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Abstract

New signal processing techniques have enabled the use of the Vectorcardiogram (VCG)
for the detection of cardiac ischemia. Thus, we studied this signal during ventricular
depolarization in 80 ischemic patients, before undergoing angioplasty, and 52 healthy subjects
with the objective of evaluating the vectorcardiographic difference between both groups leading
to their subsequent classification. For that matter, seven QRS-loop parameters were analyzed,
i.e: a) Maximum Vector Magnitude; b) Volume; c) Planar Area; d) Maximum Distance between
Centroid and Loop; e) Angle between XY and Optimum Planes; f) Perimeter and, g) Ratio
Between Area and Perimeter Loop. For comparison, the conventional ST-Vector Magnitude
(ST,,,) was also calculated. The results obtained indicate that several vectorcardiographic
parameters show significant differences between healthy and ischemic subjects. The
identification of ischemic patients via discriminant analysis using ST,,, produced 73.2%
sensitivity and 73.9% specificity. In our study, the QRS-loop parameter with the best global
performance was the Volume, which achieved 64.5% sensitivity and 74.6% specificity.
However, when all QRS-loop parameters and ST,,, were combined, we obtained 88.5%
sensitivity and 92.1% specificity. In conclusion, QRS loop parameters can be accepted as a

complement to conventional ST,,, analysis in the identification of ischemic patients.
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1-INTRODUCTION

Cardiac ischemia is characterized by an imbalance between myocardial oxygen supply
and demand. It is frequently associated with coronary atherosclerosis, which hinders the normal
coronary blood flow. It is well-known that insufficient myocardial cell irrigation reflects in the
electrocardiogram (ECG) as ST-segment deviation [1] and T-wave alterations [2, 3]. Besides,
Pueyo et al demonstrated that the upward and downward slopes of QRS complex decreased
during artery occlusion [4]. Similarly, Toledo and Wagner proposed an analysis of high-
frequency QRS components to identify cardiac ischemia [5]. In all cases, the amplitude and
temporal changes of the QRS complex during an ischemic episode are spatially related to the
ischemic area. Physiologically, they might be traced back to conduction disturbances in the
ischemic segment. In other words, not only the waveform and segment characteristics of cardiac
electrical activity are modified during an episode of hypoperfusion but there is need, too, of
searching for new parameters to improve ischemic diagnosis.

Besides, the Vectorcardiogram (VCG) has been proposed to evaluate cardiac changes
during ischemia or infarction. In an early work, Wolff used the spatial VCG to study initial,
early, and terminal “electrical forces” related to ventricular depolarization and concluded that
those “forces” can be more accurately described by VCG than ECG [6]. Sederholm et al
demonstrated that spatial ST-Vector Magnitude ( ST,,, ) and QRS-Vector Difference (QRS,, )

behave as complementary measures in the quantification of evolving myocardial injury after
acute coronary occlusion and in the determination of sequels to therapeutic interventions [7].
Eriksson used VCG monitoring to identify myocardial reperfusion at an early stage and to give
valuable prognostic information in patients with unstable angina and acute myocardial

infarction [8]. Kawahito et al concluded that monitoring ST,,, along with its QRS,,, may be

useful for identifying myocardial ischemia during carotid endarterectomy [9]. In this way,
Dellborg et al concluded that monitoring of QRS- and ST-Vector combinations may be a highly
sensitive method for detecting myocardial ischemia [10]. Recently, Perez et al exposed the
advantages of the computerized VCG compared to the ECG, particularly by showing better
specificity, sensitivity and accuracy as compared with conventional ECG for the diagnosis of
several cardiac pathologies [11]. Hence, the need of new VCG analytical methods to extract
hidden diagnostic information appears appropriate and timely.

As a consequence, the aim of this study is to differentiate a group of ischemic
subjects from a population of healthy ones by means of the vectorcardiographic analysis of
ventricular depolarization. For that matter, seven QRS-loop parameters were computed and,

afterwards, they were contrasted against the conventional ST,,, within a patient classification

scheme. Our hypothesis is that the morphological QRS-loop changes due to myocardial



ischemia should contribute to, or even perhaps improve, the identification of such patients. A

preliminary study produced promising evidence [12].

2-MATERIALS

Raw clinical records were extracted from the PTB diagnostic ECG and STAFFIII
databases.

The first one contained the ECG records of 52 healthy subjects (39 men, age 42 +/- 14
yrs, and 13 women, age 48 +/- 19 yrs). The ECGs in this collection were obtained by the
National Metrology Institute of Germany. Each record includes 15 simultaneously measured

signals: the conventional 12 leads (1, I, 1ll, aVR, aVL, aVF, V1-V6) together with the 3 Frank
lead ECGs (X, Y, Z). Each signal is digitized at 1000 Hz, with 16 bits of amplitude resolution
[13, 14].

The second database consisted of 80 ischemic patients (50 men, age 60 +/- 12 yrs, and
30 women, age 62 +/- 11 yrs), from the Charleston Area Medical Center in West Virginia,
before angioplasty (STAFFIII study). Nine standard ECG leads (V1-V6, |, Il, I11) were digitized
at a sampling rate of 1000 Hz and an amplitude resolution of 0.6 puV. A more extensive
description of the STAFF Il database is found in [15, 16]. Synthesized orthogonal X, Y and Z
leads were obtained from the Kors transform [17]. A recent study has demonstrated that Kors
synthesis matrix provides a better estimation of Frank leads than Inverse Dower transform in

ischemic patients [18].

3-METHODS
Figure 1 illustrates a block diagram of the different stages of the analysis. These stages

will be explained in the following subsections.
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Fig.1. General diagram of the proposed analysis technique.

2.1-Preprocessing

Firstly, all ECG records were preprocessed with a band-pass filter (Butterworth, 4"
order, 0.2-100 Hz, bidirectional) to reduce low and high frequency noise and a notch filter
(Butterworth, 2™ order, 50/60 Hz, bidirectional) to minimize the power-line interference. A
cubic spline interpolation filter was used to attenuate ECG baseline drifts and respiratory
artifacts [19]. Thereafter, the QRS complexes and their endpoints were detected in each ECG
record using a modified version of that proposed by Pan and Tompkins [20]. Excessively noisy
beats (with a RMS noise level > 40uV, measured in a 40 ms window located at 2/3 of RR
interval) were excluded. In addition, ectopic beats were also eliminated by comparing incoming
signals against a previously established template with the use of a cross-correlating technigque
(we used a correlation greater than 95% for acceptance). In this study, a visually low-noise
normal beat extracted from the ECG record is selected as a template beat, as it is

proposed in [21].

2.3-VCG Estimation

The VCG was obtained by drawing simultaneously in a 3-D plot the instantaneous
amplitudes of X, Y and Z orthogonal leads for each sample in the temporal interval
corresponding to the QRS complex, that is, from the starting point of the Q-wave (or R, if there

was no Q) to the final point of the S-wave (or R, if there was no S).



2.4-QRS-Loop Alignment

The alignment of all QRS-loops in each ECG record is required in order to compensate
the changes induced by extracardiac factors, such as respiratory movements [22]. This
alignment can be resolved by obtaining the Rotation (R) and Translation (T) matrices that allow
the beat-to-beat QRS-loop alignment against a pattern or template QRS-loop, the latter
obtainable from the averaged QRS-complex. In this work we calculated the template QRS-loop
as the averaged of each normal sinus QRS-loop, i.e. averaging the temporally aligned QRS
complexes in X, Y and Z leads, detected at the first minute of each ECG record using the
standard methodology [23].

Such matrices were computed from an adapted version of the algorithm [24], which can
be summarized in the following 4 steps:

1) The coordinates X(i), Y(i) and Z(i) of the QRS pattern and QRS individual loop are
grouped into, {p;} and {qi} sets, respectively, with i = 1, ..., N and N standing for the total
number of samples of the QRS-complex.

2) Both sets {p;} and {qgi} are arranged in two 3xN matrices, designed as P and Q,
respectively; thereafter, the covariance matrix H is determined as QP".

3) The Singular Value Decomposition technique is applied to the H-matrix, wherefrom
three matrices result, namely, U, A and V, where H = UAV"; hence, the R-matrix can be
computed asR=V U".

4) The T-matrix is calculated as the difference between the coordinates of the QRS-loop
centroid (p.) and the centroid of the individual QRS-loop (qc), thatis T = p. — R X Q.

Figure 2 illustrates the QRS-loops alignment. On the left side (a), it shows 4 non-
aligned QRS-loops with their corresponding centroids and the template QRS-loop, whereas on
the right (b), it displays the same 4 QRS-loops after alignment. The small alignment errors

observed are produced by normal beat-to-beat morphological differences.
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Fig.2. Example of spatial alignment of individual QRS loops for 4 individuals beats extracted from
control records of an ischemic patient (Record # 25, STAFFIII Database). (a) QRS loops before

alignment. (b) The same QRS loops after alignment.

2.5-Parameter Computation
Six vectorcardiographic parameters were computed from the QRS-loop for each

detected beat. For comparison, the conventional ST,,, was also computed.

QRS-loop Maximum Vector Magnitude (QRS{;): The vector modulus for each QRS

coordinate (X, Y, Z) was initially calculated, thereafter, the maximum value was obtained [25].
It describes the maximum magnitude of the Depolarization Vector (Fig. 3).

QRS-loop Volume (QRS,, ): It estimates the 3-D depolarization loop curve volume and

allows quantifying the loop flatness. To achieve a more accurate estimation, it has been found
that the point set that produces the minimum convex volume and contains all points within is
obtained by means of the Convex Hull algorithm [26].

QRS-loop Planar Area (QRS,,): It is the estimated area of the loop obtained by

projecting the QRS-loop on the best adjusted plane computed by least mean squares (denoted as
QRS-proj and Optimum Plane, respectively). It is thought to reflect hemodynamic abnormalities
in cardiac lesions [27]. The QRS-loop area computed onto optimum plane provides a more
exact estimation to the real 3-D QRS-loop area than those calculated on the conventional XY,

XZ or ZY planes (Fig. 3).



Maximum Distance between the QRS-centroid and the QRS-loop (QRS.Z): The

centroid loop is initially estimated and, thereafter, the Euclidean distance from this centroid to

each point of the loop is determined searching for its maximum. This parameter measures a
relative distance that is independent on the position of the loop in 3-D, unlike QRS (", which

measures an absolute distance with respect to the reference system origin (Fig. 3).

Angle between the XY-plane and the Optimum Plane (QRSXY:): It evaluates the

deviation between the Optimum Plane and the reference frontal plane (XY) in the 3-D space.
Since the loops are spatially aligned, the angle variations between both planes are only due to

morphological changes of QRS-loop.
Ratio Area/Perimeter (QRS"): This ratio is evaluated over the QRS-loop projected

over the Optimum Plane. It served in the analysis of loop morphological changes.

Perimeter (QRS, ): It is the Perimeter computed over the QRS-loop projected over the

Optimum Plane. It measures the loop total length and can detect loop contour changes.

ST-Vector Magnitude (ST,,,): It is a widely used parameter in the monitoring of

cardiac ischemia [8-9]. It is defined as the magnitude of the vector composed by the X, Y and Z

deviations of the ST-segment from the isoelectric level ( ST,,, =+/STZ + ST +ST? ), measured

as the amplitude of the ECG signal at the J-point. This point has been estimated for each beat as
J= 40 + 1/3 (RR)Y? (in milliseconds), where k denotes the k-th beat and RR is the RR interval
between the this beat and the following one [28].

Figure 3a shows some parameters computed in 3-D plot of an individual QRS-complex
extracted from an ECG. Moreover, in Fig. 3b the QRS loop projections on orthogonal
conventional planes and the corresponding X, Y, Z ECG leads are shown. The J-point is

represented by a red dot.
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individual beat extracted from control record of an ischemic patient (Record # 51, STAFFIII

Database). (b) QRS loop projections on XY, XZ, YZ planes (frontal, transversal and left sagittal
respectively) and temporal representation of X, Y, Z leads with their respective J-point (denoted

with a red dot)

2.6-Statistical analysis and Classification Method

All described parameters were computed for each detected sinus beat in all ECG records
of both populations.

Firstly, we analyzed the normality of this values using D'Agostino-Pearson normality
test with the aim to quantify the discrepancy between the distribution parameters value and a
Gaussian distribution. Afterwards, comparisons between groups were made using the non-

parametric Mann-Whitney tests, because the underlying distribution of the variables was non

Gaussian.



Thereafter, the mean value of each parameter across the entire record was calculated.
These values were used as inputs to a classifier based on Linear Discriminant Analysis (LDA)
with the aim of distinguishing (or separating out) ischemic patients from healthy subjects.

Basically, a LDA classifier is a linear combination of variables, as follows:

Y=ty + i X+ 1, X+t 1, X
where y is the output value of the discriminant function; u, (with n=1,..., p) are the coefficients
of the discriminate function; X, are the discriminate variables (QRS loop parameters and/or
STym) and p is the number of variables in the analysis [29].

The resulting discriminant function can be used to assign each ECG record to a
particular group or class (in this case, ischemic patient or healthy subject), based on its values of
discriminate variables. The model coefficients are estimated with a subset of ECG records for
which the group is known. This subset of observations is sometimes referred to as the training
subset (we used the 70% of ECG records of both populations).

In order to validate the model, this discriminant function was used to predict the group
of another different subset (referred as validation subset) of ECG records (we used the
remaining 30% ECG records).

With the aim of evaluate the performance of LDA classifier, we computed the Receiver
Operating Characteristic (ROC) curve. It is a plot of the Sensibility against the (1-Specificity)
values for the different possible cut-off points (we vary the cut-off values between -5 and 5 in
0.01 step) of the discrimination function.

Then, the optimal cut-off point in the ROC curve was computed as the point nearest
the top left-hand corner. This selection maximizes the Sensitivity and Specificity sum, when it
is assumed that the ‘cost’ of a false negative result is the same as that of a false positive
result [30].

Finally, the global performance of the classifier was evaluated with the Accuracy and
the Area Under the ROC Curve (AUC).

3-RESULTS

In this study six vectorcardiographic parameters are evaluated on 3-D QRS loop to
quantify and assess the morphological differences between ECG recordings of ischemic patients
and healthy subjects. Figure 4 illustrates QRS-loops obtained from one regular beat of healthy
subject and ischemic patient (the same record illustrated in Fig. 3), respectively. It can be seen
that both QRS-loops exhibit important morphologic differences, which we would quantify by

the proposed parameters.

10



Healthy subject Ischemic patient

-0.2 /-" -0.05 -/ | /\L/\
0 L - _ | _ )
0 7 - - .
0.4 S D , '
N * S *
£ £ 0.05 ] \
=08- N . ) £ : :
> >
12 0.1+ ﬁf%fti I
[ S~ 7 15 S — St
16 +— 1zmv) 15 7L ; 017 (mv)
1 -08 0.4 0 04 05 0503 0 03 o7 1 03
X (mV) X (mv)

Fig.4. QRS loops of a healthy subject (Record # 2, PTB Database) and an ischemic patient
(Record # 51, STAFFIII Database).
Table 1 shows the mean and the standard deviation values computed for each index of
both populations. The values marked with * in Table 1 indicate the statistical significance (p-

value < 0.01).
TABLE 1 MEAN AND THE STANDARD DEVIATIONS OF QRS
LOOP PARAMETERS AND STyum
QRS)w  QRS,  QRS, QRS; QRSy: QRSE™  QRS, ST
[mV] [mV?] [mV?] [mV] [rad] [mV] [mV]
g'jgj'ggs 1.55 + 0.58 0.15+0.16 120+065 1.03+034 190+021 444+192 484+131 0.05+0.03
Ischemic " % * * * *
Pationts 1:23+0.37%  0.06+0.06* 0.79+0.50% 0.98+0.29 186+022 545+1.64* 386+096* 012+0.10

* indicated p-value < 0.01, Ischemic patients versus healthy subjects.

Figure 5 illustrates the dispersion of discriminate function values for two different
training and validation subsets. The dashed-dot line represent the default cut-off point = 0. It can
be observed that the sensitivity and specificity values (computed in the validation stage) are
different in (a) respect to (b).

Since these outcomes depends on the records chosen for the training and validation
stages (see Fig. 5), we randomly selected 100 different training and validation subsets to obtain

more precise results. We used these subsets to computed 100 different discriminant functions.

11



(b)

*
10F Sens =87.5% 10F Sens =100%
" Spec =87.5% « Spec =100%
* * -
@ gL TEE ¢ F % 5F o+ ta *
3 ¥ E of ¥t o+
< ¥ o 3 oy wk
> * . **ﬁ* e * + * %{; o« *
S + iﬁﬁ' + % % n :@: T S
2 Kk =& . % i £ _dg¥ % & o
= 0 S % \* E g 0 S E2n %
£ * o B oedE ) - R *
£ EETEEE L o w et Tt ge
5 L AP et T %
B 5k * *y%**ﬁ‘ s _5h * ﬁ*gﬂ * ¥ T
o . e n N F 4
* * *
-10f -10f *
. . . . . . : : : : : : : :
0 20 40 60 80 100 120 0 20 40 60 80 100 120
# Record # Record

[ *  Healthy Training Subset

*  Healthy Validation Subset *

Ischemic Training Subset

Ischemic Validation Subset [

Fig.5. Dispersion of discriminant function values for two different training and validation subsets of

healthy and ischemic subjects. The dash-dot line represents the cut-off point (by default equal to 0).

The Fig. 6 shows the ROC curve, built with the mean values of the sensibility and (1-

specificity) obtained for the 100 discriminant functions using all QRS-loop parameters and

STywm index. In the same figure we remarked with a red circle the optimum cut-off point and its

corresponding Sensibility and Specificity values.
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Table Il shows the mean values of Sensibility (Sens), Specificity (Spec), optimal cut-
off point and the AUC, for different classification schemes using each individual QRS loop
parameter, the STy index and the combination of all QRS loop parameters and STym.

Table 2. Classification results for QRS loop parameters and STy

QRS\',";X QRS, QRS,, QRS™ QRSAngIe QRS/T:]O QRSP STVM QRS loop parameters

XYOP and STym
Sens (%)  56.67 64.46 70.50 38.46 54.58 71.63 69.87 73.25 88.46
Spec (%)  68.00 74.56 72.50 60.38 48.38 66.13 69.50 73.94 92.13
Cut-off -0.66 -0.72 -0.61 -0.49 -0.43 -0.50 -0.33 -0.27 -0.35
AUC 0.67 0.76 0.73 0.47 0.51 0.75 0.70 0.79 0.90

4-DISCUSSION AND CONCLUSIONS

In the last years, numerous papers have proposed different techniques to detect and
classify changes in cardiac electrical activity recorded on the surface ECG in patients with
myocardial ischemia [1-5]. This cardiopathy is usually diagnosed on the ECG by the
measurement of ST deviation at the J-point [31]. However, Pope et al showed that only 410 of
1445 patients with acute cardiac ischemia who presented to the emergency departments of ten
U.S. hospitals had significant ST deviation [32]. Despite this limitation of the standard
electrocardiography, their recordings remain the most important for the clinical evaluation of
patients with chest pain [33].

A recent review demonstrates the superiority of the VCG based techniques versus those
based on the ECG alone; vectorcardiography provides a better and more rational insight into the
electrical phenomena that occurs spatially [11]. Several researchers have proposed the analysis
of VCG for studying cardiac diseases, such as myocardial ischemia and infarction [6-10].

The present study examines the 3-D VCG of ischemic patients and healthy subjects to
distinguish between them. In order to evaluate the discrepancy in these VCG, six QRS loops
parameters were estimated: QRS>, QRS,,, QRS,,, QRS , QRS , QRS,, and QRS".
For comparison, the conventional ST,,, index was also computed.

On the basis of the descriptive analysis of the studied parameters (shown in Table 1), it
can be observed that five QRS-loop parameters and STvm index have significant differences
(p-value < 0.01) between two populations. It indicates that the proposed vectorcardiographic
technique can be used to detect the myocardial ischemia.

In addition, the results of the discriminant analysis (shown in Table 2) indicate that

QRS,, is the individual QRS-loop parameter with the best global performance (AUC = 0.76),

obtaining 64.5% sensitivity and 73.6% specificity. Moreover, the identification of ischemic

patients is greatly enhanced when all the QRS-loop parameters in combination with STy, index

13



are used in the classification, achieved 88.5% sensitivity and 92.1% specificity. Meanwhile,

when we used only the conventional ST,,, index, we obtained 73.3 % sensitivity and 73.9%

specificity, which are considerably lower than those reported above. The poor performance
achieved with the ST-level analysis agrees with the study previously reported by Fayne et al.
[34].

Additionally the AUC values (showed in Table 2) for the classification using all the
QRS-loop parameters in combination with STy, index is 0.90, which indicates high
effectiveness of the proposed classification technique. This AUC value is considered as high
accuracy in a diagnostic tests [35].

Furthermore, if we compare the results obtained in this study against those recently
reported by A. Dehnavi et al [36], it can be concluded that our method has better performance in
ischemic patient identification. Ischemia detection technique, based on 22 VCG features and a
neural network classifier, obtains 70 % sensitivity and 86% specificity. In contrast, our
detection technique achieves 88.5% sensitivity and 92.1% specificity using only 8 VCG
parameters and a simple linear classifier.

Briefly, the proposed technique based on QRS-loop study could be used in addition to

the traditional ST,,, analysis for a better identification of ischemic patients.
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Figure captions:

FIGURE 1 General diagram of the proposed analysis technigue.

FIGURE 2 Example of spatial alignment of individual QRS loops for 4 individuals beats
extracted from control records of an ischemic patient (Record # 25, STAFFIII Database). (a)
QRS loops before alignment. (b) The same QRS loops after alignment.

FIGURE 3 (a) Some VCG characteristic parameters computed in the 3-D QRS loop for an
individual beat extracted from control record of an ischemic patient (Record # 51, STAFFIII
Database). (b) QRS loop projections on XY, XZ, YZ planes (frontal, transversal and left sagittal
respectively) and temporal representation of X, Y, Z leads with their respective J-point (denoted
with a red dot).

FIGURE 4 QRS loops of a healthy subject (Record # 2, PTB Database) and an ischemic
patient (Record # 51, STAFFIII Database).

FIGURE 5 Dispersion of discriminant function values for two different training and validation
subsets of healthy and ischemic subjects. The dash-dot line represents the cut-off point (by default equal
to 0).

FIGURE 6 ROC curve and optimum cut-off point has remarked with red circle. For the optimum
cut-off point = -0.35 the sensibility is 88.46% and the specificity is 92,13%.

Table Caption:

TABLE 1. Mean and the standard deviations of QRS loop parameters and STy.

TABLE 2. Classification results for QRS loop parameters and STy
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