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Abstract

The ventricular gradient, an electrocardiographic concept calculated by integrating the area under
the QRS complex and T-wave, represents the degree and direction of myocardial electrical
heterogeneity. Although the concept of the ventricular gradient was first introduced in the 1930s, it
has not yet found a place in routine electrocardiography. In the modern era it is relatively simple to
calculate the ventricular gradient in three-dimensions (the spatial ventricular gradient (SVG)), and
there is now renewed interest in using the SVG as a tool for risk stratification of ventricular
arrhythmias and sudden cardiac death. This manuscript will review the history of the ventricular
gradient, describe its electrophysiological meaning and significance, and discuss its clinical utility.

History and definition of the ventricular gradient

In the early 1930s, Frank Wilson and colleagues introduced the concept of the ventricular
gradient [1,2]. Given that the area of any electrocardiographic deflection is equal to the
deflection’s mean amplitude multiplied its duration, Wilson conceptualized the frontal plane
mean electromotive forces (or mean electrical axes) of the heart during cardiac
depolarization (QRS complex) and cardiac repolarization (T-wave) as vector quantities with
components proportional to the sum of areas inscribed by the QRS complex and T-wave,
respectively, in leads I, 11, and I11. He elegantly described how the algebraic sum of the area
of the QRS complex and the area of the T-wave in a single lead would equal zero unless
there was heterogeneity in either spatiotemporal depolarization/repolarization, duration of
the excited state, or action potential morphology along the myocardial projection
represented by the lead. Calculation of vectors representing the areas of the QRS complex
and T-wave would therefore allow calculation of a third vector representing the entire QRST
area (the ventricular gradient—the sum of the QRS area vector and T-wave area vector)
which reflected the mean electrical axis of the heart and the net effect of local variations in
the excitatory process throughout the frontal plane (Figure 1A) [1,2]. Wilson also suggested
that the QRST area/ventricular gradient was independent of the speed of impulse
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propagation or the order of myocardial activation (such as during ventricular stimulation or
bundle branch block) [1-4].

If there are no local variations in the duration of the excited state and myocardial
depolarization and repolarization occur uniformly in the same spatiotemporal sequence, the
QRS area and T-wave area vectors will have the same magnitude and exactly opposite
orientation, resulting in a ventricular gradient with zero magnitude. In cases where local
variations in the excited state are present and repolarization and depolarization are not
spatiotemporally uniform throughout the heart, however, the ventricular gradient will point
in the direction in which these variations are the greatest [1]. The ventricular gradient,
therefore, is a vector that points from the area of myocardium with the longest mean
duration of the excited state, to the area of myocardium with the shortest mean duration of
the excited state [5].

The frontal plane ventricular gradient was extended into 3-dimensions (Figure 1B) (the
spatial ventricular gradient (SVG)) in 1954 [5,6]. In 1957 Burger published a mathematical
proof that demonstrated the SVG was theoretically independent of the initial site of
stimulation, and that the SVG always points toward the area of myocardium with the
shortest duration of the excited state [7]. The theoretical basis of the ventricular gradient was
verified experimentally in 1959 by Gardberg and Rosen, who stimulated a strip of turtle
ventricle suspended in an electrolyte bath and experimentally confirmed that the ventricular
gradient of a muscle strip was independent of the site of ventricular stimulation [4].
Independence of the ventricular gradient from myocardial activation sequence was later
reaffirmed in other experimental [8] and theoretical studies [9], including studies analyzing
human body surface potential mapping [10]. Subsequent theoretical analyses demonstrated
that SVG depends on heterogeneity of action potential area, shape, and duration [11].

However, the tenet of the independence of the ventricular gradient from the order of
myocardial activation has been called into question by some experimental results [12-14]. In
fact, the ventricular gradient may change depending on the site of cardiac stimulation
because variations in the order of cardiac depolarization can induce local changes in the
order of cardiac repolarization and action potential duration [15,16], and/or primary
repolarization changes potentially due to cardiac memory [17,18]. Additionally, if the SVG
is calculated from a transformed 12-lead ECG instead of from directly recorded X-, Y-, and
Z-leads, variations in proximity of different leads to the heart and sites of stimulation might
account for observed differences between theory and experiments [14]. These differences do
not “disprove” the concept of the SVG, but rather suggest that other important/complex
factors can influence it [14].

Measuring the SVG

Calculation of the SVG is more difficult than calculation of the ventricular gradient in the
frontal plane as was done initially by Wilson, but digital electrocardiography and modern
computer software make it simple to calculate SVG magnitude and orientation from the
Frank (X-, Y-, Z-) ECG lead system, a matrix-transformed 12-lead ECG, or singular value
decomposition [19]. In the vectorcardiographic approach to calculation of the SVG, the X-,

J Electrocardiol. Author manuscript; available in PMC 2017 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Waks and Tereshchenko Page 3

Y-, and Z-components of the SVG are obtained by integrating the X-, Y-, and Z-ECG
voltages over the entire QRST complex:

SVG()=[ JHEVawydr, [IEV () at, S |

QBeg QBeg QBeg

The SVG magnitude, azimuth, and elevation can then be computed using standard vector
operations. It is important to note that due to variations in how three-dimensional
vectorcardiograms are obtained/calculated, it may not be possible to directly compare values
in different studies.

Theoretical examples illustrating the ventricular gradient

The concept of the ventricular gradient can be better understood by considering simple
examples which are adapted here from Ashman and Byer’s and Hurst’s excellent reviews
[3,20]. Consider a sphere of myocardium located in the center of the standard Einthoven
triangle as shown in Figure 2. The left side of the sphere begins to depolarize at point 1 so
that depolarization proceeds left to right. The vector representing depolarization is orientated
towards lead 1. As depolarization proceeds, the depolarization vector magnitude increases
until the sphere is half-way depolarized. Magnitude then decreases back to baseline,
inscribing a positive “QRS complex” in lead I. Lead Il (with its axis located at +60°) will
demonstrate a positive “QRS complex” that is half as tall as that in lead I, and lead 111 (with
its axis located at +120°) will demonstrate a negative “QRS complex” with the same
magnitude as lead II.

If there is spatiotemporal uniformity of action potential duration, after a fixed amount of
time repolarization begins at the left of the sphere at the site that depolarized first (point 1).
Repolarization then proceeds from /eft to right, but the vector of repolarization points from
right to left, increasing in magnitude until the sphere is half repolarized, and then decreasing
back to baseline. The “T-wave” will therefore be negative in leads | and Il and positive in
lead I11, with areas equal and opposite to “QRS complex” area in each lead.

If vectors oriented along leads I, I, and 111 with magnitude equal to the area of the “QRS
complex” in each lead are added (Figure 2, panel 1), the net “QRS” area vector points
directly towards lead I (towards 0°) and has magnitude M. Similarly, the net “T-wave” area
vector points directly away from lead | (towards 180°), also with magnitude M. The sum of
the net “QRS” area and “T-wave” area vectors is therefore zero and there is no ventricular
gradient. It should be noted that although the “QRS complex” and “T-wave” have the same
morphology in this theoretical example, their shapes can differ (although the area will be the
same) due to differences in the relative speeds of depolarization and repolarization.

Next, consider that the sphere is depolarized starting at point 1 as previously described, but
repolarization begins at the right side of the sphere (Figure 3). The net “QRS area” vector
points directly towards lead I (0°) with magnitude A as previously described.
Repolarization, however, now begins at point 2 on the right of the sphere, and the resulting
vector of repolarization (also of magnitude M) points towards lead | (0°), exactly opposite to
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the vector of repolarization in the first example/Figure 1. The “T-waves” in all leads
therefore point in the same direction as the “QRS complexes”, and the net “T-wave” area
vector also points directly towards lead 1 (0°) with magnitude M. The ventricular gradient is
therefore orientated towards lead | (0°) with a magnitude of 2. The ventricular gradient
points towards the area of myocardium that has the shortest duration of the excited state
(point 2, which is depolarized last and repolarized first).

Finally, consider if repolarization begins at the top of the sphere at point 3 (Supplemental
Figure 1). The net “QRS” area vector points towards lead I (0°), and the net “T-wave” area
vector points upwards towards —90°. The ventricular gradient therefore points towards
approximately —45° which is the area of the sphere that has the shortest duration of the
excited state in this configuration.

The origin of the normal SVG

A SVG is present in all hearts, regardless of the presence or absence of pathology, due to
normal non-uniformity in myocardial depolarization and repolarization. Normal epicardial/
endocardial and apical/basal gradients of action potential duration [21] influence the normal
SVG, although the reason for this normal heterogeneity is unclear. It has been suggested that
variations in pressure gradients throughout the ventricle during the cardiac cycle might affect
the timing of repolarization [20]. Ventricular sites with later local activation also tend to
have shorter action potential duration, and “normal” action potential heterogeneity may
therefore help prevent ventricular arrhythmias by “synchronizing” ventricular repolarization
[17,22].

Normal limits of the SVG

Previous publications have proposed “normal” values for the ventricular gradient [23,24],
but these values are outdated due to variations in ECG recording and measurement
technology. In a recent study of 660 healthy participants in which SVG magnitude and
orientation (azimuth and elevation) were calculated from 12-lead ECGs using an automated
computer algorithm, significant gender differences were observed. Men had larger SVG
magnitude than women: median 107 mV*ms (2"9-98™ percentile 59-187 mV/*ms) vs.
median 79 mV*ms (2"9-98t percentile 39-143 mV*ms, respectively. Male SVGs were
oriented more anteriorly than female SVGs: SVG azimuth median —24° (2"9-98t" percentile
-52 t0 13°) vs. median —15° (2"-98t" percentile —38 to 20°), respectively. SVG elevation
was similar in women and men: median 30° (2"4-98t percentile 12-48°) vs. median 28°
(2nd—98!" percentile 8-47°), respectively [25]. In another study of 160 healthy participants,
similar gender differences in SVG magnitude were also observed: 103.6+31.8 mV*ms in
men and 83.5+29.2 in women, respectively [26]. In general, the normal SVG is oriented
along the long axis of the heart [27].

It should be noted, however, that there is significant variability in the magnitude and
orientation of the SVG even among healthy people, and this variation is likely due to
variations in orientation of the heart within the chest, heart rate, [25,28,29], postural changes
[30], and autonomic influences independent of heart rate [31].
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Use of the SVG as a way of differentiating “primary” and “secondary” T-
wave changes

The SVG has historically been used to determine if T-wave changes are the result of primary
repolarization abnormalities such as ischemia (primary T-wave changes), or if they are
secondary to abnormal ventricular depolarization such as is observed with ventricular pacing
or bundle branch block (secondary T-wave changes). The equation defining the ventricular
gradient can be rewritten as:

y Sy S

where Aris the net T-wave area vector, Apprsis the net QRS area vector, and Gis the
ventricular gradient [27]. Changes in the QRS complex area or ventricular gradient will
therefore cause changes in T-wave area/mean electrical axis of the T-wave. [27] The
observed T-wave is a summation of primary and secondary changes [17].

In pure secondary T-wave changes (changes only due to abnormal ventricular
depolarization) there is no change in SVG because overall heterogeneity of the duration of
the excited state/action potential morphology/duration do not change (the potential caveats
to this are noted above). Primary T-wave changes, such as those due to ischemia, will alter
duration of the excited state/action potential morphology/duration, and these alterations will
change the SVG. Primary T-wave changes are therefore reflected in SVG abnormalities
[17,27,32].

Therefore, if there is an abnormal change in QRS morphology (such as with intermittent
bundle branch block) and the SVG does not significantly change, observed changes in the T-
wave are entirely due to abnormal ventricular depolarization. If the SVG does change,
however, primary repolarization abnormalities are also present. Computer simulation
examples of the effect of primary and secondary T-wave changes on the SVG are provided
elsewhere [17]. The SVG therefore has potential utility in differentiating primary and
secondary repolarization abnormalities in the setting of abnormal ventricular depolarization
when it can be difficult to visually determine the etiology of T-wave changes. [32]

Other ECG parameters based on the SVG

The spatial QRS-T angle, the three-dimensional angle between the mean QRS vector and
mean T vector, is another vectorcardiographic parameter based on the concept of the
ventricular gradient. This ECG parameter is distinct and complementary to the SVG; it
varies in response to secondary T-wave changes [33], and like SVG, it can also help
differentiate primary and secondary T-wave changes [17]. Although it is not a direct
measurement of the SVG, spatial QRS-T angle does depend on the three-dimensional
orientation of the QRS and T vectors. Unlike the SVG, QRS-T angle (also reflected in a
parameter known as the total cosine of the R-to-T), has been evaluated in numerous risk
stratification studies. Increased QRS-T angle has been associated with total mortality and
arrhythmic events in patients after myocardial infarction [34], total mortality, cardiovascular
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mortality, and sudden cardiac death in patients with end-stage renal disease on dialysis
[35,36], more frequent appropriate implantable cardioverter-defibrillator therapies [37], and
sudden cardiac death in the general population [29,38,39].

Sum absolute QRST integral (SAI QRST) [26], a scalar analogue of the SVG, is another
measure of global electrical heterogeneity defined as the algebraic sum of the X-, Y-, and Z-
SVG components. SAlI QRST has been associated with ventricular arrhythmias and
appropriate implantable cardioverter defibrillator therapies in patients with prior myocardial
infarction [40], and SCD in the general population [29].

The SVG as a marker of increased risk of ventricular arrhythmias and
sudden cardiac death (SCD)

Increased susceptibility to ventricular arrhythmias is associated with increased heterogeneity
in myocardial activation and recovery times [41,42] and action potential duration [43]. The
SVG reflects the degree of this heterogeneity, and is therefore a potential ECG marker of
increased risk of ventricular arrhythmias and SCD. Despite the theoretical correlation
between SVG and arrhythmic risk, however, few studies have evaluated the association
between SVG and ventricular arrhythmias/SCD. In one small case-control study of 34
patients with implantable cardioverter-defibrillators (ICDs), the percent change in SVG
magnitude during exercise was correlated with appropriate ICD therapies for ventricular
arrhythmias [44].

We evaluated SVG magnitude, azimuth, and elevation in >20,000 participants in the
Atherosclerosis Risk in Communities study and Cardiovascular Health Study using digitally
acquired 12-lead ECGs that were converted into vectorcardiograms. After adjusting for
demographics, clinical characteristics, and other ECG parameters that have been associated
with SCD, SVG magnitude was independently associated with SCD (HR 1.15 per 1 standard
deviation increase, 95% CI 1.05-1.25, p=0.002). SVG azimuth and elevation lost their
association with SCD after complete multivariable adjustment, potentially due to
heterogeneity in participant characteristics and underlying cardiac disease [29]. Addition of
SVG to clinical characteristics and other ECG parameters which also reflect myocardial
global electrical heterogeneity (QRS-T angle and SAl QRST) was used to develop a risk
score that significantly improved SCD risk prediction in the general population [29]. Further
studies of the SVG as a measure of global electrical heterogeneity in various populations are
needed.

Conclusion

The ventricular gradient, a vector defined as the sum of the net QRS area vector and net T-
wave area vector, represents summation of local heterogeneity of the excited state
throughout the entire heart. Although the ventricular gradient was first described >80 years
ago, it has not yet been adopted into clincal practice, likely because until recently it was time
consuming to calculate, and its clinical utility was unclear. With widespread use of digital
electrocardiography and computerized ECG analysis programs, the SVG can now be easily
calculated on almost any 12-lead ECG. Recent data have also demonstrated that measuring
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SVG magnitude and orientation can help identify people at increased risk of SCD. SVG,
QRS-T angle, and SAI QRST are complementary ECG parameters that can be used to non-
invasively assess myocardial global electrical heterogeneity. Based on recent studies [29],
simultaneously assessing multiple parameters representing global electrical heterogeneity

Sy
in

Supplement

ngergistically improves SCD risk stratification. The SVG therefore has an important role
improving risk stratification of ventricular arrhythmias and SCD.

ary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. Manual calculation of the ventricular gradient in the frontal plane by Wilson et al. [1] The

area of the QRS complex and T-wave in leads I, I1, and 111, were used to create vectors
representing the mean electrical QRS axis, the mean electrical T-wave axis, and the
ventricular gradient (the mean QRST axis/the vector sum of the mean QRS axis and mean T-
wave axis). See text for details. Reproduced with permission from Wilson et al. [1] B. An
example of the spatial ventricular gradient (SVG). The SVG is a vector (red) which is the
sum of the mean QRS area vector (dark blue) and mean T-wave area vector (dark green).
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Figure2.
Idealized example in which there is no ventricular gradient in a sphere of myocardium. If

depolarization and repolarization occur in the same spatiotemporal order, there is no
ventricular gradient. The orientation of leads I, I1, and 111 are shown, as are the
“electrocardiogram” tracings that would be observed in each lead. Panels A—E represent
depolarization of an idealized sphere of myocardium. The myocardium is stimulated at point
1 and depolarization occurs from left to right inscribing “QRS complexes” in each lead.
After a set amount of time, repolarization also begins at point 1 and also proceeds from left
to right (panels F—H). The “QRS complex” and “T-wave” in each lead are therefore oriented
in the opposite direction, with areas that are equal and opposite. Panel | summarizes the
vector projections in each lead with vector magnitude proportional to the area of the QRS
complex or T-wave in each lead. In this example, the “QRS” area and “T-wave” area vectors
are equal in magnitude and opposite in direction. The vector sum of the “QRS” area and “T-
wave” area vectors (the ventricular gradient) is therefore zero. See text for details. Figure
adapted from Hurst [20].

J Electrocardiol. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Waks and Tereshchenko Page 13

x
Depolarization ! s
Complete
%
m 1l 1 1l
e S e
Net Repolarization Vector
1 __A_— 1 _A_—
T Do N — W o— e
1 —_— m —_—
E +

e 1
i .tholurllA||on. - I 1
Complete H
. .
Ea o o H
¥ i

— ¢ — S
Net QRS Area Vector Net T Wave Area Vector
1 t 5 s ".
N\ % —— —
m Ventricular Gradient

Figure 3.
Idealized example in which there is a ventricular gradient in a sphere of myocardium. If

depolarization and repolarization begin in different parts of the sphere, a ventricular gradient
is observed. Panels A-B represent depolarization of the myocardial sphere as shown in
Figure 1 panels A-E. In this example, repolarization begins at point 2 and proceeds right to
left (panels C-E). The “QRS complex” and “T-wave” in each lead are therefore oriented in
the same direction. The net “QRS” area vector and net “T-wave” area vector therefore have
the same area/magnitude (M) and point in the same direction (towards the right--0°). The
ventricular gradient is oriented towards lead | (0°) with a magnitude of 2M. The ventricular
gradient points towards the right of the sphere which is the area that has the shortest duration
of the excited state (shortest duration between depolarization and repolarization). See text
for details. Figure adapted from Hurst [20].
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