST
mjury force directed toward the hase of the
heart There 1s no hole n the w we front of ¢«
ctation A complete mfirction of the entire
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endocardnl shell without extension through the
myocirdinl wall 1s rather rue (Fig 132)

The problem of endocardial mfarction also
concerns the depth of mfarction  Infarction ex
tending only 3 milluncters into the wall will
occupy 1 time mtenval of only 01 sec This time
mterval 15 so short it may not be recorded by
the usual direct writing instrument

In order to altcr the imtial process of cxeit1
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Figure 131 A) Electrocardtogram 1n 1947 five days after chest pan showing mierior wall infarction (Q,T)

B) In 1052 the Q wate 1n
mg furmiture Lead I and V4 show a new mfarction D)

Leads II and III persisted but were smaller C) One weck later two hours aiter moy

The following momming a typical acute anterior wall i

farction supenmposed upon an old mferior wall infarction 1s evident E) Two weehs later the acute elesation of

the ST segments has subsided and there are deep mverted T waves in Lead T and V2 through V8 The wea m

volved 15 the anterior lateral surface of the left ventncle  Note the loss of QRS amplitude n Lead I wath the loss
of the muscle area responsible for the Jeftward foree of excitation
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Figure 132

ton mfarction must mvolie the endocirdnl
shell The duration of the nfluence of mfarction
depends upon the distance the mnfarction ey
tends outward The magmtude of the chnge
m force depends upon the area of mfarction A
small mfarction creating a small hole m the
wave front will not appreciably alter the d:
rection of the resultant force of exutation

The wave front of excitation for the left ven
tricle normally represents 1 cone xt 02 sec Its
resultant foree 15 perpendicultr to the bise of
the cone or the bise of the left ventricle An
mfarction (hole ) in the cone will tend to rotate
the resultant The new resultwmnt force may he
depicted as the resultant from the comical base

()

INFARCT
AREA

Tignre

area and the nfarction area (Fig 133) The
larger the hole the greiter 1s its effect on rota
tion of the resultant One cannot expect the
mamfested forces during exatation to poimnt
directly 1way from the matomic site of mfare
tion unless the area of mfarction 1s quite lirge

Diffuse or patchy muscle necrosis creates no
ippreciable change m the direction of the
forces A locilized area of necrosis within the
wnll thickness extending neither to the endo
cardial or epicardial surface will cause changes
only m:dw 1y 1n the excitation cycle This 1s one
cwse for QRS notching

Infaretion involving only a portion of the
outer myoeardiil shell will not be mamfested

17
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m the early portion of the ceertabion cvele It
will mfluence magmtude and direction of the
Iater events of the cyele  Considering the 1hove
relttionships 1t 15 not surpnsing that mfaretions
mav be mamfested onhy by ST segment wd T
wave changes when studied by 4 routme ECG
While the ECG 1s 1 very valmble dignostic
adjunct 1 myocardial farction 1t does not re
place the climeal diagnosis  Senil electroc wdio
grams demonstrating seril changes i conjunc
tion with the chimical prcture remuns the most
satisfactory approach at this ime

ARTLRIOSCLEROTIC HEART DISCASE

Diffuse coronn artery discase cuses changes
m cellular metibolsm  Diffuse fibrosis ms oc
cur With loss of normally functionmg cell miss
there 15 a decrease m 10n density across the
ware front of exatation This can cwse de
creased QRS amplitude  The vcetorewrdiogram
m terms of clectrical moment clearly depicts
the change (Fig 128) A low QRS oltage af
ter mfarction favors gencrahzed myocardial
disease

Fundamentals of Electrocardiography and Vectorcardiography

An occsionat finding 1n arterosclerotic heart
drserse 15 ST segment depression followed by an
upnght T wave Tiis has been explamed as
due to endocardid hypoxin This finding 15 ac
centuted with exeraise or during acute coro
narv pun  During an angina) attack there may
be transitory T wave mverston  Acute ST seg
ment depressions should always be respected s
a possible mdication of endocrdial injury and
impending nfarction  Senal records should be
obtuned

Arterosclerotic heart disease m1y cause Jeft
was and widening of the mean spatial QRS T
angle The T scctor mas be rotated more left
ward than zero degrees The QT mterval may
be prolonged

At present the dingnosis of rteriosclerotic
heart disease by the ECG in the absence of 1n
farction or acute changes with angna 1s diffreult
and the tracing may appear normi] However
magmitude measurements have never been re
fined and measurements i tarms of electrical
moment should improve the dignostic tech
mque
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Drugs and

Metabolism

DIGITALIS

Dxcrmus arrects the basic dectrical events
of the cardiac muscle fiber It alters the mem
brane action potental dunng the recovery
phase This phase 1s associted with an m
creased outward migration of potassum 1ons
Digitalis increases the permeability of the cell
\: to p 10ns leratmg the
outward potassium current Chmieally digitals
15 given to merease the strength of muscular
contraction The refractory and contractile re
sponse of muscle fibers 1s closely related to m
tracellular potasstum content The effects on
the recovery phase ncrease with increasing
concentration of digrtalis At towc levels the
early period of the membrane action potential
1s altered dimimishing the nhal spihe  Since
the early events of the membrane action po
tential are associated with an increased inward
migration of sodium 10ns the permeability of
the membrane to sodum 10ns must be altered at
these concentrations
At theraupeutic levels digitalis mcreases the
speed of recovery of the ventricles With more
rapid spread of endocardial recovery the wave
front assumes the form of a large v erted cone
This produces a force toward the base of the
heart duning the ST interval (excited state)
A normally directed resultant vector toward the
apex 1s created when the wave front reaches the
ep:cardml surface (Fxg 134} This vector 1s
d 1 size and d due to the ex
tensive early recovery of the endocardial shell
The larger the endocardial shell of recovery
prior to recovery of the externil surface the
larger will be the ST force and the smaller the
n7

recovery (T) force The enhancement of en
docardial recoverv produced by digitalis has
three principal effects

1) Shortenmg of the QT mterval

2) Creation of 1 vector (ST) during the ex
caited state in the opposite direction of the ex
atation (QRS) vector and opposite the normal
recovery vector (T)

3) The larger the ST ntenal vector the

l ST VECTOR
—=y
V74

4

—

T VECTOR
—

A,

F gure 134
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smaller the T vector It 1s apparent that com
plete recovery throughout the endocardial shell
will result 1n 7 short QT mtersal with 1 lrge ST
force nd httle or no apprrent T foree (Fig
135)

The ECG findings of digitalis effect do not
ndicate mtoxication nor ean they be used as 2
relible mdex for the proper dosige of digitalis

ST

QRS
Frmus 135

In tovic doses extra systoles may oceur (Fig
136) Digitals ¢ cause multiple forms of
arthythmuas  In toxic doses 1t m1y increase the
PR mterval but toviaity may occur before the
PR ujterval 1s significantly prolonged When the
T vgctor has been previously altered due to
other cuses eg left ventricular hypertrophy
the chief effect 1s shortemng of the QT mten Al
and chainge m character of the ST segment
(Fig 137)

QUINIDINE

Quimdine causes prolongation of -l the elec
trical events of the heart The QRS complex and

Fundamentals of Electrocardiography and Vectorcardiography

state (ST segment) before the ppirent stage
of recoveny (T wae) The ST segment change
1s sumlr to that secn m left ventricular hyper
trophy  Qumdine mav slow recovery to the
extent 1t creates 1 lirge persistent everted cone
myerting the T waves Danger of cardiac stand
still from quinidine 15 real of the ECG 1s not
used to detect ncrewsimg QRS durition when
hirge doses e used With mcreasing concen
tration of qumd tr of mnp
1s progressivel\ slowed The man ECG features
of quinidine e

1) Prolongation of PR mterval

2) Increase m P wase size md durition

3) Increased QRS duration

4) ST scgment depression

5) QT ntenl prolongation

6) T wave mm become imverted

HYPOPOTASSEMIA

When the concentrition of potassum ions in
the extracellular flind decreses there 15 an n
creased outward mmgrition of potassium ions
durmg the recovers phise Recoven 1s closel
relited to the outward current of potassium
ions  Apparenth when the mtracellulir and
extracellular potasstum 10n concentration ritio
reaches 1 critica] lesel the membrane recovers
With eutracellulir hypopotassemrr 2 larger
quantity of mtracellular 10ns must nugrate out
w 1rd to create the entieal ritio. The prolongs
tion of the recovery phise enibles the creation
of wave fronts or currents withm the endocar
dral shell This 1s reflected m the ECG by ST
segment changes

The charactenstic ECG find

QT mterval are both prolonged by ad ra
tion of qumdine Most likely qumdine acts by
alterng the capability of the cell membrane to
transmut excitation and recovery impulses  The
diregt action on the cell membrane decreases
the threshold of irrtability - This action enables
qumdine to be effectne 1n the treatment of
arrhy thouas

By slowmg the outward transmission of re
covery along the cell membrane endocardinl re
covery will create 4 force dunng the exuted

m hvpo
potassemi are

1) Prolongation of the QT mter 1]

2) ST segment deviations

3) Dummmshed smphtude of the Twave (Fig
138)

If hvpopotassemia persists the constant
creised outward mugration of ntracellulr
potasstum ons results m cellulir potassium de
pletion  Since the contractiity nd excitabilits
of the cell 1s directh related to potissium ron
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P occurnng, from two foa B) Coupling
of mpulses from the two foct This may occur when the second focus smitiites an impuke during the supernor
mal phase of excitability of the ventridde G} The onset of higeminy due to 1 ventnicular prematunty every other

beat D) Alternating, bidirectional bigemmy with the two foct alternsting i creating sentricnlar premature con
tractions Al these rhythms ocawrred 0 a short time interval In onc patient
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nterval 1s shortened from its previous duration
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Prolongtion of the QT interval nd ST seg
ent depr due to }
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concentration st 15 not surprisng that arehyth
mis occur

Digitthis amtoncstion and hy popotassemia
both create mtracellulr potassium 1on de
pletion

HYPERPOTASSIMIA

Elevation of the cxtracellular potassis son
concentrition shortens the recovery stage A
smaller amount of ottward potassim 1ons mt
gration 1s requured to reach the ertical mtracel
tufar/extracellulir ratio Recovery 1s rapdhy
transmutted to the epreardiil surface meresing
the demonstrable force of ventnonlar recorven
The shortening of the recovery period (ST in
terval) with increased force results s the tall
peaked T waves of hy perpatasserin

As the extracellufar level of potissium son
concentration mcreases the outnard drnmng
force for potissum jon mugration created b
the difference w wmtracellular and extracellular
tou concentyition dummishes W hen thss force
s effectnely abohshed standstdl occurs  The
v s first affected P waves disappear due
to atual stwadstll At progressn eby Ingher ex
tracellular concentrations ventnevlar respanse
w altered  Excitation becomes more diffiendt
and the QRS complex widens Fusion of the
QRS wwd T waves occurs Tesultin, m a seram
bled electrocardiogram of Iiphasic waves The
distinction of cxoitation and recovery 1s not

11

possible Ventricular stindstill s the final phase
of hvperpotassemit

CALCIUM

Very Iittle 15 known nbout the whon of el
ctum iens in exeitation '\nd reconen Dm]lﬂ
1shed calesun son concentration vesults m delas
of the onsct of recovery  This 15 mamfested by
prolengtion of the QT ntenv il with no ap
parent changes m character of the ST segment
ofr Twue [ 1 caleum son afion
shortens the QT mtenal and mn merewe T
wive amphtude or cause roundmg of the T
ware Cilmum has a symergistic action with

digutalis

THYROAIN

Thyrotovicosts causes wmcrewsed cardite out
put This 15 accomphshed by mcreased heart
rate with an increased or normal stroke volume
The ECG shows tachyewdia and normal or w
creased QRS wphtude My <edema camses de
crevsed cwrdiac output with dimimshed stroke
volume wd bradveardiz  The ECG shows
slow heart rite and dunimshed QRS wmphtude
The QRS amphtude may reflect aither change
i cell function with deposition of extricellular
material w the beart or decreased strohe solume
Penscarditis with effuston mav be an accom
pamyvmng feature
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Arrhythmias

SINUS RHYTHMS

Normal sinus Rhythm The SA node itrium
AV node and ventricular endocardium are all
under the influence of vagl mhibition and
svmpthetic acceleration The SA node controls
the cwdiac rate and 1s called the pacemaker
In mfants the norml rate may be between 100
and 150 The normal rate decretses with ad
vanemng age and m the adult the normal rate
15 6O to 100

When the impulse from the atrium reiches
the AV node therc 15 a delay before ventricular
exatation  This allows sufficicnt time for atrial
systole prior to ventriculir svstole In normal

i

sl
b

Awitl
LT
i

Figure 139
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sinus thyvthm the length of time for the impulse
to pass from the SA node to the ventricle 1s de
pendent upon the length of time for the impulse
to pass over the atria ind the period of trans
mussion through the AV conduction system  The
normal adult PR mtenial 1s never less than 10
sec and never more than 21 sce In large adults
with a cardiac rate below 70 the PR interyal
may be 21 sec The method of exact measure
ment of the PR intenval 15 discussed earlier 1n
the text (Fig 139)
Sinus Taclycardia  The mpulse ongmates

1

m the SA node and truverses the rest of the
cardia m normal fashion  The rate 1n the dult
1s over 100 per minute  Smus trchycardr mas
be defined 1s 1 sinus rate 2bove the normal rate
for that particuter ndividual Sinus tachycardin
1s usually not thought to exceed 1 cardiac rate
of 160 pcr minute  Rare mstances of rates above
that level have been noted The onset of sinus
tachyveardin 1s msidious nd 1ts termination 1s
gradual The cardiac rate varies from mmute to
minute  Carotid sinus pressure causes per
ceptible smooth slowing of the cardiac rate This
1s transtent m nture nd the ongmal rate re
turns dunng pressure  Performmng this mancu
ver dunng the recording of the triemg 1s
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Normal stnus rhvthm rate 75 per minute

absoluteh essential m establishing the diagnosts
(Fig 140)

Sinus tachyeardrr 1s occasionally assocrated
with 1berrant conduction  This permits an b
normal order of ventncular excitation resultmg
m abnormal QRS complexes

Smus tachy cardin 1s due to changes in nervous
regulation myocardial function or mereased
venous return  With muld exertion the pulse
rate increases 20 to 40 beats per mmute but
falls to normal hauts within tao rmnutes When
treatment 15 necessary the first step 1s to correct

2



Arrhythmas

the undething cuse ¢ g by perthyrodism 1f
such 1s present or replicement of hlood i the
f1ce of acute blood loss

Stnus Bradycardia When 1 smus mechantsm
1 present 1t 7 rate of less than 60 per mmute
it 15 1 simus bridvewrdin This m1y be ¢ normal
finding m young athletes It his been reported
present mindnaduals without demonstrible
heart disease at rites s slow 18 33 per punute
Smus bradyewrdin with mild cardne enlarge
ment may be ¥ normal finding and he merely
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an athletes heart with cwdiae ddatrtion due
to mcreased strohe volume

Sinus bradyeirdin s commonly seen mm cen
tral nervous system i olvement nd certam m
fectious diseases mcluding hepatitis A reltne
bradycardin ss seen i tvphoid fever

Swus bradycardin 1 usually asymptomatie
Occasionally mdiniduals will expenence dizzt
ness or syncope It muy be 1 mamfestition of 1
sensitive caratid stnus and whe n associated with
symptoms this reflex should be tested by mas
sage of the carotid smus dunng the time the
ECG 15 recorded (Fig 141)

Smus Arrhythmia  Smus airthythmey is the
cydie change i rate associated with respira
tion The rte increases at the onset of mspira
tion 1nd slows 1t the height of mspiration or 1t
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the beginning of expiration  When this wrhvth
mt presents confuston m diignosts having the
ptient hold Ins breath during the recording
will disclose the niture of the disorder

Vagal imhintion of the cardiic rate 1s at 1
nummum 1t the onset of inspiration {cross effect
of the Herning Brewer reflex) Increased venous
return to the right heart occurs with mspiration
due to negatne mtrithoracic pressure wnd the
icretsed caprerty of the pulmonin vasculw
hed

When the breath 1s held in full mspiration
there 1s often marhed slowing of the hetrt rite
This refiex slowing mav be more evident than
carottd sius slowing I have obsers ed momen
tary cardine arrest and AV block from holding
the breath m full mspirttion

Smus anhythmnt ss common in the voung
but 1t 1s also common m the elderly and the
utenosclerotic It requires no treatment (Fig
142)

Sinus Aniest In sinus arrest no impulse ong
mates from the 5A node nd consequently the
entire crdiae evele 1s lost The cvele which 1s
lost ms not equal 4 full length cvele Sinus ar
rest cannot be elmiells distingwished from smo
aunculir block m which no mpulsc 15 trans
mitted from the SA node despite stimulation
If smus arrest persists for seyeral cvcles without
another rhythm occurrmg 1t 15 cardnie arrest
and constitutes 1 cardiac emergency  Sinus ar
rest 15 uswily preapitated by vagotonry and
mas be one mumfestation of 1 hypersensitive

crotid sinas (Fig 143)

ATRIAL RHYTHM

Atrial Premature Contractions  Whenever
the clectrica] events of the heart are mitiated
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Figure 141 Sinus bradseardie rite 45 per mmute
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Figure 142 Sinus arrhnthmia rate approximatels 60 per mmnute

prematurely by a focus wathun the o at 1
called an atnial premature contraction  The
pormal sequence of cxaitition docs not occur
and the P vector 15 iltered The PR mters il may
be entircly normal f the focus 1s far removed
from the AV node If the focus 1s close to the
AV nodc the PR mtenal m1v become short
ened

The QRS complex 1s usually like thosc of
normally conducted beats bemng associted with
normal exaitation Less commonly earls ventrie
ulir exeitation occurs newr the focus causing
an abnormal QRS complex  This his been called
aberrant conduction

Usually there 15 1 longer pse after the pre
matunty than the usual TP intenal  This pause
1s not so long as to make a complete compensa
tion for two successine cveles This Ick of com
pensatory pause 1s the chief method of establish
mg the diagnos:s at the bedside The pruse 1s
not compensatory because the atnl mpulse
causes the 5A node to discharge thereby mter
rupting 1its normal rhyvthmie discharge  When
ever a prematunty from am focus fails to mter
rupt the normal rhythmie dischirge of the SA

i el L O e ey T

node wnd the node dischrges duning the pre
mitunty the pause 1s completcls compens itory

When 1trial premature contractions re noted
m 1 patient with 1 history of piroxssmal rapid
heart action 1t 1s 7 clue that the disorder 1s
atrinl tachy eardin

Atrial premature contractions 1) occur pre
mturely 2) are followed by 1 pause that 1s not
completely compensatorv 3) have a normil or
shortencd or even prolonged PR interval 4)
have 1 nommal or abnormally directed P vector
and 5) commonly hue 2 normil QRS complex
(Fig 144)

Atrial Tachycardia  An 1trial premature con
traction mayv imtiate an attack of rapid heart
action wath an atrial focus as the pacemaker
This 15 wnal tachyeardsa  The rate 1s regular
and s usurlly between 150 and 250 beats per
mmute In imfants it mv be 15 rapid s 300
beats per mmmute

The onset of the attack 1 sudden and 1t ends
Just 1s suddenls A sudden motion may precip
itate such an ¢pisode  The rite will not van
more than two beats per mmute When the
episode 1s termmated there may be 2 farly long

n
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Frgure 143  Sinus arrest
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Figure 144  A) Normal rhythm 1bove and prematunity occurring below
B) Two atril premature contractions C) Prematunties creating coupled
rhythm D) A blocked atnl premature contraction

pause Rarely has cirdiac arrest occurred when Atnial Flutter  As the atrit hecome more 11
the attack stopped Short piroxysms of ventne  table they respond more rapidly to a single focus
ular tachycardia have been sud to occur at the  and their rate 1s mereased When atnial response
time of termination to stmulation 1s s rapid s 200 to 360 per

Carotid simus stimulation never affects the munute itas atnal flutter The exact mechamsm
rate unless it stops the attack  This maneuver s of atrial flutter 1s not known It may be imtiated
not always suecessiul and 15 of benefit in pur with one focus or by multiple imitable foe: The
haps 15 few 15 50% of the cases Other mampu  electrocardiogriplic findings are the sime and
Itions to mercase vagotoma may he used m consist of a ryprd atril rate 2 P vector directed
cluding eveball pressure wnd gagomg (Fig i the vas of 90 and usually 1 regular ventrie
145) ulr response
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Onlv purt of the 1trl impulses are trans
mitted to the ventricle but this 1s commonly at
T reguhr rate eg every other mlpulse trans
mutted or onc m six impulses trsmitted  The
regulr transmmttal rite results i regular ven
tricul i response  If the atrn are responding it
1rate of 300 per nunute and evers other impulse
1s transmitted  the ventrieles will contrict 150
times per mmute  This 15 ealled 1 two to onc

graphy and Vi

tion 1ssociated with abnormal ventncular ex
citition (Fig 147)

NODAL RHYTHMS

Nodal Premature Contracfions  Any impulse
ongmting from the AV node of necessity
cwises ratrograde atenl exertation This creates
1 P vector directed away from the AV node
and toward the nght shoulder A PR nter 2l of
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Fiure 145 Paroxysml atrl tichy cardin

Butter 1f onls one m four wmpulses were trans
mitted the ventncular rite would be 75 per
mmute and this would be 1 four to one flutter
Ventncular response 1s not thw wvs regulie and
the flutter rite my v ny between 1 three to one
and 1 four to one ratc Mam different combinn
tions mn evist  The regulir atmil rate between
200 nd 360 pcr mimute with 1 regulir ventnic
ular response usuithy presents no difficultics n
recogmtion (Fig 146)

Atnal Fibnillation. When 1tnl excitation 1s
1s freguent 1s 350 to 500 per minute vl fibnl
Ition eusts  The 1tra do not contrict but mere
I fibrllwte  The ventriculn response 15 reg
ular with only 1 portion of the atrial mpulscs
beng transmitted to the ventricle The ventrie
ular rite 1s usully rapid m untreated eses The
ECG tracing will show smill fibrillatory waves
o1 no wwes of atnal actiaty at Al The QRS
complexes mu show mmor degrees of distor

ol - Rl

less thin 10 second with 1 P vector compitible
with 1 nodil focus 1s ealled 1 nodal mpulse

When an mmpulse oniginatimg from the node
creates 4 premature contriction it 1s cilled 1
nodal premature contriction These hue been
seprrated mto three distinet groups  upper
middle md lower nodal impulses Upper nodil
impulses hase 1 nodal type P vector with the
P wue just preccding the QRS comples Tt s
thought that an impulse ougmiting tugh m the
node will cause atrl cxertition before the ven
tricle 1s stimulated  \Middle nodl impulses e
those with no visible P wnve  The atrnl events
occur smultaneously with ventriculw exetta
tion and e lost Lower nodtl mpulses llow
the ventricle to be stmulated before atnal o
artiton The QRS comples 15 followed by 1 1
wave which behes like 1 nodal type P wne
(Fig 148)

Nodnl prematurities re followed Ih 1 com

e

wkdad
Figure 146 Atnal flu

stter 15 seen m Lead HiY
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Digure 147 A) Rapid atnal fibnlliton

pensatory pse since the SA node discharges
it ats usual time and one SA mnpulse 1s lost
(Fig 149) The QRS complex 1s usu ally normal
1f the impulsc ongmates low enough m the node
it mas be orgn iting just from onc mamn bundle
nd resemble 1 bundle branch block complcx
Nodal Rhythm When the paccmaher for the
heart becomes the AV node 1t 1s called nodal
thythm  The rate 1s slow approximitely 50
per minute wd regulw The AV nodc charic
teristicilly 1s slow cr than the SA node The im
pulses Jook ke the nodal mpulses described
wbove but are constant and comprnise the bisie
rhythm Nodal rhythm muw be ather upper
middle or lIow er nodal 1 orign (Fig 150)
Nodal Tachycardia henever the AV node

B) After digt
tahzation C) So called flutter fibnlirtion

emits smpulses more rapidhy thin the SA node
1t becomes the eardie picemaher When this
rate excecds 100 a nunute 1t 1s 1 nodal tachy
cwdin Like atrral taichveardin 1t may oceur m
paroxysms with 1 sudden onset wd sudden
termmtion  Often the two conditions are
chmeally indistmgushable

Nodal Lscape If 2 penod of sinus arrest
occurs 1 lower cwdne center usinlly tkes
over the job of picemaker The AV node 1s the
next Inghest center and it mnv aimbiate the un
pulse  This s ealled nodal cscipe The impulse
has the usuil eharactunsties of 1 nodal impulse
It differs from 2 nodal pramatunty an that at
follows a long pivsc or period of wrrest and the
prematunty oceurs early  Tlhe impulse mu de
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Lowgr Nodel Premature Contraction
Tigure 148

Figure 149 Nodal premature contrachions
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scend firther down the AV node to erther
bundle ind finally descend to the ventricular
muscle or the heart muy cse exeitition en
trely  The gradunl depression of the focus of
ongn 1s ven smportant chmcally s 1t herilds
the onset of cirdine arrest and 1s 1 emergency
consideration

Accelerated Nodal Conduction (See Chapter
N)

VENTRICULAR RHYTIIMS

Ventricular Prematunities When an mpulse
oniginates prematurely from the ventncle 1t 1s
called a ventricular prem iture contraction The
mmpulse oceurs early and 1s followed by 2 com
pensatory pause The focus mntrates ventriculr
excitation 1 only onc ventricle Thus the
septum 1s actiy ited only from one surface (Figs
151 and 152) The time for excitation 1s pro-
longed and the magnitude of the resultant vee
tor 1s meresed This causes nereased QRS
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duration to 12 sec or more and marked m
crease in the size of the QRS complex

Ventricular Tachycardia When tachvcardia
1s the result of a ventricular pacemaker 1t 15
called ventniculir tachveardia  The rate s
usually between 150 and 230 per mmute Ven
trcular tichycwdia 1s mtited by 1 ventricuhr
prematurity and may be preceded by several
prematurities just prior to onset The rate mu
not be entireh regular and the v cle lensth mas
vany s much 1s 0% sec The QRS complexes
are widened to 12 sec or more The P waies
are slower and are 1t an mdependent rite

The demonstration of the P waves 1 often
absolutely necessary to establish a dingnosis due
to the frequency of widened QRS compleve
with those tachyveardias having aberrant con
duction (earh ventricular excitition) Even a
stnus tachveardia mm be confused with ven
triculir tachycardin of the P waves are not

g

" ligure 151 A simple ventes

cular premature contraction

1 1
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found  Occasiomally speerl leads  mcluding
esophageal leids will be necessary to establish
the presence of Pwaves

Ventricultr mpulses from other foc mw be
mterspersed throughout the record Two foc:
mmny dternate  thus producing 4 bi directional
ventricultr taichyeardin - This 1s most often scen
s 1 complication of digitahs intovuication  Ter
nuntion of the tichycardinis followed by  full
compensators pause (Fig 153)

Ventricular Fibrillation N entnculir tichy
cudin iy progress mto sentncuhr fibrllation
The ventricles cese to contrict wmd merels
fibnllate 1t 2 rite between 130 wmd 500 The
ventricular complexes may appear s furh um
form oscilltions of aight to ten mullimeters

Fundamentals of 1lectrocardio.raphy and Vectorcardio, raphy

amplitude and then graduidly decay with sub
scquent hvpoxin Terrminally the oscilltions ap
parr as low amphtude undulations

The atrit contmue to beit mdependentls
until hvpoxit develops

Recovery from ventrculr fibnllation has
been known to occur after 1 period of five
minutes It s nevertheless 1 serious emergeney
and s frequenthy death dealing

AV BLOChK

Furst Degree AV Blockh  When transnussion
through the AV conduction system 1s unduly
prolongcd 1t 1s called an AV block I the delay
results only n prolongition of the PR mterval
1t3s called 2 fist degree AV hlock (Fig 154)
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Sceond Degree AV Block The deln mu be
graat enongh to provent the trinsmission of the
mpulse part of the tmc  This results m a P
wune without 2 following QRS compley Tlus
1s ¢lled a second degrec AV block (Tig 155)
When this oceurs with progressne pm]on" ton
of the PR nterval until 1 QRS comples 1s Jost
it s called 1 Wenchebich phenomenon (Fig

156)

Complcte AV Bloch The mhibition 1t the A\
node my be great enough to prevent the trins
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mssion of atrl impulses alte_cther In this
mstanee the atrn beat independ ut of the ven
ticles  This situation s calcd + third degree
AV bloch or complete AV dissociition (Fm
157) The ventnculir impulse m iy be mitiated
by 1 lower focus m the node 1n wiich case the
ventricular complexcs will ippear vormal or the
impulse m1y origmtte 1n the ventricle with 4
wide QRS complex of a ventnicular focus In
the latter mstwce the ventnicular rite 1s com
monly slowcr and at ss ealled an adioventricul
response
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Figure 154 Ist degrie AV block
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The Inte

rpretation

Tm: ELECTROCARDIOGRAPHIC 1nterpretation
should be made in such 1 w1y as to give 1 maxy
mum amount of mformition and 1 mimmum
amount of confusion Dogmatic nterpretations
must be wvorded as there are too many varibles
m the ECG The mvumum benefit of the tre
g cn only be obtamed by clinieal correlation

The value of comparative records cannot be
over emphisized An imverted T3 my be 1
normal finding 1 onc indwvidual nd an 1m
portint change mdicxting disease m still
other Only adcquate base line records will r¢
solve the question on cert un occasions

The first part of the mterpretition 15 entirely
descriptne  One notes the bisic thythm eg
norml sipus rhyvthm rate 75 per muonte  Sec
ondnv arrhythmis are noted such 1s normnl
sinus rhyvthm with oceisionil ventricular pre
mature contrictions Amy of the numerous
wrhvthmias m1y be present or combinitions
of arrhvthmias eg  complcte AV bloch with
sinus rrhyvthmn (sius wrhythmit 1s noted
the P waves)

The mtervals wre described PR inters 11 QRS
duriton QT mtersal The chiracter of the P
waves my be deseribed as normal mercased
amphitude or duration or abnormal chartcter
1stic notching or abnormally dirccted P vector
The QRS complex 1s described m terms of
amphitude and configuration eg S § § 04
sec Q wave n Lewd IIl and Lead II R R at
V1 The ST segments are noted to be 1soelec
trc elevated or depressed The T wave con
figuration may be described as normal peaked
increased 2mplitude or low amphtude The
presence of U waves 15 noted

The mem QRS 1as 1s determined in the

frontal plne n degrces nd the trinsition noted
m the V lcads  This descnibes ats spatial orien
tatton  The T vector 1s described 1n vas degrees
for the frontal planc nd its transition m the
Vleads From this information the spatitl men
QRS T wgle cm be estimated from the spinal
wngle chart

A sxmple descnpme mterprctation 15 not
much help to the chmenn and requires no
great shll He wants to hnow whether the
record 1s normal or abnormal nd if possible
what the ibnormility mews This phase of the
rexding 1s the chmeal mterpretation  If the
record 15 normil by the bove measurements
one should state  the record s within normal
limuits Any arrhyvihmn should be noted also
m this portion of the reading

If the PR mten 1l was noted to be abnormalh
prolonged for the rate ind age onc states  first
degree AV block  or other AV conduction dis
turbances 1re noted such as second degree AV
block or complete AV block

A prolonged QRS duration 1s interpreted m
the chimeal section 15 left bundle branch block
nght bundle brnch block mtriventricaltr con
duction defect iccelerited nodal conduction
(WFW) §, S § pattern 1 normal vannt o1
dely 1 actnation over the mght ventncl
usurlly 4 normal vapant It 1s good to point out
thn i ommous sounding term (S, § S:) 15 1
normal varmnt and not worry the attending
physician wath trnna] information

If the QT mterval was found to be ab
normaily prolonged it should be mentioned m
the climcal mterpretation as “prolonged QT
intery 2l consistent with Electrolvte
disturbance and rheumatic carditis are both
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frequent cwses  Often the attending physician
wilthave ashed for the trieing to detect chnges
consistent with some specific problem such as
by popotassemia

Abnormally large P waves should be cited s
consistent with atrnl enlhirgement or dilatation
Dont try to distingwsh between left wd nght
atrinl cnlwgement on the electrocrdiogrim
alone You will be wrong s often as right and
1t 1s better taste to give less information nd be
night when vou gve it

When nght aus devittion nd precordial
leads suggest its presence one should s1y “night
axis devittion consistent with nght ventnculir
hypertrophy  or nght 1as deviation wath R R
at V1 consistent with nght ventncular enlarge
ment or nght bundle branch block

As there are many causes for 1 wide spitinl
mean QRS T angle 1t 1s probably best to note
1t as just an abnormahty unless other chinges
accompwy 1t T wave changes after all can
mean nthing from mjyocardil mfarction to
changes secondary to 2 recent cubohydrate m
tahe Dogmitic mnterpretitions without know!
edge of the case do more harm than good Sernl
electrocardiograms are venn helpful m evala
atng T w we 1hnormalities
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When a combmation of findings suggesting
left ventriculwr hypertrophy 1s present 1t 1s
probably safe to make the mterpretition b
norm1l record with mereased QRS amphitude
Widened QRS T angle and ST segment changes
consistent with Ieft ventricular hypertrophy

ST segment changes that do not appear
normal should be noted, eg ST segment
changes consistent with ¢picardial mjury  Sug
gest senal records for evaluation

Classic mfarctions muy, be diagnosed Digr
talis m1y be suspected There re many valuable
mterpretations that can be made One should
never forget that an electrocardiogram does
have Iimitations It 1s used best with climceal
information pres10us comparatne records and
m some cises seral records Because the elec
trocardiogram 15 often credited with nfalh
bility by the unimtrated avord at all times dog
matic mterpretations from the electrocardio
gram alone

There 1s still much valuable information to be
learned from the use of the electrocardiogram
As yet we have only scratched the surface with
its application  Lsen 50 1t 15 already a routme
diagnostic procedure for both cardiac and gen
eral mternal medieme problems
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VEGTORGARDIOGRAPH COMPONENT AMPLITUDE
STANDARDIZATION

Y *=20¢cm

Z LEAD LENGTH e¢m

V VERTICAL LEAD AMPLITUDE FACTOR
T= TRANSVERSE LEAD AMP FACTOR{ARBITRARY CONST)
: N s 4 — 2 PR

P

33 3¢ 36 38 40 42 44 46 48 50 5t
SAGITTAL LEAD AMPLITUDE FAGTOR(S)

Bigure 158 The amplificition or standardization for the threc vectorc wdiographic
ferds (\ Y Z) cwn be determuned by 1) selectmg the chart with the proper 1 lead
length 2) phing a strught cdge at the left hand margm 1t the measured length of
the Z lead 3} noting, the pomt where the straight edse ntersects the Tme representing
the correct \ le1d Ingth ind 4) reading the ampldicibon for Z (sl lerd) direetly
beneth the pomt of The \ 1ifi 1s given on the sime curved
Ime representing the \ lead length The amplification of Y 1s 100
GrenaY lexd of 20 em length 2 Z Iead of 17 em length and an \ lend of 12 em
length the imphifications are revd as
Y=100

60
Z= 40 (approvimation)
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VECTORCARDIOGRAPH COMPONENT AMPLITUDE
STANDARDIZATION

Y=22cm

2 LEAD LENGTH cm

V=VERTICAL LEAD AMPLITUDE FAGTOR
T TRANSVERSE LEAD AMP FACTOR(ARBITRARY GONSTANT)

I ] Il Il 2 t L

L Il
30 32 34 36 38 40 42 44 46 48

SAGITTAL LEAD AMPLITUDE FACTOR (S)
Figure 158 (Continued)

The most common lead lungths used 1n the adult are Y =30em T=22cm and
the sagittal vanes  In such a case Y=100 T= 73 nd sagittal amphfication 15 as
follows

Saaittal Lead 15 em
16 em
17 em
18 cm
19cm
20em =
2lem = 4

= 36 amplification
8
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VECTORCARDIOGRAPH COMPONENT AMPLITUDE
STANDARDIZATION
Y=26cm
L
" VERTICAL LEAD AMPLITUDE FACTOR =V
TRANSVERSE LEAD AMP FACTOR(ARBITRARY CONSTANT) T

I L. L 1 3 s AL I3

36

3B 40 42 44 46 48 50

SAGITTAL LEAD AMPLITUDE FACTOR (S)
Figure 158 (Contmued)
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VECTORCARDIOGRAPH COMPONENT AMPUTUOE
STANDARDIZATION

Y=28cm

Fy= VERTICAL LEAD AMPLITUDE FAGTOR

T« TRANSVERSE LEAD AMP FACTOR(ARBITRARY CONST]
i 1 L 1 i I

s

A
35 34 36 38 40 42 44 46 48 50

SAGITTAL LEAD AMPLITUDE FACTOR (S)
Tigure 158 {Contmred)
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VEGTORCARDIOGRAPH COMPONENT AMPLITUDE
STANDARDIZATION
Y=30cm
L
b
-
V=VERTICAL LEAD AMPLITUDE FACTOR
r'l'-"l'RI\NSVERSE LEAD AMP FACTOR(ARBITRARY CONSTANT)
L L. ~L L L 1 - — L
30 32 34 36 38 40 42 44 46 48

SAGITTAL LEAD AMPLITUDE FACTOR (S)
Figure 138 (Contnued)
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