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Background  and  objective:  Pathological  alterations  provoked  by myocardial  infarction  cause  slow  conduc-
tion  by  increasing  axial  resistance  on coupling  between  cells.  This  issue  may  cause  abnormal  patterns  in
the  dynamics  of the  tip  of  the  cardiac  vector.
Methods:  In  this  work,  we have  developed  a method  to compute  the  angular  velocity  during  ventricular
repolarization  from  Frank  XYZ  leads,  using  the  concept  of quaternion.  This  parameter  jointly  with the
linear  velocity  obtained  by differentiation  and the  spatial  velocity  reported  by  others  during  ventricular
depolarization,  have  been  combined  in  order  to design  a myocardial  infarction  detector  (so-called  index
of cardiac  vector  velocity:  ICVV)  with  high  values  of sensitivity  and  specificity  simultaneously.
Results:  The  predictive  power  of  ICVV  has  been  tested  in two  groups:  patients  with  less  than  7  days
after  infarction,  achieving  98%  of sensitivity  and  97% of  specificity;  and patients  with  more  than  45 days
after  infarction,  achieving  92% of  sensitivity  without  loss  of  specificity.  The  former  group  is  important

for  early  detection  of  myocardial  infarction  and  begins  treatment  in a short  period  of  time  on emergency
department.  The  latter  involves  the evaluation  of  the  cardiac  vector  velocity  after  the  period  of  post-
infarction  electrical  remodeling  which  may  be useful  in the  follow-up  of  patients.
Conclusions:  We  have  concluded  that  this  method  extends  the  concept  of  cardiac  vector  velocity  and  may
be useful  in  the  diagnosis  of  myocardial  infarction.

© 2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

Early diagnosis of myocardial infarction (MI) is essential for
mplementing a rapid therapy to reduce possible complications
r even fatal outcome. Currently, the gold standard for diagnos-
ng a MI  is a significant rise of plasma troponin levels between
2 and 24 h post myocardial injury [1]. However, this marker is
levated in a variety of other conditions and for this reason, this
iagnostic criterion is supplemented with clinical judgment and

everal electrocardiographic (ECG) or vectorcardiographic (VCG)
rograms, mainly based on the presence of Q waves or changes

n the ST segment [1–4]. These programs need to have high

Abbreviations: AUC, area under the ROC curve; ICVV, index of cardiac vector
elocity; MI,  myocardial infarction; MI7, study group with MI  whose VCG recording
as  made within the following 7 days after MI  injury; MI45, study group with MI
hose VCG recording was made after 45 days of injury.
∗ Corresponding author at: Saavedra 15, CABA C1083ACA, Argentina.
el.: +54 11 4954 6781x118.

E-mail address: pcruces@fi.uba.ar (P.D. Cruces).

ttp://dx.doi.org/10.1016/j.bspc.2016.04.003
746-8094/© 2016 Elsevier Ltd. All rights reserved.
specificity to avoid unnecessarily treating patients who did not
suffer a MI  and high sensitivity, to quickly begin treatment of
patients with early MI  [5]. Unfortunately, although many modern
algorithms (also including enzyme assays, body surface mapping
and ECG with higher number of electrodes) might solve the first
issue, it is difficult to increase sensitivity without loss of specificity
[4,6,7].

Pathological alterations, provoked by fibrosis after myocar-
dial injury, cause slow conduction by increasing axial resistance
through effects on coupling between cells [8]. This fact may
induce abnormal alterations in the dynamics of the cardiac vec-
tor and those alterations could be registered using the VCG which
is very much utilized by physicians. Several studies have sug-
gested the diagnostic usefulness of spatial velocity of the tip
of the cardiac vector obtained during ventricular depolarization
[2,9]. In the present work we  have developed a novel algorithm
to compute the angular and linear velocities during ventricular

repolarization. We  hypothesize that these parameters combined
with the spatial velocity of the depolarization process can achieve
high sensitivity and specificity simultaneously as discriminator
of MI.

dx.doi.org/10.1016/j.bspc.2016.04.003
http://www.sciencedirect.com/science/journal/17468094
http://www.elsevier.com/locate/bspc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bspc.2016.04.003&domain=pdf
mailto:pcruces@fi.uba.ar
dx.doi.org/10.1016/j.bspc.2016.04.003
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. Materials and methods

.1. Study population

We  have used the Physikalisch-Technische Bundesanstalt (PTB)
atabase which have been acquired at the Department of Cardi-
logy of University Clinic Benjamin Franklin in Berlin, Germany,
nd has been provided to the users of PhysioNet. The data have
een studied anonymously, using publicly available secondary
ata, therefore no ethics statement is required for this investiga-
ion [10,11]. The population consisted of 290 subjects including
ealthy volunteers and patients with different heart diseases. Sub-

ects without clinical summary were excluded. Ages ranged from 17
o 87 years with a mean of 56; 81 of the subjects were female (28%).
hree study groups were selected: Group 1, the control group,
onsisted of 52 subjects with no previous cardiovascular disease;
MI7” group, composed of 93 patients with MI  with different infarct
izes and locations, whose VCG recording was made within the fol-
owing 7 days after MI  injury; and “MI45” group, composed of 46
atients with MI  whose VCG recording was made after 45 days of
I.  Each record includes 15 simultaneously measured signals: the

onventional 12 leads together with the 3 Frank lead ECGs. Each
ignal was digitized at 1000 samples per second.

.2. Theoretical background

This work is based on the study of the dynamics of the tip of
ardiac vector, obtained from Frank leads XYZ. These leads define a
hree-dimensional space where we can describe the vector move-

ent through two parameters: linear and angular velocities. The
ormer quantifies the speed of linear displacement from one sam-
le point to another one and the latter quantifies the rotation speed,

.e. the amount of time it takes to traverse an angle between two
onsecutive samples.

.2.1. Linear velocity
The linear velocity in the QRS loop (so-called spatial velocity of

epolarization) has been reported to be used as part of diagnostic
riteria for inferior MI,  but by itself it has low sensitivity [2,9]. The
nstantaneous values can be computed by differentiation

�i = (vxi; vyi; vzi) = Pi(x, y, z) − Pi+1(x, y, z)
Ts

(1)

here Pi is the value of the tip of cardiac vector in XYZ space at ith
ample point and Ts is the sampling period. Therefore, we  obtain
ach �vi from Eq. (1) along any portion of the VCG signal path. Par-
icularly in this work, we have evaluated not only the QRS loop (in
rder to obtain the classical spatial velocity), but also the linear
elocity of the T-wave loop. We  have proposed to characterize the
esulting signal using two parameters:

 vmax, quantifying the maximum linear speed:

vmax = max(|�v|) = max(‖ �vi‖2) ∀ith sample (2)

 vE˛, quantifying the total energy of the signal through the 1-norm
of each  ̨ axis (  ̨ = x, y or z):

vE˛ = ‖v˛‖1 =
∑
∀i

|v˛i| (3)

.2.2. Angular velocity
Currently, in other research areas such as orbits or aerospace
avigation, the rotation speed of a vector is not obtained through
uler matrices but rather through the quaternion algebra. Quater-
ions were first presented by Hamilton [12] over a century ago. It is
ell known that they play an important role in an alternative form
cessing and Control 28 (2016) 58–62 59

for a rotation operator. Furthermore, quaternions are very efficient
for analyzing situations which involve three dimensional rotations
in terms of uncertainty propagation and data processing speed [13].
If we consider the tip of the cardiac vector as a point that rotates
around the origin of the electrical axis of the heart, then we can
apply the quaternion theory to compute the angular velocity.

For each pair of consecutive points Pi and Pi+1 in XYZ space,
normalized to the sphere of radius 1, we  can define a quaternion
associated with rotation angle �:

qi = cos

(
�

2

)
+ �u · sin

(
�

2

)
(4)

where the first term represents an amount of rotation and �u is
the rotational axis. In addition, considering the definitions of dot
product and cross product{

Pi · Pi+1 = ‖Pi‖2 · ‖Pi+1‖2 · cos(∠(Pi, Pi+1))

Pi × Pi+1 = ‖Pi‖2 · ‖Pi+1‖2 · sin(∠(Pi, Pi+1)) · �n
(5)

we obtain

qi = (Pi · Pi+1; Pi × Pi+1) (6)

which computes the quaternion for double-angle value.
Once each quaternion that describes rotation from Pi to Pi+1 was

obtained, the instantaneous angular velocity can be computed by
solving the Poisson equation [14]:

q̇i = 1
2

. �wi.qi (7)

Finally, multiplying both sides by the inverse of the quaternion
and bearing in mind that we  obtained a double-angle expression,
then

�wi = q̇i.qi
−1 (8)

As in Section 2.2.1, we  obtain several descriptors for the angular
velocity along the T-wave loop on the VCG signal path:

– wmax, quantifying the maximum angular speed:

wmax = max(| �w|) = max(‖ �wi‖2) ∀ith sample (9)

– wE˛, quantifying the total energy of the signal through the 1-
norm of each  ̨ axis (  ̨ = x, y or z):

wE˛ = ‖w˛‖1 =
∑
∀i

|w˛i| (10)

2.3. Algorithm

The XYZ signals were selected for each recording. A Butterworth
high-pass filter (0.5 Hz, bidirectional) has been applied for base-
line wander correction. We  have defined two signal windows: The
first in R-wave peak position ±60 ms  and the second in T-wave
peak position ±120 ms.  In order to reduce high frequency noise in
both signals, a Butterworth bidirectional low-pass filter (45 Hz and
20 Hz, respectively) has been used. QRS complexes and T-waves
have been located using the wavelet-transform based method in
[15].

Given that tissue damage constantly alters the conduction
velocity in every beat [8] and that our hypothesis is based on the fact
that these alterations may  be measured from the VCG, we have cal-
culated the velocity signals of Sections 2.2.1 and 2.2.2 on each beat
and subsequently applied an average on 50 beats. For this purpose,

it has performed an alignment of each signal based on minimizing
the mean square error.

We  have shown in Fig. 1 an example of �vi and �wi signals resulting
from the algorithm in a scaled T-wave loop.
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Fig. 1. Example of angular and linear velocities of the tip of the cardiac vector in a 3D graph (left panel) of a T-wave loop. Using the 2-norm graph (middle panel) we obtain
the  maximum speeds of the loop. From each velocity in a given axis (right panel) we obtain the total energy applying the 1-norm.

Table 1
Mean values and standard deviations of parameters that showed the greatest significant differences between control and MI groups. (QRS) indicates that the parameter was
obtained from QRS-complex and (T) from T-wave.

Parameter Group No. of subjects Mean Standard deviation p-Value

vmax (T)
Control 52 18.6 �V/ms 7.5 �V/ms –
MI7  93 8.4 �V/ms 3.1 �V/ms <10−12

MI45 46 8.9 �V/ms 5.1 �V/ms <10−7

wEy (T)
Control 52 0.3 rad/ms 0.2 rad/ms –
MI7  93 0.1 rad/ms 0.1 rad/ms <10−12

MI45 46 0.1 rad/ms 0.1 rad/ms <10−6

2

m
(
t
t
a
v

p
w
b
o
i
v
i

3

t
g

T
E

vmax (QRS)
Control 52 

MI7  93 

MI45 46 

.4. Statistical analysis

Using a two-sided Wilcoxon signed rank test, we have deter-
ined the parameters with statistically significant differences

p < 0.05) between control and the different MI  groups. In order
o find the maximum pair of specificity/sensitivity, those parame-
ers that have been statistically significant are used for calculating

 unique descriptor (which we have called index of cardiac vector
elocity: ICVV) through a linear discriminant analysis.

Receiver operator characteristic (ROC) curves have been com-
uted for ICVV descriptor. In order to evaluate its predictive power,
e have reported the area under the ROC curve (AUC) as well as

oth specificity and sensitivity in optimal level. Likewise, it is also
btained for the same decision criterion, the probability of success
n detecting MI  patients with a positive test (positive predictive
alue: PPV) and the probability of a negative test when the subject
s healthy (negative predictive value: NPV).

. Results
Table 1 gives the mean and standard deviation of the parame-
ers with the smallest p-values and the amount of subjects in each
roup. As it can be seen, the greatest differences between healthy

able 2
valuation of predictive power of ICVV descriptor.

Group Mean Standard deviation PPV NPV

Control 467.0 143.1 – – 

MI7  236.0 59.4 98 97 

MI45  235.8 67.8 96 93 
251.5 �V/ms 78.9 �V/ms –
141.5 �V/ms 49.9 �V/ms <10−13

134.2 �V/ms 34.4 �V/ms <10−11

subjects and MI  patients have been observed in the vmax (QRS)
parameter. However, vmax (QRS) alone has levels of specificity and
sensitivity (close to 90%) equivalents to that of MI  discriminators
on the state-of-the-art. On the other hand, the p-values are lower in
the “MI45” group that refer to recordings made after 45 days from
MI.

Then, we have computed a weighted combination of the
wEy (T), vmax (T) and vmax (QRS). We  have chosen a proper
weight for each parameter in order to get a value of the same order
of magnitude when multiplying each one by the indicated weight:

ICVV = 100 · wEy (T) + 10 · vmax (T) + 1 · vmax (QRS) (11)

The ICVV descriptor obtained from Eq. (11), reaches a signifi-
cance value less than 10−20. Table 2 shows the values of PPV, NPV,
sensitivity and specificity for each MI  group. The decision crite-
rion is included in the table. Both for patients with recent MI  as
those with more than a month and a half since the injury, the index
achieved an extremely high AUC.
4. Discussion

With the aim of efficiently detecting a MI  through a non-invasive
method, a new outlook to analyze the VCG has been introduced

 Sensitivity Specificity Criterion AUC

– – – –
98 97 <318 99
92 97 <316 98
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hrough the study of the velocities of the tip of cardiac vector. The
hoice of VCG instead of the ECG is appropriate considering that
everal works have shown its efficiency in studying the effects of MI
16–18]. Additionally, in order to evaluate the velocity dynamics of
he cardiac vector in both the early stage of MI  and after the electri-
al remodeling phenomenon which often occurs over several weeks
ost-MI [19,20], we have assessed separately the recordings of the
rst 7 days since myocardial injury from the recordings acquired
fter 45 days.

For both linear and angular velocities, it has been found sig-
ificant differences in the T-wave and in the QRS-complex (see
able 1). This verifies our hypothesis in which we  assumed that
hese velocities, obtained from VCG, would be affected by the
ffect of fibrosis after MI.  Moreover, it may  be observed that MI
atients have smaller mean values that may  be associated with an

mpairment of the conduction paths caused by the increase of axial
esistance on coupling between cells.

Several of published criteria for MI  diagnosis are based on the
resence of Q waves (broad and deep negative deflections). How-
ver, Q waves may  not be evident in many cases of inferior or
ateral MI  and are often missed, reducing specificity [1,2,21,22].

oreover, in the follow-up of patients there is usually a signifi-
ant sensitivity reduction in detecting prior infarctions [23]. Recent
tudies have sought to overcome this problem by other meth-
ds than Q-waves through the computation of ECG morphological
bnormalities in the dispersion of depolarization and repolariza-
ion [24,25]. Moreover, it has been shown that abnormal changes
n the amplitude of the T wave in the precordial leads are able
o detect prior lateral MI  with a sensitivity/specificity of 44%/80%
24]. Other works have achieved better sensitivity values by analyz-
ng changes in the ST-T segment in the 12-lead ECG in the earliest

anifestations of MI  [26]. Also, it has been observed that the addi-
ion of the posterior leads (V7, V8 and V9) improves the predictive
ower of ST-T markers when injury occurs in the inferior wall of
he myocardium [27]. Nevertheless, despite this improvement in
ensitivity through the study of ST-segment changes, these meth-
ds have poor specificity since such alterations appear in many
ther conditions [26]. In addition, few hours after injury, ischemic
yocardium becomes necrotic and in many cases, it can be seen

 normalization (un retorno al nivel isoelectrico normal) of the ST
egment [28]. Some authors have reported values sensitivity and
pecificity close to 90% for diagnosing MI  obtained by other meth-
ds (i.e. when the diagnosis is made through body surface mapping
ethod [4], with modern techniques with higher number of ECG

lectrodes [6,29], or is made by an expert cardiologist [30]). The
tudy of blood troponin levels may  lead to a raised sensitivity but it
equires to be carried out between 12 and 24 h following myocar-
ial injury. Before or after that time period, the study shows poor
esults [1].

On the other hand, we have applied the quaternions theory in
rder to furnish a mathematical method for representing orienta-
ion and rotation of the tip of the cardiac electrical vector in 3D.
rom the point of view of computational calculation the quater-
ions theory has shown several advantages, mainly related to the
uaternion product which allows a simpler composition compared
ith the Euler angles. Moreover, the quaternions are more efficient

nd stable numerically in contrast with the rotation matrices [13].
Through the ICVV descriptor, obtained from Eq. (11), we  have

chieved very high values of sensitivity (98%) and specificity (97%)
n those recordings of less than 7 days (see Table 2). In addition, for
hose records over 45 days, we have achieved a (92%) of sensitivity
ith no loss of specificity (97%). While it could be assumed that
he reason of this reduction is due to electrical remodeling effects,
t should be noted that the amount of patients in both groups is
uite different. In any case, the ICVV descriptor shows a very high
otential for discriminating control subjects from MI  patients since
cessing and Control 28 (2016) 58–62 61

it has reached an AUC value of 99% in the MI7 group and of 98% in
the MI45 group.

5. Study limitations

The parameters that have been presented in this work have low
dependence on the accuracy of the time-domain interval measure-
ments. This suggests that they are highly reproducible. However,
further investigations are needed to test the reproducibility with
other VCG databases.

6. Conclusions

We have introduced a new method which is able to quantify the
instantaneous values of the angular velocity of the tip of cardiac
vector in the XYZ space using the concept of quaternion. We  have
proved that this parameter is affected by a MI  as well as the linear
velocity. Consequently, the ICVV descriptor, computed through a
linear combination of these parameters, is able to differentiate the
healthy subjects from MI  patients, reaching a very high value of
sensitivity without loss of specificity in both early and late stages
of infarction. This method extends the concept of cardiac vector
velocity and may  be useful in the diagnosis of myocardial infarction.
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Appendix A. Poisson equation

First of all, let us suppose we  have two  consecutive points of
the tip of cardiac vector in XYZ space separated a certain amount of
time �t,  i.e. q(t) and q(t + �t). In order to study the dynamics of the
rotation we can define the derivative of the quaternion through its
definition:

q̇(t) = lim
�t→0

q(t + �t) − q(t)
�t

(A.1)

Taking advantage of the quaternion product we can write
q(t + �t)  as a composition of rotations

q(t + �t) = q(�t) · q(t) (A.2)

The quaternion q(�t) can be written using the angular velocity
and the trigonometric form.

q(�t) = cos
(

ω�t

2

)
+ �u · sin

(
ω�t

2

)
≈ 1 + �u ω

2
�t  + o(�t) (A.3)

where �u is the rotational axis. Since sine and cosine are given in
terms of the trigonometric series, then o(�t) is an infinite polyno-
mial: o(�t) = k1(�t)2+ k2(�t)3 + · · ·.  Combining equations, we have

q(t + �t) =
(

1 + �u ω

2
�t  + o(�t)

)
· q(t)

= q(t) + �ω.q(t)
2

�t  + o(�t) · q(t) (A.4)
Rearranging terms and dividing by �t  we get

q(t + �t)  − q(t)
�t

= �ω · q(t)
2

+ o(�t) · q(t)
�t

(A.5)
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Finally, taking limit �t  → 0

˙ (t) = �ω · q(t)
2

(A.6)

hich leads to the Poisson equation for the instantaneous double-
ngle. Since the XYZ records are sampled signals of the continuous
oop, we can solve Eq. (A.6) using difference equations taking
nto account the sampling period Ts.  Expressing the inverse of the
uaternion in terms of its conjugate and its norm, we  can compute
he instantaneous angular velocity as follows

�i = q̇i.qi
−1 =

(qi+1 − qi

Ts

)
· qi∥∥qi

∥∥ (A.7)
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