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This work proposes a comparative study of a pair of electrocardiographic 2D representations: the frontal
plane (FP) and a preferential plane (PP) obtained from ECG data. During depolarization and repolarization,
main electrical vectors were analyzed and compared between healthy subjects and patients referred for

20 December 2013 percutaneous transluminal coronary angioplasty (PTCA). Recordings were obtained at rest. Many patients
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from the latter group presented normal ECGs, thus, the hypothesis to prove was that electrical axis in any
Keywords: of the studied planes would effectively discriminate silent ischemia records from healthy ones. The FP was

constructed with I and aVF leads, while the PP used the two first eigenvectors of the spatial correlation
matrix of the ECG. Although the depolarization and repolarization vectors from both groups resulted
normal, those from the silent ischemia group appeared strongly biased to the left, closer to the limit of
the normality range. This slight change originated a significant separation between health and disease in
the FP. Here, most of the parameters resulted highly informative, even those related to the depolarization
phase. The cardiac vector, integrating both depolarization and repolarization information, presented
the highest performance (AUC=0.89). Parameters in the PP, however, did not produce an acceptable
discrimination, except for the amplitude of the T-wave (AUC=0.79). Additionally, the repolarization
orientation in the FP was the only marker that simultaneously discriminated three different groups of
patients according to their occlusion sites (p <0.0001). In conclusion: the FP offered a 2D representation
general enough to enable the separation of silent ischemia versus health populations while the PP did
not, due mainly to its individually optimized nature, failing to provide a unique referencial frame for all
the subjects.

Frontal plane
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Electrical cardiac axis
Cardiac vectors
Ventricular gradient
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1. Introduction coronary artery occlusion [5], changes in QRS amplitudes [6,7],

changes in QRS-complexes duration [8], angular modifications

Myocardial ischemia occurs due to an imbalance between
myocardial oxygen supply and demand. This phenomenon is fre-
quently associated with coronary atherosclerosis, which hinders
the normal coronary artery blood flow. An insufficient myocardial
cell irrigation is accompanied by a succession of electrophysio-
logical modifications that affect cardiac ventricular repolarization
[1,2]. These repolarization changes are reflected in the electro-
cardiogram (ECG) as ST-segment [3] and T-wave morphology
modifications [4]. Others reported depolarization changes accom-
panying ischemia as well. Particular examples are: decrease
of upward and downward slopes of the QRS-complex during
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[9] and even changes in vectocardiographic QRS-loop parameters
[10].

In general, the duration and morphology changes of the depo-
larization or the repolarization phenomenon during an ischemic
episode are analyzed individually [11,12].In addition to the individ-
ual analysis, we also looked for depolarization and repolarization
phases relationships using certain concepts of ventricular gradient
with the aim to improve ischemic diagnosis.

The idea of the ventricular gradient, calculated as the difference
in the global orientation and extent of the QRS-complex and of the
T-wave, was proposed by Wilson et al. as early as the 1930s [13].
The most important use of it is to identify primary and secondary T-
wave abnormalities in the ECG [14]. A secondary T-wave puts into
evidence ventricular conduction abnormalities. A primary T-wave
calls attention to several possible disorders such as tachycardia or
bradycardia, hypokalemia or hyperkalemia local ischemia and even
necrosis [15].
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Expanding the old ventricular gradient concept, the angle of the
3D between QRS-complex and T-wave loops in the Principal Com-
ponent Analysis (PCA) space was proposed [16]. This 3D descriptor,
so-called Total Cosine R-to-T (T¢), proved to be a good cardiac
risk predictor in different groups of patients, including survivors
of acute myocardial infarction and patients with known ischemic
heart diseases [17], as well as in the general population [18,19].

Myocardial ischemia is usually diagnosed by means of a stress
test. In asymptomatic patients, which is the case for silent ischemia,
the decision to perform a stress test is based upon estimation of the
absolute risk of any cardiac event during the following 10 years,
together with the familiar history of coronary heart disease risk
[20]. A stress testis a rather complex test, requiring many resources
and time from the healthcare system. The modalities used to docu-
ment any abnormal stress response include the electrocardiogram,
echocardiography, radionuclide imaging with either single photon
emission computed tomography or positron emission tomography,
and magnetic resonance imaging.

Another spatiotemporal technique called cardiogoniometry
(CGM) has been proposed for myocardial ischemia detection, as an
alternative to ECG analysis [21]. CGM is an orthogonal representa-
tion of the cardiac activity onto two orthogonal planes: the frontal
plane and the oblique sagittal plane. The improvement introduced
with respect to vectorcardiography is that planes are oriented in
rough approximation to the anatomy of the heart, rather than the
body. Recently, Huebner and collaborators have classified ischemic
patients and healthy subjects using cardiogoniometric parameters
[22].

In order to find a fast and inexpensive first diagnosis of myocar-
dial ischemia that allows to reduce the amount of stress tests
indications, we focused on the analysis of cardiac vectors in two
bidimensional representations derived from the ECG, such as the
frontal plane (FP), defined by the Einthoven'’s triangle, and a prefer-
ential plane (PP), obtained from applying PCA methods to the ECG
data. The hypothesis behind this study relies on the fact that the FP
is an individual-independent frame. That is, orientation of the main
vectors are independent on individuals, while the PCA transformed
space can be seen as a frontal plane undergoing an individual-
dependent rotation which captures most of the ECG energy for
each subject. According to this, the PP would act as an individually
optimized frontal plane.

The principal objective of the study aimed at comparing the abil-
ity of these two representations of the ECG (the frontal plane and
the preferential plane) to separate ischemic patients from healthy
subjects. To accomplish the objective, we studied two parameters,
angle and modulus of the depolarization and repolarization domi-
nant vectors in the above mentioned planes.

2. Materials and methods
2.1. Population

The study population was composed of two groups, one con-
sisting of ECG records from 52 healthy subjects obtained from
the Physikalish Technisque Bundesanstalt (PTB) database (39 men,
age 42 £ 14 yrs, and 13 women, age 48 +19 yrs), provided by the
National Institute of Metrology of Germany, conceived with educa-
tional, algorithm benchmarking and research purposes [23,24]. ECG
records were obtained with a non-commercial device consisting of
16 input channels (15 for ECG: I, II, III, aVR, aVL, aVF, V{-Vg, Vx, Vy,
Vz and 1 for respiration), each of them acquired at 1000 Hz. Even
though the PTB database also contained pathologic ECG records, we
limited its usage to control subjects. The second group consisted
of resting ECG records from 83 patients (52 men, age 62 + 14, 31
females, age 65 + 11) at the Charleston Area Medical Center in West

Virginia before undergoing elective prolonged balloon occlusion
during percutaneous transluminal coronary angioplasty (PTCA), in
one of the major coronary arteries (STAFF-III study). This study
was approved by the Investigational Review Board. Informed con-
sent was obtained from each subject [3,25]. Eight leads (V{-Vg, |,
II) were recorded using equipment by Siemens-Elena AB (Solna,
Sweden) and digitized at sampling rate of 1000 Hz and amplitude
resolution of 0.6 wV. Leads III, aVR, aVL and aVF were derived from
leads I and II. Two control recordings were acquired continuously
for five minutes in supine position prior to the PTCA procedure in
clinical stable conditions, within a time interval of a maximum of
1 hour. The electrodes were maintained on the patients between
both recordings, or changed and their positions marked, to enable
accurate comparisons of the ECG variables.

2.2. ECG preprocessing

Signal preprocessing was applied on the 12 standard or 8 linearly
independent leads of the ECG data (PTB and STAFF-III databases
respectively). QRS detection and selection of normal beats were
implemented according to the method in [26], cubic spline inter-
polation was used for baseline wander attenuation. Rejection of
noisy beats was implemented when differences in mean isoelectric
level with respect to adjacent beats were larger than 300 wV. The
QRS-complexes and T-waves were located and delineated using the
wavelet transform method, as in [27].

2.3. Frontal plane indexes

The FP was defined by the standard and augmented limb leads
(I, II, I, aVR, aVL and aVF). More specifically, the frontal represen-
tation consisted of constructing the QRS and T-wave loops defined
by lead I (L;) and lead aVF (L,yf). First, segmentation of the QRS-
complex and T-wave was accomplished for each ith beat using a
single lead criteria where the onset of the QRS-complex and the T-
wave were the earliest reliable QRS-complex and T-wave onset at L;
or Lyyr and the offsets, the latest reliable QRS-complex and T-wave
offset in the same leads. On these segmented waves, the QRS-loop
and the T-loop for each ith beat were constructed and both car-
diac vectors computed at the loop samples n € W,.QRS and n e Wl.T,
representing the QRS-complex and T-wave windows respectively.
The sample n%';i(i) and nl .. (i) at which the respective QRS and T
cardiac vectors resulted maximum were computed. Then, the mod-
ulus and angle of the QRS-complex main cardiac vector for the ith
beat, Rj‘i‘(i) and R}"(i) respectively, were defined as:

RY(i) — atan (Lavp(n%‘?x(i))> )

! Li(n (i)
RP0) = \ LSO + Lave(n 20 2)
where

(i) = argmax [ /L(m)? + Lave(n?| 3)

where ne Wl.QRS

Analogously, the modulus and angle of the T-wave maximum
cardiac vector for the ith beat, Tjﬁ"(i) and Tfm(i) respectively, were
defined as:

T2(i) = atan (Lvr:(n?n(l))> .

Li(Miax(i)

TI(i) = \/ Li(nhax()” + Lave(nhax(D)? (5)
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where
T N 2 2
nmax(l)—argm§X[ Li(n)” + Lave(n) } (6)

where n e WT

The depolarization and repolarization equivalent vector com-
ponents for the ith beat RT{ (i) and RT'(i) were computed as the
following vectorial sum:

Ry(i)+Ty(i)>

Re()) + Tx(1) )

RTE(i) = atan (

RTM(i) = \/ (Re(d) + T(D))* + (Ry (i) + Ty(i))* (8)

where Ry(i) and Ry (i) are the cartesian components of [R})‘(i), R}"(i)]
and Tx(i) and Ty (i) are the cartesian components of [Tf“(i), Tfm(i)].
We will refer to this vector as the cardiac vector.

2.4. Preferential plane indexes

In [16] there is a detailed explanation about the ECG decom-
position onto the PCA space. Briefly, the NtimesM ECG matrix
X undergoes the singular value decomposition (SVD). Here, N is
conformed by the 8 independent ECG leads (I, II, V1-Vg) and M
accounts for the samples of the recordings. Thus, the ECG data
can be expressed as X=U XV, where U is an 8 x 8 matrix whose
columns are the left singular vectors, V is an M x M matrix whose
columns are the right singular vectors and ¥ is an 8 x M non-
negative diagonal matrix containing the singular values o1, . . ., on.
This decomposition rotates the ECG matrix X in an 8-dimensional
space represented by 8 singular values contained in the ¥ matrix
and 8 singular vectors contained in the columns of U.

After PCA, the windows WR and W] corresponding to the QRS-
complex and T-wave at each beat were defined by delineating a
norm signal defined as E;p(n) = 4/ s12(n) + s22(n), where s1(n)
and s;(n) are the projections of the ECG data matrix X, onto the
two first eigenvectors u; and u, associated to the SVD in the
equation S=UTX. Delineation was modified from [16] for the two-
dimensional case.

QRS- and T-loops were constructed for each ith beat. A car-
diac vector was computed at the loop samples ne Wl.R and ne Wl.T,
selecting the sample n& (i) and n],(i) at which the depolarization
and repolarization cardiac vector was maximum. The modulus and
angle of the main depolarization vector for the ith beat, Rj(i) and
RJ(i) respectively, as well as the modulus and angle of the T-wave
maximum cardiac vector for the ith beat, Ty(i) and T;'(i) and the
depolarization and repolarization equivalent vector components
for the ith beat RT} (i) and RT}'(i) were defined as in (1)~(8).

2.5. Loops alignment

In order to compensate for changes induced by respiratory
movements, an alignment of all QRS-loops and T-loops was car-
ried out [28]. To do this, rotation (R,;) and translation (T, ) matrices
were calculated to align beat-to-beat loops against a template loop.
The latter was computed by averaging the temporally aligned QRS-
complex or T-wave in the respective leads (Lead I and Lead aVF
for the FP or s1(n) and sy(n) for the PP) at the first minute of each
record using the standard methodology [29]. Such R, and T, matri-
ces were computed from an adapted version of the algorithm [30],
as follows:

1. Coordinates L;(i) and Layg(i) (or s1(i) and sy(i)) of the pattern
loop and the individual loops were grouped into p; and g; sets

respectively, withi=1, ..., N, N standing for the total number of
samples of the segmented signal to align.

2. Both sets p; and g; were arranged in two 3 x N matrices, designed
as P and Q, respectively. Then, the covariance matrix H was
defined as QP'.

3. The matrices U, ¥ and V were obtained by applying SVD to the
H matrix: H=UXV". Therefore, R, = VUT.

4. The translation matrix was calculated as the difference between
the coordinates of the QRS-loop centroid (p.) and the centroid of
the individual QRS-loop (qc), that is Ty =pc — Ry x e

2.6. Statistical analyses

All data were expressed as mean + SD. The D’Agostino-Pearson
normality test was applied to quantify the discrepancy between
the distribution of the indexes and an ideal Gaussian distribu-
tion. In order to determine the statistical power of each marker
to discriminate health from ischemia, a non-parametric two-tailed
Mann-Whitney test was applied between healthy and ischemic
patients. When p-value was <0.05, differences were considered
statistically significant.

2.7. Classification and ROC analysis

We calculated the Receiver Operating Characteristic (ROC)
curves for every parameter and plotted the sensitivity against the
1-specificity values for the different possible cut-off points. There-
after, 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
[31].

3. Results

The total population was studied here, without making any dis-
tinction on the dilation site at the group of patients referred for
PTCA. For all the studied groups along this work, indexes did not
follow a Gaussian distribution, not even after applying logarithms.

As an example, Fig. 1 shows the loops constructed under the
frontal and the preferential planes for the depolarization (dot-
ted line) and the repolarization phase (solid line) in two different
patients, one belonging to the control or healthy group and the
other belonging to the PTCA patients. Arrows depict main elec-
trical vectors for each phase. For clarity sake, depolarization and
repolarization loops are only labeled in Fig. 1b. Since loops keep
their size proportion nearly constant, QRS-complex and T-wave
loop recognition is evident for the remaining panels.

It is worth noticing the wide average age difference between
groups. In order to search for an eventual correlation between the
parameters involved in this study and age for both populations, the
Pearson’s correlation coefficient r between age and every param-
eter was computed. Since r-values were close to 0 and p-values
were greater than 0.05, it can be proved that there is no significant
correlation between the parameters measured over the depolar-
ization/repolarization vectors and the patients age.

3.1. Descriptive statistics

3.1.1. Frontal plane

Fig. 2a and c displays the mean + SD depolarization and repolar-
ization angles (R}Y and TJE‘ ), while Fig. 2b and d depicts the mean + SD
moduli (RT and T™) of control subjects versus ischemic patients on

f
the upper four panels.
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Fig. 1. Representative examples of cardiac activity in terms of depolarization (dotted line) and repolarization (solid line) loops for each cardiac phase (arrows). Loops were
constructed with Leads I and aVF in the frontal plane and s1 and s2 pseudo-leads in the preferential plane. Each point in the loop represents a voltage for each of the two
leads at a particular time bin. Depolarization and repolarization loops are only labeled in (b). Since they keep the same proportions in all cases. (a) Healthy subject in the FP,

(b) PTCA patient in the FP, (c) healthy subject in the PP, (d) PTCA patient in the PP.

Depolarization and repolarization angles were positive in both
groups. Moreover, the average angles for the PTCA group in the
two cardiac phases were significantly lower than those of the
healthy subjects (depolarization: healthy subjects 57.88 4+-29.56°,
PTCA patients 26.90426.45°, p<0.0001, repolarization: healthy
subjects 50.79 +9.54°, PTCA patients 23.21 +58.79°, p<0.001). T-
wave angle variability in the health group was lower than those
of the ischemic group, while QRS-complex angle variability kept
constant among groups. Note that even though angles presented
normal values for both groups, the disease group showed values
biased to the left, in the limit of the normality range [32,33].

Opposite to angles, amplitudes resulted much more vari-
able in the case of health. In silent ischemia, amplitudes
suffered significantly in both phases with respect to the control
group (depolarization: healthy subjects 1.31+0.61 mV, ischemic
patients 0.80+0.28 mV, p<0.0001, repolarization: healthy sub-
jects 0.28 £0.13 mV, ischemic patients 0.12+0.05mV, p<0.05).
Furthermore, amplitudes presented much less variability in dis-
ease.

Consistently, the angle and amplitude of the cardiac vec-
tor, obtained by vectorially summing the QRS-complex and
T-wave dominant vectors calculated as in (7) and (8), signifi-
cantly discriminated health from ischemia (angle: healthy subjects
—57.67 £24.98°, PTCA patients —26.77 £+ 27.06°, p <0.0001, modu-
lus: healthy subjects 1.62 +0.80 mV, PTCA patients 0.87 +0.29 mV,

p<0.0001) (see Fig. 3c). Note the increase of angle variability from
health to disease in the repolarization phase, while the depolar-
ization angle variability in the same plane decreased from health
to disease. On the other hand, amplitude variability decreased
from health to disease in both phases (see Fig. 3a). Another
measure taken into account was the angle between the depolar-
ization and repolarization phases, which in this case decreased
from —7.08 +£30.18° to —4.51 4+ 70.49°, although failed to give any
statistical significance. Notice that this last measure recalls the tra-
ditional concept of the ventricular gradient, in its bidimensional
form.

3.1.2. Preferential plane

Fig. 2e and g displays the mean 4 SD depolarization and repo-
larization angles (RY, T¥) and Fig. 2f and h displays the mean 4 SD
moduli (R{", T[") of control subjects versus ischemic patients on the
lower four panels.

Average angles in either cardiac phase did not significantly
differentiated ischemia from health (depolarization: healthy sub-
jects —10.85 4 54.15°, ischemic patients —10.644+61.67°, p=0.79,
repolarization: healthy subjects —59.69 4+ 78.06°, ischemic patients
—32.124+95.02°, p=0.10). Unlike the FP, angle variability here
remained constant for both groups (see Fig. 3b).

Analogously to the frontal plane, amplitudes did discriminate
both groups either in the depolarization as the repolarization
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Fig. 2. Descriptive statistics for every parameter analyzed in both planes for the two groups. (a) Mean =+ SD angle of the depolarization vector in the FP (R;’), (b) mean4SD
modulus of the depolarization vector in the FP (R}" ), (c) mean & SD angle of the repolarization vector in the FP (Tf”), (d) mean + SD modulus of the repolarization vector in
the FP (Tf’" ), (e) mean + SD angle of the depolarization vector in the PP (RY), (f) modulus of the depolarization vector in the PP (R{"), (g) mean = SD angle of the repolarization
vector in the PP (T¢), (h) mean + SD modulus of the repolarization vector in the PP (T{"), *p <0.0001, ** p <0.005.

phase. (depolarization: healthy subjects 0.994+0.05mV, PTCA
patients 0.96 +0.07 mV, p<0.05, repolarization: healthy subjects
0.29+0.10 mV, PTCA patients 0.18 = 0.09 mV, p < 0.001). Amplitude
variability here also kept constant for health or disease (see Fig. 3b).

Finally, angle of the equivalent cardiac vector, calculated as the
resultant vector between the QRS-complex and T-wave dominant

vectors, did not significantly separate health from the silent
ischemic group (angle: healthy subjects —19.42457.30°, PTCA
patients —14.81 £62.65°, p=0.72) but did the modulus (healthy
subjects 1.12+0.19, PTCA patients 1.02 +£0.14, p<0.01). Notice
here, how the equivalent cardiac vector picked up the large
variability behavior from the isolated phases. Additionally, angle
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Fig. 3. Main average depolarization, repolarization and cardiac vectors for the frontal and preferential planes. Boxes account for the standard deviations in amplitude and
angles of the mean modulus (dot) and the mean angle (line) comprising each vector. (a) FP depolarization and repolarization vectors in health, R;' and Tfh (dotted box), FP

depolarization and repolarization vectors in ischemia, Rj, and T} (solid box), (b) PP depolarization and repolarization vectors in health, R{' and T[" (dotted box), PP depolarization

and repolarization vectors in ischemia, Ré and T; (solid box), (c) FP equivalent cardiac vector in health, RT}1 (dotted box) and FP equivalent cardiac vector in ischemia, RT}
(solid box), (d) PP equivalent cardiac vector in health, RTﬁI (dotted box) and PP equivalent cardiac vector in ischemia RTﬂ (solid box).

and amplitude variability kept mostly constant for health and
disease (see Fig. 3d). Lastly, the angle between the depolariza-
tion and repolarization phases diminished from 52.50 + 80.68° to
22.58 +£116.63°, but no statistical significance was found.

3.2. ROC analysis

In Fig. 4, the ROC curves for every parameter and their area
under the curve (AUC) values are shown. In the FP, most of
the parameters resulted highly informative, even those related
to the depolarization phase (see Fig. 4a and b), with the excep-
tion of the repolarization direction, which showed a moderate
AUC value (see Fig. 4c). Although the cardiac vector in this plane,
which integrates both depolarization and repolarization informa-
tion, presented good ROC curves, it failed to dramatically improve
the performance achieved by the depolarization or repolarization
phases alone (see Fig. 4e and f). The modulus of the repolarization

main vectors presented good AUC values on both planes (see Fig. 4d
and j). Parameters in the PP, however, provided poor performance.
Angles either for the depolarization and the repolarization phases
presented AUC values near 0.5, suggesting that performance of clas-
sification was close to a “by-chance” process. In this plane, only
the amplitude parameters seemed to reach an acceptable balance
between sensitivity and specificity (see Fig. 4k and 1). Moreover, the
cardiac vector in this plane did not add valuable information to that
offered by the separated depolarization and repolarization phases.

3.3. Ischemia localization

In order to test whether any parameter from any proposed plane
was able to differentiate the coronary artery sites to perform the
PTCA, we split up the STAFF-III database according to dilation sites.
The location of the 83 dilations were: left anterior descendent coro-
nary artery (LAD) in 25 patients, left circumflex coronary artery
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Fig. 4. ROC curves and area under the curve (AUC) values for each marker analyzed. (a) Angle of the depolarization vector in the FP (R%), (b) modulus of the depolarization
vector in the FP (R™), (c) angle of the repolarization vector in the FP (T%), (d) modulus of the repolarization vector in the FP (R™), (e) angle of the depolarization vector in the

PP (RY), (f) modulus of the depolarization vector in the PP (RY), () angle of the repolarization vector in the PP (T{*), (h) modulus of the repolarization vector in the PP (T7),
(i) angle of the cardiac vector in the FP (RTf”‘)' (j) modulus of the cardiac vector in the FP (RT}" ), (k) angle of the cardiac vector in the PP (RT{), and (1) modulus of the cardiac

vector in the PP (RTY).

(LCx) in 18 patients and right coronary artery (RCA) in 40 patients.
The mean + SD values for the angles and moduli in the FP together
with the number of patients N belonging to those groups are dis-
played in Table 1 and its counterpart for the PP, in Table 2. Notice
that the only parameter able to discriminate all three ischemia
localization was the angle of the T-wave in the FP, p <0.0001.

4. Discussion

Even though angles presented normal values either for health or
ischemia in the FP, the disease group showed values clearly biased
to the left, in the limit of the normality range [33]. This explained
the success of the FP depolarization and repolarization main ori-
entations in differentiating both groups and vindicated the FP as a
good spatial reference frame to standardize cardiac activity direc-
tions. The angular decrease with disease refers to depolarization

or repolarization loops tending to lean down to the abscises, being
this behavior consistent with the literature [34].

Even though the parameters accounting for the ventricular gra-
dient (RT}" and RT}”) failed to produce any statistical significance,
they did present good ROC curves with suitable AUC values (RT{":
AUC=0.89, RT}ﬂ : AUC=0.85).

Accompanying angular changes, depolarization voltages sig-
nificantly decreased (p<0.0001) in ischemia as well. This finding
showed up as a simple and powerful marker of ischemia in humans
(AUC=0.83), expanding the results found in a model of myocardial
infarction in rhesus monkeys, where the decrease of the R-wave
amplitude turned out as a predictor of myocardial ischemia [35].
Consistently, Romero et al. also found evidence of angular changes
in the QRS-complexes undergoing ischemia, suggesting a reduc-
tion in the depolarization voltages, measured on the same set of
ischemic patients (from STAFF-III database) [9].

Table 1
Mean + SD of frontal plane indexes for three different ischemia sites (STAFF-III database), ! vs LCx, p<0.05, 2 vs RCA, p<0.05, 3 vs LCx, p<0.0001, 4 vs RCA, p<0.0001, ® vs all,
p<0.0001.
RZ (%) R™ (mV) T (%) T (mV) RTY (%) RT}' (mV) N
LAD 29.38 + 31.534 0.13 + 0.05° 56.04 + 45.34° 0.82 + 0.24° 34.53 + 28.63 0.91 + 0.26 25
LCx 27.82 + 26.88 0.10 + 0.03* 35.77 + 60.18° 0.67 + 0.15 29.03 + 26.39 0.72 £ 0.18 18
RCA 24.87 + 25.62 0.12 + 0.06 —-6.24 + 57.68° 0.84 + 0.30% 22.82 +24.78 0.91 + 0.33 40
Table 2

Mean =+ SD of preferential plane indexes for three different ischemia sites (STAFF-III database), ! vs LCx, p<0.05, 2 vs RCA, p<0.05, 3 vs LCx, p<0.0001, 4 vs RCA, p<0.0001, >

vs all, p<0.0001.

R (%) R (mV) TS (°) T (mV) RTY (%) RT™ (mV) N
LAD 0.59 + 33.17! 0.97 + 0.06! ~36.00 + 80.94* 0.16 £ 0.09 326+ 3235 1.05 + 0.12 25
LCx ~17.13 £ 65.18 0.96 + 0.072 —21.31 + 91.44* 0.16 + 0.064 ~17.68 + 69.00 1.01 +0.17 18
RCA —13.24 + 25.62 0.97 + 0.06 —42.18 £ 107.18 0.21 £0.10 —21.31 + 7347 1.03 + 0.16 40
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The reduction in ECG voltage sounds sensible and consistent
with the electrophysiological changes that ischemia induces at cel-
lular level. First of all, ischemia moves metabolism from an aerobic
to an anaerobic state, leading to a marked pH decrease. Also, ionic
abnormal movements occur, moving into the cell big amounts of
sodium, which takes the membrane potential to less negative lev-
els, which in turn, forces more sodium channels to the inactivation
state. The latter reduces the inward sodium current and thus, the
amplitude and duration of the action potential [36]. After all these
changes, a reduction in ECG voltages makes sense in physiological
terms.

In a similar approach to ours, Ghista et al. presented a method
to measure amplitude and direction of the electrical vector of the
heart in a plane defined by Lead I and Lead 11 [37]. They derived the
depolarization loops from these leads and measured two parame-
ters on the loops: length and area. Length was equivalent to moduli
in our work, and area together with another qualitative measure,
quadrant occupation, helped separate different cardiac patterns
such as normal sinus rhythm, left ventricular hypertrophy, bun-
dle branch block (no particular separation regarding left or right)
and myocardial infarction. Direction in angle as measured in our
work, additionally to quadrant occupation and area of the loop
could turn out as a complete descriptor of the loops, improving the
separation of healthy and PTCA patients. Nevertheless, we believe
that the analysis of loops derived from Lead I and Lead aVF makes
more sense in a clinical environment, where there exist most of the
evidence the medicine has based on.

With respect to the ventricular gradient, our results are compa-
rable to those in Bortolan et al., where it was shown that the angles
between QRS and T-wave loop axes did not change significantly
between healthy versus patients with ischemia [38]. Nevertheless,
the modified angle between QRS and T-wave loop parameter pro-
posed in [39], which were computed on the zero point of the VCG
loop, showed to be statistically different between healthy subjects
group from those with ischemia, myocardial infarction and both.
Consistently with the results of this work, Bortolan and colleagues
have shown that the ratio of maximum to mean T vector magni-
tude, equivalent to our parameter called modulus of the T-wave
maximum cardiac vector, presented significance differences among
ischemic patients and healthy subjects [38].

On the other hand, it was not possible to define a clear separa-
tion between groups in the PP based on the spatial orientations
of the main cardiac vectors. Moreover, the healthy group pre-
sented such a high variability that it was impossible to even think
of a normality range in the PP. This may sound sensible if we
remember that PCA technique imposes on ECG data individually
optimized rotations, failing to provide a unique referencial frame
for all the subjects. In an effort to reduce such dispersion in the
PP, an alternative global transformation was proposed, applying
PCA to a set of control subjects altogether, instead of transform-
ing each subject individually. This way, PCA was carried out on
a matrix containing 70% of the healthy subjects, onto which the
remaining healthy subjects and ischemic patients were projected
to generate the QRS-complex and T-wave loops in s; and s,. Unfor-
tunately, this new arrangement did not improve the dispersion
observed in the PP. This finding may sound controversial with
that found in [17], where the TCRT, based on the R-T angle in
the PCA space, is a good cardiac risk predictor in survivors of
acute myocardial infarction (AMI). However, due to the main objec-
tive of this work was to compare parameters obtained from 2D
planes, we did not make an analogy between the computation of
the parameter TCRT proposed in [17] and our indices computed
for the PP. Moreover, there are several differences, between the
dataset in [17] and this work. The experimental design in [17]
was a cohort while ours was a cross-sectional study. Also, all the
patients belonging to Zabel’s study had suffered AMI while only a

30% of the STAFF-III database suffered a previous myocardial infarct.
Therefore we have considered this as a limitation of the present
study.

Opposite to angle measurements, amplitudes have significantly
discriminated disease from health in the PP, specially the T-wave
amplitude. This means that the PP is informative regarding signal
energy information and plus, that signal energy lowers in silent
ischemia, specially in the repolarization phase. This fact is impor-
tant since the amplitudes in the FP only account for the energy
contained in the frontal leads while the PP amplitudes contain the
energy of the all eight independent leads. Thus, a decrease in ampli-
tude in the PP reflects a net decrease in the ECG energy. Moreover,
due to the transformation procedure, where the whole signal is first
SVD-transformed and then segmented, and observing the greatest
amplitude decrease in the T-wave, it can be proved that the greatest
amount of energy decrease belongs to the repolarization phase.

It is important to notice that even though the representation of
cardiac vectors in the SVD plane failed to produce angular param-
eters sensitive enough to discriminate silent ischemia, this does
not apply for other parameters or indexes in this space. More-
over, much of the literature endorse this observation with plenty
of examples, such as the complexity of repolarization C; [40], the
Total cosine R-to-T Tg¢ [16], the T-wave residuum Ty, [41] and the
T-wave morphology dispersion T,,,4 [42]. Even though all of the
former parameters are defined in the 3D space except for the T4,
they all can be adapted to a 2D space. This will be addressed in
Section 7.

Regarding ischemia localization, the repolarization main vec-
tor in the FP turned out to be the only parameter that allowed the
simultaneous separation of the three groups LAD, LCx and RCA. This
fact is good enough considering that most attempts to discrimi-
nate ischemia localization are carried out by means of body surface
recordings, technique that takes several more electrodes than the
ECG [43].

In this regard, Rubulis et al. [44] investigated the T-wave vector
and loop characteristics in coronary artery disease (CAD) groups
(LAD, LCx and RCA) and during PTCA. They have observed that the
T-wave loop morphology (area and eigenvalues relationship) was
significantly different in CAD patients and controls, while T-wave
angles did not separate the groups. Conversely we noticed that the
only parameter able to discriminate all three ischemia localization
was the angle of the T-wave in the FP (see Table 1). It must be
highlighted that, unlike in our present work, Rubulis et al. compared
CAD groups during PTCA procedure.

5. Study limitations

A consideration regarding amplitude discrimination should be
made, since data come from two different digital acquisition
systems. Although both sets of data were weighed accordingly,
differences in the analog-digital-converter (ADC) resolution could
produce this kind of discrepancies. In that regard, there is a 0.1 wV
difference in in the least significant bit (LSB) of both systems, being
the one of the healthy group more accurate (LSB = 0.5 V) than that
of the PTCA patients (LSB=0.6 V). Nevertheless, we are confident
that differences in ECG voltages are not affected by resolution dif-
ferences, since amplitudes in the PTCA group resulted lower than
the control group, opposing the tendency imposed by the excess
error due to a broader resolution.

Finally, one limitation of this study is the marked difference
between the mean age of the two populations (healthy subjects
and ischemic patients). In order to search for an eventual corre-
lation between the parameters involved in this study and age for
both populations, the Pearson’s correlation coefficient r between
age and every parameter has been computed. The r-values have
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been close to 0 and p-values have been greater than 0.05, thus, evi-
dence supports that there is no significant correlation between the
parameters measured over the depolarization/repolarization vec-
tors and the patients age. Moreover, we have analyzed a subset
of patients younger than 70 years old from the PTCA group and
results kept very close to those presented here, accounting for the
entire group. As a matter of fact, the age-corrected subset of PTCA
patients produced more significant differences (p < 0.0005) for the

parameters RJ?‘, R}", T}" , Tfm, all of them belonging to the FP.

6. Conclusion

The FP offered a good fixed spatial reference frame that enabled
a 2D representation sensitive to changes in the main depolariza-
tion and repolarization vectors due to silent ischemia. This effective
separation between health and disease held for amplitudes and
angles. The PP did not provide useful angular information due to
its individual-optimized nature but did prove to pick up energy
changes between groups. The latter also proved that ECG (mainly
the repolarization phase) underwent a decrease in its energy dur-
ing silent ischemia and led to the conclusion that information
of the PP relies on the signal energy and not on axis orienta-
tion.

7. Future work

As future work, it can be mentioned the further study of the
ability of classical PCA parameters of the literature, adapting them
to the 2D space when corresponding and comparing them with the
frontal plane. Furthermore, comparisons between the frontal plane
and more complex spaces like the 3D space defined by the dipolar
components s1, s2 and s3, after SVD transformation of the ECG data
should complete the insight into optimal ECG representations to
better diagnose silent ischemia.
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