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INTRODUCTION 

I N 1934, Wilson, Johnston, hlacleod, and Barker’ described a method of ob- 
taining electrocardiograms that represent the potential variations of a single 

electrode. In this method an exploring electrode is paired with a central terminal 
connected to electrodes on the right arm, left arm, and left leg through three 
equal noninductive resistances. It was recommended that these resistances be 
made large in comparison with the largest body-resistance in any of the three 
standard limb leads, and it was pointed out that they could be considered ade- 
quately large when the deflections in these leads were not significantly altered bl 
connecting the central terminal to the limb electrodes. In the earliest experi- 
ments resistors of 25,000 ohms were employed, but these were later replaced bs 
resistors of 5,000 ohms in order to reduce distortion of the tracings due to stral 
60 cycle current. 

In 1942, GoldbergerZ introduced a modification of this method in which the 
resistors between the central terminal and the limb electrodes are eliminatetl. 
In a series of cases he compared the deflections of the precordial and the unipolar 
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limb leads taken with a central terminal connected directly to these electrodes 
with those of the same leads taken in accordance with the original technique, 
and was not able to detect any significant difference between them. It may be 
mentioned incidentally that soon after unipolar precordial leads began to be 
used regularly in this laboratory, Dr. F. D. Johnston took a considerable number 
of tracings in the manner afterward advocated by Goldberger. Cursory ex- 
amination of these records did not disclose any striking difference between them 
and those taken with resistors. At that time, however, it seemed advisable to 
adopt a single standard technique for taking precordial electrocardiograms, and 
it was felt that the use of resistors should not be given up until an exhaustive 
investigation had shown that they were unnecessary. 

Goldberger’s method has now come into widespread use, and it seemed 
desirable to have more exact information bearing’upon the question as to whether 
the insertion of resistors in the arms of the central terminal serves any useful 
purpose. The potential variations of the precordium are large in comparison 
with those of the extremities and it is not to be expected that the presence or size 
of such resistors will have very conspicuous effects upon the amplitude or form of 
the larger deflections of the precordial electrocardiogram. Taking precordial 
tracings by both of the methods in question and comparing them did not, there- 
fore, seem to us to be a particularly advantageous way of securing the data 
required. For this reason, as well as others, we adopted a different plan. 

METHOD AND OBSERVATIONS 

In a series of 500 consecutive routine electrocardiographic examinations, 
the electrode on the left arm was paired with a central terminal connected to 
electrodes on the right arm and left leg through equal resistances of 5,000 ohms. 
As soon as this lead had been taken, the electrodes on the right arm and left leg 
were connected together by means of a short length of copper wire with a clip 
on each end, and a second record was made. This technique made it possible to 
take the two records to be compared in quick succession and thus eliminate varia- 
tions in iLcontact” or “skin” resistance, such as are likely to take place with the 
lapse of time. The records were taken by the electrocardiographic technicians 
in the course of their regular work and any conclusions based upon them are, there- 
fore, applicable to routine clinical electrocardiograms. 

In each of the 1,000 tracings the deflection produced by throwing 1.0 milli- 
volt into the circuit and the amplitudes of the P,Q,R,S, and T deflections were 
measured to the nearest two-tenths of a millimeter. After appropriate corrections 
for errors in standardization had been made, the corresponding deflections of 
each pair of records were compared with the following results: 

P Wave.-In twenty-nine instances (5.8 per cent) there was a conspicuous 
difference in the auricular complex between the records taken by the two different 
methods. In some instances the P wave was isoelectric in one tracing and up- 
right or inverted in the other; in other instances this deflection was upright in 
one tracing and inverted in its fellow (Fig. 1, Tracings 1,2,3,9, and 17). 
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Q Wave.---This deflection was absent in one record and present in the other 
in eight instances (1.6 per cent). ‘Tracings 3 through 6 of Fig. 1 show the most 
striking differences encountered. 

R Wave.-A difference of 2 to 7 mm. in the height of the K deflection occurred 
in fifty cases (10 per cent). See Tracings 6 through 20 of Fig. 1. 

S Wave.-This deflection was present in one tracing and absent in the 
other in five instances (1 per cent). See Tracings 16 and 17 of Fig. 1. In twenty- 
eight additional cases (5.6 per cent), it was at least twice as large in one record 
of the pair as in the other. 

T Wave.-This component was upright in one tracing and inverted in the 
other or isoelectric in one tracing and not in the other in twelve cases (2.4 per 
cent). See Tracings 3,4, 6, 20, and 21 of Fig. 1. In thirty-two additional cases 
(6.4 per cent), it was at least twice as large in one record as in the other. 

DISCUSSION 

These observations indicate that under conditions such as obtain in the 
taking of routine clinical records, a central terminal connected to the limb 
electrodes through large resistances may be expected to yield results significantly 
different from those obtained with a central terminal connected directly to these 
electrodes in about one case out of ten. Why should the elimination of the re- 
sistors in the arms of the central terminal have striking effects in some cases and 
not in others? Are the.results of eliminating these resistors predictable? Is it 
possible to estimate the maximal change in the potential of the central terminal 
that this procedure can produce ? We shall not undertake here to offer complete 
and final answers to these questions, but it seems desirable to call attention to 
some of the factors that have an important bearing upon them. 

Connecting electrodes on the extremities to a central terminal completes 
circuits previously open and establishes currents which did not exist before. 
These currents are necessarily accompanied by a voltage drop across each of 
the circuit elements through which they ilow. Among these circuit elements are 
the resistances in the arms of the central terminal, the resistances at the surfaces 
of the electrodes, the resistances of the areas of skin beneath the electrodes, and 
the resistances of the internal tissues of the extremities and of the trunk. If 
the electrodes are small in comparison with the magnitudes of the currents 
set up, the current densities over their surfaces will be large and the voltage 
drops at these surfaces and across the underlying skin may be significantly affected 
by polarization.3 

It is evident, therefore, that the potentials of the limb electrodes before 
and their potentials after they are connected to the central terminal must always 
differ in some degree, and under some circumstances, may differ greatly and in 
an unpredictable manner. It is also clearly desirable that leads in which the 
central terminal serves as the reference electrode shall not be less trustworthy 
than the standard limb leads; that is to say, that the results which they yield 
shall not be dependent upon the personal equation of the person who uses them or 
upon purely extrinsic circumstances which he cannot take account of or modify. 



Of the circuit elements mentioned, the resistances in the arms of the ct‘nlral 
terminal, at the surfaces of the electrodes, and in the skin are either completeI>- 
or to a large extent under our control. Making the first as large as is practicable 
will reduce the currents set up by connecting the limb electrodes to the c.t~ntral 
terminal to their lowest possible values and thus greatly diminish the likelihnotl 
of significant polarization and the magnitude of the alterations in thr potent ial 
differences inside the body and at its surface produced by this procedure. I’hc 
limb electrodes should be relatively large also, for the densities of the currents 
through their surfaces and the underlying skin, and consequently the “CWI~I t” 
and skin resistances and the magnitude of an!. polarization that ma!’ OCWI-. v;ilI 
varl- inversely with their size. The skin resistances can be diminished 1,~. pro1 WI 
preparation of the skin, and the lower these resistanc-es, the smaller thcx &IHY 
that the!. will be grossly unequal or constitute large fractions of the, total r*+st- 
antes in the circuits of which they are a part. 

The simple equations which express the potentials, \.R, \,‘I., and 171:. of the 
apices of Einthoven’s triangle in terms of the deflections in the standard limb 
leads were originally based upon the conclusion that the sum of the potrn~ials 
of these apices is zero for all positions of the electrical axis of the heart. This 
conclusion may or may not be valid. In either case, these equations giv<b the 
potentials of the right arm, left arm, and left leg with respect lo their rntann ,IS 
the reference level. Take for example the equation for the potential ctf thtb ltff 
leg in terms of the deflections in Leads II and I I I. \I’e have 

The last expression is obtained from the second b!. first adding and I hen dull- 
tracting YP. 

What exactly do the expressions \ ‘R, VI,, and VF in these equations rcpres’nt ? 
That clearly depends upon what the deflections in the limb leads represcant. 
It was shown long ago 4*5 that when the standard limb leads are properly taken on~ 
at a time in the usual way, the deflections recorded represent the potential 
differences between the limb electrodes that would have existed if they hat1 not 
been attached to the terminals of the electrocardiograph. The principlr ul)ot~ 
which this surprising conclusion depends is one that was discovered b>, Helm- 
hoIt as long ago as 1853. We conclude, therefore, that the s).mbols in questiori 
represent the potentials of the limb electrodes before the>- have been brou::ht 
into contact with any conductor other than the both!.. 

Jt is then clearly possible to compute the potentials of the limb electrorIc+ 
with respect to their mean when the deflections in the limb leads are knorvn. 
The values so obtained ma?’ be considered the potentials of these electrodes with 
respect to an “ideal” central terminal joined to them 1)~ infinite resistances. II 
is also possible, b\* a procedure nnalag-ous IO that devised t)l, Einthoven, IS(br-- 
g‘mslus, and Bijte14 fo’r another purpose, to r~onatruc’t a central terminal whit% I . 

will have the same potential as an “ideal” terminal of this ikind. The!- shc.~~~tl 
that br\. employing three string galvanometers it is possible IO t-nke the threat liml) 
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leads simultaneously and still obtain accurately standardized records, provided 
that the resistances in the three circuits are equalized and the sensitivities of 
the three galvanometers are properly standardized. 

We can in the same way adjust the value of the resistances in the three arms 
of the central terminal in such a way as to make the total resistances in the cir- 
cuits which include the body equal. The procedure required is the same as that 
employed by Einthoven and his associates4 and the example discussed by them 
is equally suitable for the present purpose. Fig. 2 is reproduced from their paper. 
The measured body resistances in Leads I, I I, and I I I are given as a, a + p, and 
(I + p + 4, respectively. It is required to determine x, the resistance that must 
be attached to the right arm electrode, and the resistance y that must be attached 
to the left arm electrode in order to equalize the resistances in the three limb leads. 
If we represent the resistances associated with the contacts on the right arm, left 
arm, and left leg by R,, Rr, and Rf, respectively, the equalized resistances in 
three leads will be represented by the following equation: 

(2) R,+R~=a+x+y=R,+Rf=a+p+x=R~+R~=a+p+q+y 

Solving for x and y, we get x equals p + p and y equals p. 

Al 02 

Fig. Z-Diagram showing method of equalizing the resistances in the limb leads. Reproduced with 
minor changes from an article by Einthoven, Bergansius, and Bijtel.* 

A central terminal joined to the right arm electrode (A of Fig. 2) by a’resist- 
ante R plus x, to the left arm electrode (B) by a resistance R plus y, and to the 
left leg electrode (C) by a resistance R, will be separated from the points labeled 
Al, &, and C in Fig. 2 by equal resistances of R ohms. The total resistances 
in the circuits of which these equal resistances are corresponding elements are 
equal. Each of the three potential differences between the central terminal and 
the points A 1, Bz, and C is proportional to, and represents the same fraction 
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of, the total drop in voltage, or electromotive force, in the circuit to which it 
belongs. The relations which these statements express are not dependent upon 
the magnitude of the equal resistances of R ohms. If these resistances arci 
Increased step by step, the fraction of the total drop in voltage in each of the i.ir- 
cuits corresponding to the potential differences specified will become larger ;~ntl 
larger. The limits approached by these potential differences as the \YI~LIC of hl 
becomes infinite are clearly the potentials of the limb electrodes (with respecr tc: 
their mean) before they were connected to the central terminal. It is eaGl>- 
shown, however, that under the circrtmstances postulated, the potential of t ht. 
centra1 terminal is not altered by changing the size of the equal resistors between 
it and the points A ,, B2% and C. The sum of the voltage drops across chest- 
equal resistors is zero and their relative magnitudes arc constant. J;or Iret-\ i;lrgc. 
values of the resistors we have, therefore, 

J-or an!’ other value of t-he resistors, we have 

where K is a fraction equal to R divided b)- the total resistance in each of I hc 
circuits of which the three resistors of R ohms are corresponding elements. 

The various circuit elements involved in problems of the kind uuder COJ~- 

sideration are shown diagrammaticall!- in Fig. 3. In this figure E,. I;:,, and i< ?, 

Fig. 3. -Diagram showing the circuit elements of the circuits established by connection 
of the limb electrodes to a central terminal. See test. 
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represent the open circuit voltages in the three limb leads, and the small circles 
(A, B, and C) are the limb electrodes. The body resistances are divided into two 
fractions. The resistances, across which there is a flow of current only when the 
limb electrodes are connected one to another by an external conductor, are in- 
dicated by the symbols ra, rb, and rc. The other body resistances are labeled 
rl, r2, and r3. The letter R refers to the equal resistances in the arms of the 
central terminal. The resistances, rl, rz, and ~3, of the tissues of the trunk and 
those parts of the extremities adjacent to the trunk, through which there is a 
flow of current before the limb electrodes are joined to any external conductor, 
are presumably small and approximately equal. On the other hand, the “con- 
tact” and skin resistances, which constitute the greater part of Y,,, rb, and rc, 
are probably relatively large and frequently unequal.3 

The following conclusions require no further explanation. When the 
differences in magnitude between the resistances in the limb leads are small 
in comparison with R, the potential of the central terminal is the mean of the 
open circuit potentials of the limb electrodes. When the resistances R are large 
in comparison with the resistances in the limb leads, the deflections of the leads 
from the central terminal to the limb electrodes represent the open circuit poten- 
tials of these electrodes with respect to their mean. When the resistances R 
are not large and one of the resistances ra, rb, and r, is much smaller than the other 
two, the potential of the central terminal will fluctuate in unison with that of the 
corresponding limb electrode unless the potential variations of this electrode 
happen to be small in comparison to those of its fellows. When R is not large in 
comparison with the resistances in the limb leads and rot rb, and rc are equal, 
the voltage drops across the resistances R will represent only a fraction of the 
open circuit potentials of the limb electrodes. 

When the value of R is zero, all of the limb electrodes are at the same poten- 
tial. If the resistances in the limb leads are equal, this potential will be the mean 
of the open circuit potentials of these electrodes. If rat rb, and rc are unequal, 
the potential of the short-circuited limb electrodes will ‘reflect the, potential 
fluctuations of the limb electrode corresponding to the smallest of these resistances. 
If a central terminal directly connected to the limb electrodes is paired with an 
exploring electrode, and this electrode is placed on one of the extremities distal 
to the electrode which is connected to the central terminal, the record obtained 
will represent .the fluctuations of the voltage drop across the skin under the 
latter. This voltage drop will be proportional to the open circuit potential of 
the extremity only in case the resistances in the limb leads are precisely equal. 

When the resistances R are so large in comparison with the resistances in the 
limb leads that the voltage drops in the arms of the central terminal are approx- 
imately equal to the open circuit potentials of the limb electrodes with respect 
to their mean, the augmented unipolar limb leads introduced by Goldberger will 
yield deflections of the same form as, but 50 per cent larger than, the deflections 
of the corresponding unaugmented leads. This is obviously not the case when R 
is small, for then the unaugmented leads will record only a small and the aug- 
mented leads a large fraction of the open circuit potential variations of the limb 
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electrodes. When R is zero, the unaugmented leads record nothing. ‘IVhen 
augmented unipolar leads are taken with a central terminal connected directly 
to two limb electrodes (R zero), the results are likely to be greatly influenced by 
the relative magnitude of the two skin resistances involved. The potential 
of the central terminal, under these circumstances, will not be the mean of the 
open circuit potentials of the limbs to which it is attached unless these skin 
resistances are equal. 

Fig. 4.-A, Lead II taken simultaneously with two string galvanometers from a single pair of l~+&le 
electrodes in the subject’s right arm and left leg. The upper record was taken without and the lou rf 
record with a single-stage direct current vacuum tube amplifier in the circuit. 

B. Record taken with the galvanometer, having the vacuum tube in the circuit, aftor thr! oti,~r 
galvanometer had been disconnected from the electrodes. 

It may be worth while to give an illustration of the effect on the form ,,f 
the electrocardiogram produced by polarization in a circuit of relatively low rc- 

sistance. The tracings shown in Fig. 4 were obtained in the following way. 
Small steel needles thrust through the skin of the two arms were substituted for 
the usual limb electrodes and two records of Lead I were taken simultaneously 
with two coupled string galvanometers. The same electrodes were connected 
to both galvanometers; to one in the usual way and to the other through a sin&- 
stage direct current amplilYer.1 The external resistance in the first circuit was 
then the relatively low resistance of the galvanometer string (about 2,000 ohms!, 
whereas that in the second circuit was the extremely high input resistance of ;1 
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vacuum tube. When 1.0 millivolt was thrown into the two circuits, they behaved 
very differently; the high-resistance circuit yielded a sustained deflection of 
approximately 1.0 cm. (Fig. 4,A). The low-resistance circuit, however, dis- 
played a sharp upward deflection of short duration when the test voltage was 
thrown in and a similar downward deflection when it was thrown out. On the 
other hand, the deflections of the two electrocardiographic tracings are identical 
in form, although different in size. After this record had been taken, the low- 
resistance circuit was broken and it will be noted that the effect upon the tracing 
obtained with the high-resistance circuit was profound (Fig. 4,B). 

We have no evidence bearing on the question as to whether polarization 
does or does not commonly occur in the low-resistance circuits established when 
the central terminal is connected directly to the limb electrodes. Nor do we know 
whether the effects produced by short-circuiting the right arm and left leg 
electrodes, which are illustrated in Fig. 1, were due chiefly to polarization or 
chiefly to inequalities of the skin resistances involved. It should be noted that 
when the standard limb leads are taken with a low-resistance electrocardiograph, 
the presence of polarization can be easily recognized by the effect which it has 
upon the deflection produced when a standardizing voltage is thrown into the 
circuit (Fig. 4). On the other hand, polarization resulting from the flow of cur- 
rent set up by connecting the central terminal to the limb electrodes cannot be 
easily detected. Polarization arising in this way will distort the tracings obtained 
through its effect upon the potential of the central terminal; it will not distort 
the deflection produced by throwing a test voltage into the galvanometer circuit 
while taking a lead from the central terminal to some other point. It seems 
essential, therefore, that the resistances in arms of the central terminal be large. 
Einthoven and Bijtel,” who made an exhaustive study of the resistance, electro- 
static capacity, and polarization capacity of the skin and their effects upon records 
taken with the string galvanometer, expressed the opinion that when the external 
resistance in the galvanometer circuit was 10,000 ohms or more the tracings 
obtained would not be significantly distorted, provided that the skin resistance 
had been reduced by the use of 20 per cent sodium chloride solution. At that time 
the electrodes commonly used were of the immersion type. 

CONCLUSIONS 

The potential of a central terminal connected to the limb electrodes through 
resistors of 5,000 ohms and the potential of a central terminal connected directly 
to these electrodes without intervening resistors may be expected to differ signif- 
icantly in about one case out of ten. 

The resistances in the arms of the central terminal should be large in com- 
parison with the body resistances in the limb leads. 

When the resistances in the arms of the central terminal are eliminated, its 
potential is determined by the relative magnitudes of the resistances of the 
areas of skin underlying the electrodes to which it is attached and possibly, to 
some extent, by the effects of polarization. 
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A. The Currents in the Arms of the Central Terminal.- 
Let il, it, and i, represent the counterclockwise currents in the three loops of the nc,twork 

shown in Fig. 3, containing the resistances 7,. rs, and r,]. respectively. Ry Kirchhoff’s voltage la\% 
we have then the three equations: 

The symbols R,, &,, and R, are here used to represent (r(,+K), (rb+K), and (rC+Ki, respectively. 
These three equations can be solved for il, it, and i.1. The expressions for i,, ib, and i,, the currents 
flowing toward the central terminal through its three branches, may then be computed 1~:. means 
of the relations: i, equals it minus i,; ib equals il minus i,T; and i, equals iy minus iz” 

In this way we obtain 

~/~d~S+rf~2(lib+Kc)+rl~3(R,+Rc~+r~r;~(~+Rb) !rl+r~+l.?)(R,Rb+K,K,+KbK,) 

For i, and ib, the denominator is the same and the numerators are, respectively: 

-[(I~l;?+(rl+r~+lS)Re’E~ - !r[rs+ (ri+YJf~,;)&,]E~ ilnd 
[r~fS+(r~+T~+r:~)R,lEI- [r176+(YI+T~+r.:)K,lEI. 

When the resistances rd and 1.3 are equal to T,, the rxpres;sion toward the ccantral lr~rminal 
from the leg electrode is 

and when, in addition, the resistances R, and Rb are equal to K,,, we have i,= :f +.“,i 
< 

I/ t .?K, 
H. The Potential of the Central Terminal.- 

When the resistances R,, &, and R, are equal, the potential of rhe central terminal is the 
mean of the potentials of the three extremity electrodes: 

a:, = (l/3) ( v,+ v,+ VF) 

When these resistances are unequal, the potential of the contra1 terminal 1’;. map. be obtained 
as follows: 

We have the equations: 

(I/%) (VR- vi, = 4 
(I/%) (VL- vi.1 = ib 

(I/R,) (VF- v;, = i, 

By Krchhoff’s current law the sum of the currents i,, ib, and i, is zero. Consryuentl~ 

and 

1,t = %RcVR+%R, vL/LS&RbRF 

T  &%+R,R,+R& 

or 

J’;.- VT= 
Rt& v~+%Rc VL+Ro& F’F JrR+ ti.+ brF 

&&+R,R,+R& 3 

v, _ vT= RbRc( VR - ~TI+R,R,( VL - Vz’)+&Rb( r/F - VT) 
7 

R&,+&&l-&R, 

This last equation gives the difference in potential between the central terminal when the re- 
sistances are unequal and the central terminal when the resistances are equal in terms of the 
unequal resistances and the open circuit potentials of the limb electrodes with respect to their 
mean potential. 
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When & and R, are equal, but & has a different value, we have 

and since ( VR- VT)= - ( VL- VT) - (VP- VT), this gives 

vr-vT’T (Rb- R,) (VR- VT) 
T  

z&z+& 
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