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Vectorcardiography (VCG) is a valuable diagnostic tool that complements the standard 12-lead ECG by offering

additional spatiotemporal information to clinicians. However, due to the need for additional measurement hardware

and too many electrodes in a clinical scenario if performed along with a standard 12-lead, there is a need to find

methods to derive the VCG from the ECG.
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1. Introduction

Clinical ECG consists of 12 leads (S12)—namely limb leads I, II, and III, augmented leads aVR, aVL, aVF, and

precordial leads V1 through V6. Vectorcardiography (VCG)  is complementary to the S12. It is essentially the

spatiotemporal representation of the cardiac vector in 3 orthogonal planes—namely vertical, transverse, and

sagittal planes. S12 is the standard whereas VCG is rarely acquired. However, several conditions have more

prominent VCG changes than S12, so it is a useful complement to S12. Furthermore, dynamic spatial and temporal

information that can be derived from VCGs is unavailable from an ECG, which may enhance the automatic

assessments of cardiovascular diseases .

Ernest Frank introduced the XYZ lead system known as vectorcardiography to provide a 3-dimensional

representation of the cardiac vector. Figure 1 shows the electrode placement for vectorcardiogram and an

example of a vectorcardiogram tracing for a healthy male subject.
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Figure 1. For obtaining VCG—(a) ventral electrode positions, (b) dorsal electrode positions, (c) resistor network

needed to compensate for non-homogenous human tissue—additional instrumentation beyond standard 12-lead

ECG equipment  (d) 3-D illustration of a single heartbeat from a 58-year-old healthy male .

Following the illustration in Figure 1, a vector tracing the boundary of this 3D object circumscribed by the

vectorcardiography is the cardiac vector. Ideally, these ECG leads—X, Y, and Z—would be orthogonal to each

other and form a basis for the cartesian space spanned by the cardiac vector. Figure 2 illustrates how the temporal

X, Y, and Z lead waveforms translate to a spatiotemporal VCG.

Figure 2. (a) Vectorcardiography of one heartbeat (b) Tracing of Vx, Vy, and Vz, which are the three leads of a

Vectorcardiogram .

The S12 requires ten electrodes on the skin while the Frank XYZ requires only 7 electrodes. There is only one

electrode position in common (i.e., the left leg). Suppose all 15 leads are to be recorded with an ECG acquisition

system, then sixteen electrodes should be placed on the patient’s skin. Another practical issue with the location of

the Frank XYZ electrodes is the rear electrodes. Patients can sleep on their backs, but having cables on their

backs can be uncomfortable.

2. Diagnostic Importance of VCG and Its Complementarity to
ECG

Over several decades of research, three parameters extracted from the VCG waveform are considered

diagnostically important. They are the QRS amplitude, T-loop magnitudes, and Spatial QRS-T loop angles. Figure

3 illustrates these parameters on a vectorcardiogram.

[1] [3][4]

[3][4]
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Figure 3. Illustration of the parameters that are extracted from a VCG peak QRS magnitude, peak T wave

magnitude, and spatial QRS to T angle .

Table 1 lists the clinical applications of these parameters that have been validated in the literature. The spatial

QRS-T angle parameter has been shown to be useful for risk stratification for cardiac events, evaluation of incident

coronary disease and heart failure, and efficacy of therapy for adult hypertension and diabetes mellitus . For

example, in the PTB diagnostic database  ECG used in this study, the mean and standard deviation of the

Spatial QRS-T angles from patients with MI and healthy controls were 87.9° ± 46.84° and 52.95° ± 35.76°,

respectively, as computed using the VCG parameter extraction algorithms described herein.

Table 1. Diagnostic parameters of interest computed from Vectorcardiograms.

[3][4]

[5]

[3][4]

VCG Signal
Feature Clinical Application

QRS magnitude Predicts ventricular arrhythmia in selected cohorts

T magnitude Lower values are associated with an increased risk of cardiac events

Spatial QRS-T
angle

In addition to assisting with risk stratification for cardiac events, the angle is also useful
for the evaluation of

Incident coronary heart disease

Heart failure

Efficacy of therapy for
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Additionally, there are specific conditions where the VCG is considered superior to the ECG. VCG is more sensitive

and specific than ECG in detecting atrial and ventricular enlargements. Due to the greater spatially localized

information in a VCG, the suspicion of electrically inactive areas in the septal or anteroseptal walls of the left

ventricle can be assessed with a VCG. The left ventricular mass, which is currently assessed with an

echocardiogram, can be assessed with a VCG. VCG findings are better correlated to echocardiography findings

than ECG findings. VCG has a greater diagnostic sensitivity than ECG for AMI when associated with a left anterior

fascicular block . Lastly, the myocardial damage caused by Chagas disease can be assessed with VCG findings

complementing ECG findings . Figure 4 illustrates the conditions and the location of the affected heart anatomy.

Figure 4. List of conditions where VCG is more effective than ECG for diagnosis and the corresponding anatomic

location of the affected region of the heart. Authored by Wapcaplet and shared under Creative Commons (CC BY-

NC-SA 3.0). The white arrows indicate the direction of blood flow.

Since VCGs are not acquired during regular clinical settings, but standard 12-lead waveforms are acquired, there is

a need to derive VCG from the 12-lead ECG. Specifically, an arbitrarily complex transformation mapping the 12-

lead ECG to the VCG is needed. Several research efforts are focused on arriving at the linear transformation of

ECGs from standard 12-lead to Frank XYZ.

3. Related Work

Linear regression has been explored in the literature for lead transformation. Some studies have used open,

publicly available data sets, whereas others have used closed data sets or data sets acquired with custom built

hardware devices. Between 1986 and 2009, the lead transformation of interest was from S12 to Frank XYZ. Closed

data sets were used for some studies  and open for others . A neural network-based transformation

was first proposed in 2010 . Table 2 summarizes the works in the literature that focused on obtaining Frank XYZ

VCG Signal
Feature Clinical Application

Adult hypertension

Diabetes mellitus

[6]
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from S12. Since then, several efforts have been made in reducing leads required to be monitored while retaining

the diagnostic power of S12. Most of the studies have tried to derive S12 from a three-lead ECG 

.

Table 2. List of related works that evaluated lead transformations from S12 to Frank XYZ. (𝑁 is the number of

samples per ECG channel, 𝑦 is the actual acquired ECG, and 𝑦 ̂ is the output ECG from the transformation).

Several studies have used closed data sets that are unavailable to other researchers.

The Root Mean Square (RMS) and correlation coefficient are the most commonly reported metrics used to

evaluate the error between generated or derived ECG compared to the ground truth waveform. In the literature, R-

squared is used. Table 2 includes the definitions and equations of these metrics. Some clinically relevant VCG-

derived parameters can also be compared between the derived ECG leads and the ground truth waveform.

Therefore, the RMS error, correlation coefficient, R , QRS amplitude or magnitude, T wave amplitude or

magnitude, and spatial QRS-T angle form a complete assessment.
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