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How many ECG leads do we need?
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The number of leads used and the electrode
placement in a standard ECG have remained the
same for over half a century although the technol-

ogy behind the method has developed greatly
(Fig. 1). It is well known that the sensitivities of cur-
rent standard 12-lead ECG criteria for detecting

many cardiac diseasesdsuch as acute myocardial
infarction (MI) and ventricular hypertrophydare
poor. To increase the diagnostic ability of the
ECG, many alternative lead systems have been

proposed, but none has yet received general accep-
tance in the cardiology community.

The issue of the optimal number of leads is of

great interest to researchers, as becomes apparent
when researching the literature on the subject. Some
investigators argue that a small number of leadswill

suffice; others maintain that the greater the number
of leads, the better. This article aims to answer the
question of how many ECG leads actually are

necessary by presenting some of the most widely
studied lead sets. Also discussed are researchers’
efforts to enhance the sensitivity and specificity
of the ECG in detecting acuteMI and the capability

of the ECG to diagnose other cardiac conditions.

The development of the standard 12-lead ECG

The first surface ECG recorded on humans was
performed in 1887 by Waller [1], but the leads that
were first used for diagnostic electrocardiography

were three-limb leads introduced by Einthoven [2].
In the earliest ECG recording systems, the pa-
tient’s arms were inserted into jars of conducting

solution, which were connected to a sensitive
galvanometer. This method made it possible to
measure the potential differences between the
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two arms (lead I), the left leg and the right arm
(lead II), and the left leg and the left arm (lead III).

In the early 1930s, Wilson [3,4] introduced

a ‘‘central terminal,’’ which he hypothesized
would allow measurements of the potential varia-
tion at a single point, giving rise to the incorrect

term ‘‘unipolar leads.’’ Indeed, all leads measure
the potential difference between two poles. The
original Einthoven leads were ‘‘two-electrode
leads,’’ whereas other standard leads used a single

electrode as one pole and averaged inputs from
multiple electrodes as the second pole. When in-
puts from all three limb electrodes were averaged,

the resulting ‘‘central terminal’’ served as the sec-
ond pole, thus creating a ‘‘V’’ lead. The lead sys-
tem defined six additional chest leads to be

recorded, labeled V1, V2, V3, V4, V5, and V6.
In the early years of ECG recordings, there was

no standardization of placement of the precordial

leads, making it difficult to compare studies. In
1938, the first standardization was made by the
Cardiac Society of Great Britain and Ireland in
conjunction with the American Heart Association

[5]. Later that same year, the electrode positions
of leads V1 to V6 as known today were described
[6,7]. The standardized placement of the precor-

dial leads was a committee decision, made with
the specific intent of standardizing research.

The Wilson central terminal also enabled three

other limb leads: VR, VL, and VF. These leads,
however, were of low voltage in general and were
replaced by augmented (aV) leads by removing
input from the electrode that provided the first

pole from the averaged second pole. Augmented
limb leads, developed in 1942, measure the poten-
tial differences between the left arm and the

average of the potentials at the right arm and
left leg (lead aVL). In a similar fashion, it was
possible to design two other augmented limb
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Fig. 1. The placement of precordial and limb electrodes. In the frontal view (left) the electrode placement for the standard 12-

lead ECG is shown: V1 to V6. The right-sided electrodes are also shown, which are mirror images of leads V2 to V6. On the

back view (right) the posterior electrodes V7 to V9 and V7R to V9R are shown. LA, left arm; LL, left leg; RA, right arm.
leads, aVR and aVF [8], creating the standard 12-

lead ECG used today.
In some situations it is not feasible to use the

standard electrode placement for limb leads be-

cause of noise from skeletal muscle (eg, during
percutaneous transluminal coronary angioplasty
and during stress tests). In 1966, Mason and Likar
[9] introduced a system in which limb electrodes

are instead placed on the torso (Fig. 2). In this sys-
tem, the arm electrodes are placed in the left or
right infraclavicular fossa, medial to the border

of the deltoid muscle and 2 cm below the lower
border of the clavicle. The left leg electrode is
placed in the anterior axillary line, halfway be-

tween the costal margin and the crest of the ilium.
Studies have shown, however, that the electrical
axis may change and that ECG findings indicating
inferior or posterior infarcts are lost in 69% and

31% of patients, respectively, compared with find-
ings in ECGs recorded with standard electrode
placement [10,11]. Hence, when interpreting an

ECG, it is important to know if it has been re-
corded using Mason-Likar electrode placement.

Additional precordial leads

It is well known that the sensitivity of current
12-lead ECG criteria is poor for detecting acuteMI
[12,13]. There are three principal reasons. First, the

infarct may be too small to affect the cardiac elec-
trophysiology reflected by an ECG. Second, the lo-
cation of the infarctionmight not be ‘‘observed’’ by

a 12-leadECGbecause of its limited coverage of the
precordium. It also is possible that the precordial
electrodes in a standard 12-lead ECG are not opti-
mally placed to detect acute MI and ischemia. For

example, Saetre and colleagues [14] found that
leads derived from electrodes placed in the left axilla
and on the back could differentiate ECG changes

that occurred during percutaneous coronary inter-
vention of the first diagonal and left circumflex
(LCX) arteries, respectively.

Third, the location of ischemia in acute in-
farction might be observed by the 12-lead ECG as
ST depression when, in fact, it should be consid-
ered ‘‘ST elevation equivalent.’’ This consideration

of the inverse of a standard lead as the equivalent
of an additional lead (eg, lead aVRand lead�aVR)
may negate the need to create additional leads by

placement of additional electrodes [15].
In addition to precordial leads V1 to V6, other

precordial torso leads can be used as well. Posterior

leads V7 (left posterior axillary line), V8 (left
midscapular line), and V9 (left border of the spine)
are all located in the same horizontal plane as lead
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V6. Leads V3R to V9R are located on the right

side of the chest in the same location as corre-
sponding to the location of the left-sided leads V3
to V9. V2R is therefore the same as V1 (Fig. 1).

Posterior leads

Posterior MI occurs when either the LCX or

a branch of the right coronary artery (RCA)
supplying blood to the posterior wall of the left
ventricle is occluded. Because there are no poste-

rior electrodes in a standard 12-lead ECG, the
diagnosis of posterior MI depends on ST de-
pression in anterior leads [16]. Currently, patients

who do not have ST-segment elevation in a stan-
dard ECG are not recommended for thrombolytic
therapy [17]. Moreover, there are reports of ST el-
evation in posterior leads in the absence of changes

in anterior leads [18]. It is important to diagnose
posterior MI because it often is associated with
complications such as mitral valve regurgitation

[19] and poor patient prognosis [20,21]. Accord-
ingly, there has been much interest in the study of
posterior chest leads in the past few years.

In one such study, ECG patterns in posterior
chest leads (V7–V9) were studied in 225 normal
male subjects about to undergo military training

Fig. 2. Mason-Likar electrode placement. In compari-

son with the electrode placement for the standard

12-lead ECG, the limb leads are moved proximally when

recording the 12-lead ECGaccording to theMason-Likar

system. The upper limb leads are placed in the infracla-

vicular fossa medial to the border of the deltoid muscle

and 2 cmbelow the lower border of the clavicle. The lower

limb lead is moved to the anterior axillary line, halfway

between the costal margin and the crest of the ilium.

LA, left arm; LL, left leg; RA, right arm.
[22]. The investigators found that none of the
subjects had ST elevation at the J point exceeding
0.5 mm. The prevalence of 0.5- to 1.0-mm ST ele-
vation at 80 milliseconds after the J point in lead

V7 was 8.9%, 5.8% and 3.1% in leads V7, V8,
and V9, respectively. In only two subjects did
the ST elevation reach 1 mm in amplitude. The re-

sults indicate that ST elevation in leads V7 to V9
at the J point or of more than 1 mm 80 millisec-
onds after the J point can be considered abnormal.

In acute MI, it is important to open the
occluded artery as soon as possible after the onset
of symptoms. It is desirable to identify the culprit

artery by surface ECG to facilitate coronary
intervention. A prospective ECG analysis during
angioplasty for single-vessel disease involving
LCX or RCA found that the most common

ECG change during RCA occlusion was ST-
segment elevation in leads II, aVF, and III
(95%), and that the most common change during

LCX occlusion was posterior ST elevation in leads
V7 to V9 (68%) [23]. Therefore, the use of poste-
rior leads may help in distinguishing between oc-

clusion of the RCA and occlusion of the LCX.
Many studies have demonstrated that posterior

leads are useful for identifying acute posterior MI

not detected by the standard ECG [19,21,24–26].
Zalenski and colleagues [26] found that the addi-
tion of V4R, V8, and V9 in patients admitted to
a cardiac-monitored unit with a provisional diag-

nosis of MI or unstable angina increased the sensi-
tivity of ST-segment elevation detection from
47.1% to 58.8%, with no loss of specificity. Bio-

chemical markers were used to diagnose MI, and
percutaneous coronary intervention was not per-
formed in the study.

In another study, however, Zalenski and col-
leagues [27] found that the accuracy of detecting
ST-segment elevation in acute MI was improved
only modestly by the addition of leads V7 to V9.

The sensitivity increased from 57.7% to 59.7%,
whereas the specificity decreased from 91% to
89.4%.

In a study of low-risk patients presenting with
chest pain suggestive of acute coronary syndromes,
posterior leads were not found to increase the

detection rate of ischemia [28]. Low-risk patients
were identified by a normal 12-lead ECG, absence
of arrhythmias or hemodynamic instability, and

one negative serum cardiac troponin I assay. Dif-
ferent studies have used different levels of ST eleva-
tion in posterior leads as diagnostic of acute MI.
Some authors have used a criterion of 1 mm,

whereas studies with an angiography gold
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standard have considered 0.5 mm of ST elevation
to be diagnostic [29].

Right-sided leads

Right ventricular infarction rarely occurs in
isolation [30] but occur in more than 30% of cases
of inferior left ventricular MI [31]. Patients who
have right ventricular infarct involvement have

a worse prognosis [32,33], a significantly higher in-
cidence of depressed right ventricular function
[34], and a high risk of developing high-degree

atrioventricular nodal block compared to infarcts
with no right ventricular involvement [35]. Usu-
ally, there are only inconclusive signs of right ven-

tricular infarction in the standard 12-lead ECG.
Chou and colleagues [36] concluded that ST eleva-
tion of 1 mm or more in lead V1, in the absence of
other explanations for the ST elevation, should

raise suspicion of right ventricular involvement.
Other studies [37–39], however, do not support
this criterion because of its low sensitivity. One

method that can be used to observe the right ven-
tricle better is to apply right-sided leads. Andersen
and colleagues [40] described ST deviations in the

right chest leads V3R to V7R during transient bal-
loon occlusion of the coronary arteries. They
found that ST elevation always evolved in leads

V5R and V6R when the RCA was occluded and
was 100% discriminative for RCA occlusion com-
pared with occlusion of either of the two left cor-
onary arteries. ST elevation within normal range

or ST depression could be seen in leads V3R
and V4R during RCA occlusion.

Morgera and colleagues [41] studied 82 normal

subjects and found that an rS pattern was always
present in V3R and was present in V4R in 91% of
subjects. qR or qS patterns were seen in V6R in

26% of the subjects, in V5R in 10% of subjects,
and in V4R in 2% of subjects. In a study by An-
dersen and colleagues [42], 109 normal subjects

were studied. An rS configuration was found in
V3R in 98% and in V4R in 91%. A qS configura-
tion was found most frequently in V6R (16%).
They also investigated the ST deviation 40 and

80 milliseconds after the J point. Measurements
of the ST segment made 80 milliseconds after
the last QRS deflection showed significantly

more deviation from the isoelectric line than mea-
surements made 40 milliseconds after the last
QRS deflection. They concluded that ST-segment

deviation should be measured 40 milliseconds af-
ter the last QRS deflection and should be at least
0.6 mm to be considered abnormal.
Many studies have evaluated right-sided pre-
cordial leads in acuteMI and have found a high but
variable sensitivity for detecting right ventricular

MI [27,37–39,41,43]. Croft and colleagues [37]
studied 33 patients who had enzymatically con-
firmed MI, using myocardial scintigraphy as the
criterion gold standard. They found that ST eleva-

tion of 1mmor greater in one ormore of leads V4R
to V6R is both highly sensitive (90%) and specific
(91%) in identifying acute right ventricular infarc-

tion. Braat and colleagues [38] reported similar re-
sults, with a sensitivity of 93% and a specificity of
95% in lead V4R, which was found to be the best

right-sided lead for detecting right ventricular MI.
Later, they also performed a study using angiogra-
phy as the criterion gold standard [43]. Forty-two
patients who had inferior MI were included, 17 of

whom had right ventricular MI. The sensitivity
for detecting right ventricular MI was 100% for
lead V4R, and the specificity was 87%. Lopez-Sen-

don and colleagues [39] found 100% sensitivity and
68% specificity in detecting right ventricular MI in
lead V4R.

Another study compared the standard 12-lead
ECG with 12-lead ECG plus the addition of V4R
to V6R in 533 patients who had chest pain [27].

They found that the sensitivity increased from
57.7% to 64.4% with the addition of V4R to
V6R. The specificity, however, decreased from
91% to 85.6%. Most of the studies used 1 mm

as the cut-off value [27,37,38,41,43], but others
have used 0.5 mm [39,41]. An autopsy study by
Morgera and colleagues [41] compared sensitivity

and specificity when using a 1-mm or 0.5-mm cut-
off in lead V4R. With 0.5 mm as the cut-off, the

sensitivity was 76%, and the specificity was

86%. With 1 mm as the cut-off, the sensitivity
was 57%, and the specificity was 100%.

The use of right-sided precordial leads has also
been investigated during exercise tests, with di-

vergent results. Some studies have shown that the
addition of right-sided leads does not increase the
sensitivity of the ECG for the detection of

myocardial ischemia [44,45], but another study
showed that the sensitivity improved greatly [46].
Some studies indicate that the addition of right-

sided chest leads could be of use in the early diag-
nosis of acute pulmonary embolism [47,48].

Body surface potential mapping

The standard 12-lead ECG is derived from
only 10 electrodes. Hence, it offers a limited
VitalConnect Ex. 1017
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coverage of the body surface potential distribu-
tion caused by the depolarization and repolariza-
tion of the myocardium. Therefore, local electrical
events in the myocardium may not be reflected in

the standard 12-lead ECG. Body surface potential
mapping (BSPM) is a method that provides better
coverage of the body surface potential distribu-

tion by performing recordings at multiple sites
(24–240) on the body surface. This approach is
not novel; in fact, the first example of a potential

map was published in 1889 by Waller [49], who
performed 10 to 20 ECG recordings at various
points on the surface of the human body. Since

then, normal BSPM patterns have been estab-
lished [50,51], and abnormal patterns of BSPM
have been explored. In addition to this empiric
use of BSPM, aimed at obtaining descriptive in-

formation of cardiac electrical behavior, BSPM
has evolved from the so-called ‘‘classical forward’’
and ‘‘inverse’’ problems of electrocardiography.

The former focuses on how the electrical activity
from electrical sources present in the heart is
propagated to the epicardium (near-field problem)

or to the body surface (far-field problem) [52]. The
latter focuses on how the electrical activity re-
corded at the body surface can be used to derive

details about the electrical activity in the heart
(ie, epicardial potentials) [53]. Both problems re-
quire information of high spatial resolution from
the body surface, which can be obtained through

BSPM. The theoretical aspects of BSPM are not
discussed further in this article. Instead, the
more clinical aspects of BSPM are discussed.

Clinical implications

Several studies involving BSPM in patients

with MI have been published [54–74]. A study
by Kornreich and colleagues [55] included 177 pa-
tients who had MI and 184 normal subjects. Cri-

teria based on six features from three locations
(mostly ST-T measurements) derived from 120-
lead BSPM data yielded a specificity of 95% and
sensitivity of 95% for diagnosing MI. The three

locations were the right subclavian area, the left
posterior axillary region, and the left leg. The
12-lead ECG had the same specificity but a sensi-

tivity of 88% for the same number of features.
The leads with the greatest discriminating power
were found outside the 12-lead ECG. Further-

more, it has been shown that the sensitivity for
right ventricular MI increased from 42% for right
ventricular leads to 58% for BSPM [57]. In the
same study, the sensitivity increased from 1%
for posterior leads to 27% for BSPM.

The 12-lead ECG has a sensitivity of about
50% for detection of acute MI. Menown and

colleagues [56] studied 635 patients who had chest
pain, of whom 325 had MI (according to the
World Health Organization criteria for acute

MI), and 125 controls. Subjects were randomly
assigned to either a learning or a test set. The
64-lead anterior BSPM data showed an overall

correct acute MI classification of 74%.
The standard 12-lead ECG is known to have

low sensitivity for detection of acute MI in the

presence of left bundle branch block. Sgarbossa
and colleagues [75] showed a sensitivity of 33%,
and Hands and colleagues [76] showed a sensitivity
of 17% for detecting acute MI in the presence of

left bundle branch block. Maynard and colleagues
[58], however, have shown that the sensitivity can
be increased to 67% using BSPM.

BSPM also has been shown useful in evaluat-
ing the clinical efficacy of reperfusion therapy
[77,78]. In a study of 67 patients who had acute

MI undergoing coronary angiography 90 minutes
after fibrinolytic therapy, Menown and colleagues
[77] showed that BSPM had a sensitivity of 97%

and a specificity of 100% for detecting patients
who had established reperfusion (Thrombolysis
in Myocardial Infarction [TIMI] grade 2–3
flow). In comparison, all ST-resolution patterns

on the standard 12-lead ECG showed a sensitivity
of 59% and a specificity of 50%.

The 12-lead ECG is used frequently for assess-

ing stress-induced ischemia in coronary artery
disease. Using BSPM, Manninen and colleagues
[79] showed that regional stress-induced ischemia

can be identified at sites on the body surface not
covered by the standard 12-lead ECG. Montague
and colleagues [80] demonstrated that ischemic re-
polarization changes were detectable and quantifi-

able by BSPM at low levels of cardiac stress in
patients who had one-vessel disease when the
usual ECG criteria of myocardial ischemia fre-

quently were absent. Furthermore, Boudik and
colleagues [81] showed that BSPM during dipyri-
damole stress can be used to differentiate between

normal subjects, patients who have syndrome X,

and patients who have coronary artery disease.
The sensitivity and specificity for detecting syn-

drome X were 71% and 78%, respectively.
BSPM also has been shown to increase the

diagnostic accuracy of left ventricular hypertro-
phy criteria [82] as well as the ability to estimate

left ventricular mass from an ECG [83,84] in
VitalConnect Ex. 1017
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comparison to a standard 12-lead ECG. In addi-
tion, BSPM has been shown to be useful in iden-
tifying accessory pathways in patients who have

Wolff-Parkinson-White syndrome [85–91].

Why is body surface potential mapping
not clinical routine?

It is clear that BSPM provides more informa-

tion regarding the cardiac electrical field than the
standard 12-lead ECG. Why then is BSPM not
more clinically established? First, recording the

large number of leads and displaying them ap-
propriately is time consuming, making the pro-
cedure unsuitable for clinical settings. This

obstacle has, to a large extent, been overcome
by the development of electrode strips that are
easier to apply and by modern computer technol-
ogy. Modern BSPM systems can acquire and

process maps in less than 30 seconds. Second,
the great amount of information received from
BSPM has been difficult to interpret and classify

correctly; however, a variety of statistical methods
have been devised that allow measurements of
cardiac patients to be compared with those of

healthy subjects of various ages, sex, and body
habitus. Interpretation schemes are now available,
also. Nonetheless, correct interpretation and clas-

sification of maps remain challenging tasks and
require a deep understanding of body surface
potential distribution. In a recent study of 389
patients presenting to an emergency department

with chest pain, Carley and colleagues [92] showed
that BSPM offered a relatively small increase in
sensitivity (from 40% to 47.1%), and a compara-

ble decrease in specificity (from 93.7% versus
85.6%) for detecting acute MI in comparison to
a standard 12-lead ECG. In this study, the

BSPM maps were interpreted by emergency physi-
cians trained in BSPM, not by cardiologists with
a special interest in BSPM. Additionally, this
study was performed in an emergency setting

with unselected patients, thus reflecting the clini-
cal reality of a typical emergency department.

Although BSPM offers better coverage of the

body surface potential distribution, further studies
of the diagnostic capability of BSPM in different
clinical settings are needed to establish it as

a clinical routine examination.

Reduced lead sets

Although there are clear advantages in using
additional leads in certain circumstances,
problems might occur even when using only the
10 electrodes of the standard 12-lead ECG.
Multiple electrodes and wires interfere with aus-

cultation, echocardiograms, resuscitation efforts,
and chest radiographs. Noise levels created by
limb movement detected by multiple leads make
interpretation difficult, and the discomfort to

patients caused by so many electrodes tends to
be high. Additionally, rapid and accurate elec-
trode placement can be difficult in emergency

situations. Fewer electrodes placed at more easily
accessed locations could facilitate ECG acquisi-
tion for both patient and staff.

Frank leads

Today, the standard 12-lead ECG is the most
common method for studying the electrophysiol-
ogy of the heart. Vectorcardiography is another

method that was first described in the early
twentieth century. A vectorcardiogram traces the
sum of the heart’s electrical activity in a three-

dimensional space throughout the cardiac cycle.
Three orthogonal leads, Vx, Vy, and Vz, are used.
The most commonly used and best-studied or-

thogonal lead system is that of Frank [93]. In this
lead system, seven electrodes are used (Fig. 3, up-
per panel). Five of the electrodes are positioned

around the heart on the torso (on the left and
right side of the thorax, on the sternum, on the
back, and on the left side of the chest, at an angle
of 45� with respect to the center of the thorax),

one electrode is positioned on the back of the
neck, and one on the left foot. From the contrib-
uting measurements of these leads, the orthogonal

leads Vx, Vy, and Vz are derived. Typically, the
leads are analyzed in pairs and presented as loops.
The amplitudes of the two leads are measured at

the same time and plotted in a diagram, with the
amplitude of one lead appearing on the x-axis
and the amplitude of the other lead appearing

on the y-axis (Fig. 4). The leads are combined
pair-wise to a frontal plane (x and y), a transver-
sale plane (x and z), and a sagittal plane (y and z).
The shape, direction of rotation, and area of the

loop are then analyzed.
Continuous vectorcardiographic registration

with Frank leads has been shown to have sub-

stantial potential for monitoring patients who
have acute MI [94,95] and may help in identifying
candidates for emergency coronary angiography

[95]. It also has been shown to correlate more
closely with enzymatically estimated infarct size
in patients who have Q-wave infarction than
VitalConnect Ex. 1017
Page 6 of 14



323HOW MANY ECG LEADS DO WE NEED?
Fig. 3. Comparison between Frank and EASI electrode placement. The E, A, and I electrodes are identical for the two

placements. In the EASI setting, however, no electrodes are required on the back.
does QRS scoring of the standard 12-lead ECG
[96]. The Common Standards for Quantitative
Electrocardiography working party, however,

concludes that vectorcardiography has slightly
lower specificity and although a slightly higher
sensitivity than standard 12-lead ECG [97].

Derived 12-lead ECG

In 1988 Dower [98] introduced a ‘‘derived’’ 12-

lead ECG, using five torso electrodes, four record-
ing and one ground. Because three electrodes
from the original Frank lead configuration
(E, A, and I) were used, he labeled it the ‘‘EASI
12-lead ECG’’ (Fig. 3, lower panel). In addition,
he used a fourth electrode (S). The fifth ground

electrode can be placed anywhere. The electrodes
are placed on easily identified anatomic points
on the torso: the E electrode on the lower sternum,

the A and I electrodes on the left and right mid-
axillary lines, respectively, at the same transverse
level as E, and the S electrode on the sternum
manubrium. The electrodes record three ECG

leads: A-I (horizontal vector), E-S (vertical vector),
and A-S (anterior-posterior vector). Each of the 12
standard ECG leads is derived as a weighted linear
VitalConnect Ex. 1017
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Fig. 4. A vectorcardiogram from a patient who had a large anterior myocardial infarction. To the left the three orthog-

onal leads Vx, Vy, and Vz are shown. From these leads the QRS loops shown to the right in the frontal, horizontal, and

left sagittal planes were derived. As seen in the horizontal and left sagittal planes, the anterior electrical forces are com-

pletely absent as a result of the large anterior infarction.
sum of the signals from these three leads using the

following formula:

Lderived ¼ aðA� IÞ þ bðE� SÞ þ cðA� SÞ;

where L represents any ECG lead and a, b, and c

represent coefficients determined to optimize the
fit between the standard 12-lead ECG and the
derived ECG [99].

Basic comparisons between standard 12-lead

ECG and EASI-derived 12-lead ECG have con-
cluded that differences between PR, QRS, QT,
and QTc intervals are small. Some differences in

cardiac axes, especially in T-wave axes, have been
found, but EASI still accurately detected right/left
bundle branch block and fascicular blocks

[100,101].
Accurate diagnosis of both myocardial ar-

rhythmias and ischemia often requires analysis
of multiple leads. Many hospital wards, however,

rely on only two leads (most often leads II and
V1) for ECG monitoring. Continuous monitoring
of the EASI-lead ECG has been found to be

superior to monitoring with leads II and V1 for
diagnosing transient myocardial ischemia in pa-
tients who have unstable coronary syndromes

[102]. Leads II and V1 were shown to miss 64%
of ischemic ST changes detected by EASI; 75%
of the missed events were clinically silent. More-

over, EASI-derived ECG has been found to be di-
agnostically equivalent to standard 12-lead ECG
for the detection of cardiac arrhythmias [100,101].

The diagnostic capabilities of the EASI system
have been found to be equivalent to the standard
12-lead ECG for the detection of acute ischemia

[101–104], acute MI [105], and prior MI
[100,101,103,106]. Another application might be
in the ambulance setting. Sejersten and colleagues

[107] showed that the EASI lead system can pro-
vide an alternative to the standard 12-lead ECG
to facilitate data acquisition and possibly save
time in emergency situations. So far, few studies

have been performed in children, where it also is
important to simplify ECG recordings. A basic
study by Pahlm and colleagues [108] concluded

that EASI leads in children have the same high
levels of ‘‘goodness-of-fit’’ to replicate conven-
tional 12-lead ECG waveforms as reported in

adults. The EASI lead system has been approved
by the US Food and Drug Administration for as-
sessing normal, abnormal, and paced cardiac
rhythms and for detecting myocardial ischemia

in patients with chest pain or silent ischemia by
monitoring ST-segment elevation or depression.

Because there is individual variation between

standard 12-lead ECG and EASI ECG it is
VitalConnect Ex. 1017
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advised that clinicians only use one method when
making serial ECG comparisons.

Derived precordial leads

Another approach to a reduced number of
leads is to exclude certain leads from the ECG

recording and instead reconstruct the excluded
leads from the existing leads, using either general
or patient-specific reconstruction. Nelwan and

colleagues [109] studied how well the 12-lead
ECG can be reconstructed from different lead
subsets, always including limb leads I and II and

at least one precordial lead. Patients who had un-
stable angina were monitored with extremity elec-
trodes at the Mason-Likar locations and

precordial leads at the standard positions. They
concluded that general construction allows recon-
struction of one or two precordial leads, whereas
patient-specific construction allows up to four

leads to be reconstructed. The best lead subset
with four removed precordial leads was I, II,
V2, and V5.Thepatient-specific reconstruction, how-

ever, presupposes a previously recorded ECG
and is affected over time, probably by postural
changes. In a comparison of general construction,

patient-specific construction (using leads I, II, V2,
and V5), and EASI leads, it was found that,
when comparing ST60, patient-specific construction
showed a more accurate reconstruction of the stan-

dard ECG than did the other two methods [110].
One advantage to using this system is that all
limb leads and two precordial leads are known
to be true leads, although the system uses more
electrodes than the EASI lead system.

24-view ECG

Some investigators propose that there is no
need for additional leads if the standard 12-lead
ECG system could be used more effectively [15]. It

is widely considered that ST elevation occurs
when an injury current develops between normal
and transmurally ischemic myocardium [111].

The flow of this current creates a vector toward
leads with positive poles facing that area of the
myocardium, seen as ST elevation. Any electrode

on the other side of the heart will instead record
an ST depression. For example, to see ST eleva-
tion in patients who have posterior infarcts, one
would have to apply posterior thoracic electrodes

(as discussed previously) or to produce a 24-view
ECG in which displays of negative views of all
standard leads are regarded as well (Fig. 5).

The classical standard 12-lead display includes
two subsets of limb leads (I, II, III, and aVL,
aVR, aVF) and the chest leads V1 to V6. It is,

however, equally possible to regroup the limb
leads into an orderly sequence [112]. This se-
quence displays the cardiac electrical activity in
the frontal plane in a logical order: aVL, I, �aVR,

II, and aVF, III, with each separated by
Fig. 5. The 24 views of the standard 12-lead ECG are shown as recorded from a patient receiving angioplasty balloon

occlusion in a nondominant left circumflex coronary artery. QRS complexes and T waves from single cardiac cycles re-

corded simultaneously in the six frontal plane leads viewed from the front (left) and the six transverse plane leads viewed

from below (right) are arranged like numbers around a clock face. (From: Pahlm-Webb U, Pahlm O, Sadanandan S,

et al. A new method for using the direction of ST-segment deviation to localize the site of acute coronary occlusion:

the 24-view standard electrocardiogram. Am J Med 2002;113(1):75–8; with permission.)
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30�. This sequence could be enlarged further to in-
clude all inverted leads in the frontal plane, just
as �aVR has been inverted in the orderly se-

quence. In the same manner, an inversion of the
precordial leads V1 to V6 could also be used.
Thus, an ST depression in lead V1 would present
as an ST elevation in lead �V1, just as an ST de-

pression in lead aVR would present as an ST ele-
vation in lead �aVR. The 24-view ECG does not
require the placement of additional electrodes, be-

cause all information is available in the 12-lead
ECG. An alternative of the 24-view ECG is simply
to allow ST deviation (elevation or depression) in

the standard 12-lead ECG to be diagnostic of acute
MI. Further studies are needed, however, before
any ECG diagnostic guidelines can be changed.

Summary

There is no single right answer to the question
of how many leads are needed in clinical electro-
cardiography. This question must be answered in

the context of the clinical problem to be solved.
The standard 12-lead ECG is so well established
that alternative lead systems must prove their

advantage through well-conducted clinical studies
to achieve clinical acceptance. Certain additional
leads seem to add valuable information in specific

patient groups. The use of a large number of leads
(such as in body surface potential mapping) may
add clinically relevant information; however, it is
still cumbersome, and its clinical advantage is yet

to be proven. Reduced lead sets emulate the 12-
lead ECG reasonably well and are especially
advantageous in the emergency situation.
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330 TRÄGÅRDH et al
CSE 10th progress report. Leuven (Belgium): Acco;

1990. p. 197–236.

[98] Dower GE, Yakush A, Nazzal SB, et al. Deriving

the 12-lead electrocardiogram from four (EASI)

electrodes. J Electrocardiol 1988;21(Suppl):

S182–7.

[99] Feild DQ, Feldman CL, Horacek BM. Improved

EASI coefficients: their derivation, values, and per-

formance. J Electrocardiol 2002;35(Suppl):23–33.

[100] Klein M, Key-Brothers I, Feldman C. Can the vec-

torcardiographically derived EASI ECG be a suit-

able surrogate for the standard ECG in selected

circumstances? Proc Comput Cardiol 1997;5(3):

721–4.

[101] Drew BJ, Pelter MM, Wung SF, et al. Accuracy of

the EASI 12-lead electrocardiogram compared to

the standard 12-lead electrocardiogram for diag-

nosing multiple cardiac abnormalities. J Electro-

cardiol 1999;32(Suppl):38–47.

[102] Drew BJ, Adams MG, Pelter MM, et al. ST seg-

ment monitoring with a derived 12-lead electro-

cardiogram is superior to routine cardiac care

unit monitoring. Am J Crit Care 1996;5(3):

198–206.

[103] Rautaharju PM, Zhou SH, Hancock EW, et al.

Comparability of 12-lead ECGs derived from

EASI leads with standard 12-lead ECGS in the

classification of acute myocardial ischemia and

old myocardial infarction. J Electrocardiol 2002;

35(Suppl):35–9.

[104] Feldman CL, MacCallum G, Hartley LH. Com-

parison of the standard ECG with the EASIcar-

diogram for ischemia detection during exercise
monitoring. Proc Comput Cardiol 1997;24:

343–5.

[105] Wehr G, Peters R, Khalife K, et al. A vector-based

5 electrode 12-lead ECG (EASI) is equivalent to the

conventional 12-lead ECG for diagnosis of myo-

cardial ischemia. J Am Coll Cardiol 2002;

39(Suppl):122A.

[106] Horacek BM, Warren JW, et al. Diagnostic accu-

racy of derived versus standard 12-lead electrocar-

diograms. J Electrocardiol 2000;33(Suppl):155–60.

[107] Sejersten M, Pahlm O, Pettersson J, et al. The rela-

tive accuracies of ECG precordial lead waveforms

derived from EASI leads and those acquired from

paramedic applied standard leads. J Electrocardiol

2003;36(3):179–85.

[108] PahlmO, Pettersson J, Thulin A, et al. Comparison

of waveforms in conventional 12-lead ECGs and

those derived from EASI leads in children. J Elec-

trocardiol 2003;36(1):25–31.

[109] Nelwan SP, Kors JA, Meij SH, et al. Reconstruc-

tion of the 12-lead electrocardiogram from reduced

lead sets. J Electrocardiol 2004;37(1):11–8.

[110] Nelwan SP, Crater SW, Meij SH, et al. Simulta-

neous comparison of three derived 12-lead ECGs

with standard ECG at rest and during percutane-

ous coronary occlusion. J Electrocardiol 2004;

37(Suppl):171–2.

[111] Wagner GS. Marriott’s practical electrocardiogra-

phy. 10th edition. Philadelphia: Lippincott Wil-

liams & Wilkins; 2001.

[112] Anderson ST, Pahlm O, Selvester RH, et al. Pano-

ramic display of the orderly sequenced 12-lead

ECG. J Electrocardiol 1994;27(4):347–52.
VitalConnect Ex. 1017
Page 14 of 14


	How many ECG leads do we need?
	The development of the standard 12-lead ECG
	Additional precordial leads
	Posterior leads
	Right-sided leads

	Body surface potential mapping
	Clinical implications
	Why is body surface potential mapping not clinical routine?

	Reduced lead sets
	Frank leads
	Derived 12-lead ECG
	Derived precordial leads
	24-view ECG

	Summary
	References




