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In this work we studied ST-T complex changes in the ECG as result of induced ischemia.
The principal aim was to determine whether global changes in the ST-T complex were more
sensitive markers of ischemic alterations than those based on measurements of changes at
specific locations on ST segment or T wave. High-resolution ECGs from patients undergoing
percutaneous transluminal coronary angioplasty in one of the major coronary arteries were
analyzed to give a description of the period from the end of active depolarization (QRS
complex) to the end of active repolarization (T wave). During artery occlusion traditional
local measurements of the ST-T complex were compared to global measurements based on
the Karhunen-Loeve transform. An ischemic change sensor parameter was estimated for
each of the studied indexes showing that global measurements detected changes better in the
repolarization period in a larger number of leads and with higher sensitivity (more than 85%)
than was done using local measurements (sensitivity of 64% with ST level, 33% with T-wave
maximum position, and 37% with T-wave maximum amplitude). Using these global indexes
it was found that most cases of ST-segment changes were accompanied by T-wave changes
(72% of patients). With the use of traditional indexes 23% of patients showed no changes in
the repolarization period, whereas with global indexes this percentage decreased to 8%. Thus
a global representation of the entire ST-T complex appears to be more suitable than local
measurements when studying the initial stages of myocardial ischemia. 0 1998 Academic Press

INTRODUCTION

Myocardial ischemia is caused by a lack of oxygen to the contractile cells. The
transient occlusion of a coronary artery can result in reversible ischemia, and a
prolonged obstruction may lead to myocardial infarction with its severe sequelae
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FIG. 1. Normal (solid lines) and abnormal (dashed lines) hypothesized ventricular action potentials
during transmural ischemia induced by complete coronary occlusion are represented at the top. A
possible evolution of the ECG waveform along PTCA is simulated at the bottom.

of heart failure and arrhythmias and maybe even patient death. The ST-T
complex of the ECG reflects the time period from the end of active ventricular
depolarization to the end of repolarization in the electrical cardiac cycle. Further,
the ST segment is influenced by resting potential, particularly in the setting of
acute ischemia. Ischemia is usually quantified in the standard ECG by changes
in values of measured amplitudes, times, and durations on the ST-T complex.
Different stages of the severity of ischemic progression have been described (7):
the first stage is characterized by T-wave amplitude increase without simultaneous
ST segment change. Second, as the ischemia extends transmurally through the
myocardium, the intracellular action potential shortens and the injured cells
become hyperpolarized, producing an “injury current’ that is shown as horizontal
ST segment deviation. At the last stage the ischemia is so extensive that the
terminal portion of the active depolarization waveform (QRS complex) is altered.
Previously alterations in the QRS complex had traditionally been associated with
myocardial necrosis. A model evolution of ventricular action potentials during
an ischemic process can be seen at the top of Fig. 1 and, at the bottom, a simulated
ECG ischemic progression is shown.

Percutaneous transluminal coronary angioplasty (PTCA) provides an excellent
model to investigate the electrophysiological changes of transmural ischemia.
The sudden complete coronary occlusion produced by balloon angioplasty allows
the study of the initial minutes of the ischemic process that would eventually
lead to acute myocardial infarct (2). Several studies have shown different ECG
changes evoked by PTCA when the occlusion was prolonged (3-5).

Most of the commonly used indexes in cardiology are based on single local
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measurements on the ECG: ST segment deviations (6, 7), QT variability (8-10),
repolarization alternans (71, 12), etc. However, there is not a test reported in
the literature which can robustly detect the presence, extent, and severity of
ischemia in monitoring applications.

The Karhunen-Loeve transform (KLT) has previously been studied in ECG
signal processing (13-15). The KLT was used in the study of spatial and temporal
compression of body surface potential maps (16, 17) and recently in ECG data
compression (18), improving the results of other orthogonal transforms. In a
precedent work (19), the KLT was successfully applied to analyze the ST segment
of the ECG, with the specific aim of obtaining noise-tolerant methods for ischemia
detection. The KLT was recently applied to the entire ST-T complex in ischemic
changes monitoring (20).

Traditionally the ECG is studied by means of measurements at specific points
of it, e.g., ST level. We call them local indexes. On the other hand, we call global
indexes the measurements that take into account the information contained in
a segment of the ECG signal, e.g., the KL-based indexes. In this work we want
to study the global changes of the entire ST-T complex during the inflation
period of PTCA and compare these with the traditional measurements of ST
segment and T wave (position and amplitude) from the standard ECG. We study
a new way to evaluate myocardial ischemia on the ECG based on the KLT
applied to the entire ST-T complex to include as much information about the
ventricular repolarization period as possible (including not only ST segment
deviations but T wave changes as well). First we will describe how the KLT is
applied to the different ECG segments and how the KL-based indexes are
obtained. Then we will define a parameter that will permit the comparison of
the indexes’ sensitivity for induced ischemia detection. We will also study the
incidence of ischemia on the different ECG intervals.

MATERIALS AND METHODS
Study Population and ECG Acquisition

The study group consisted of 108 patients receiving elective prolonged PTCA
in one of the major coronary arteries at the Charleston Area Medical Center in
West Virginia. Twenty-five patients were excluded because they had ventricular
tachycardia, underwent an emergency procedure, or demonstrated signal loss
during the acquisition. A total of 92 dilations in 83 patients (55 males, 28 females)
were included in this study. The inflation times ranged from 1 min 30 s to 7 min
17 s (mean 4 min 23 s). Notice the long mean period of occlusion compared to a
normal procedure. The locations of the 92 dilations were left anterior descending
artery in 30 patients, right coronary artery in 39 patients, and left circumflex
artery in 23 patients. Nine leads (V1-V6, I, 11, and III) were recorded using
equipment by Siemens—Elema AB (Solna, Sweden) and digitized at a sampling
rate of 1000 Hz and amplitude resolution of 0.6 V. One or two control ECGs
(in the room and/or catheterization laboratory) prior to the procedure and
several postinflation ECGs were recorded for each patient.
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Karhunen—Loéve Transform

The KLT is an orthogonal linear transform which is optimal in the sense that
it concentrates the signal information in the minimum number of parameters (in
the mean square error (MSE) sense) (21). The KLT is a signal-dependent trans-
form and must be derived from the statistics of the signals to be analyzed. Thus,
the KLT requires that a representative ““training set” of signals is collected to
obtain the KLT basis functions (eigenfunctions). The KLT can be understood
as a rotational transformation of a pattern vector (the signal vector to be repre-
sented) into a feature vector, composed by the KL coefficients. The first few
components of the coefficients vector represent almost all the signal energy. The
KLT basis functions are derived from the covariance matrix C of the training
set estimated as

C=Ax-—mx—m} (1]

where x = [x(0), ..., x(N — 1)] represents each signal vector in the training set
(in this work it will be each ST segment, T wave, or ST-T complex), m is the
mean pattern vector over the entire training set, and x' is the transpose of x.
The orthogonal eigenvectors of C are the basis functions of the KLT, and the
eigenvalues represent the average dispersion of the projection of a pattern vector
onto the corresponding basis function. When the basis functions are obtained,
each signal vector x is represented in the KL space by the coefficients vector

a = [af,af,...,an-1]T (' indicates that it is a nonnormalized vector, calcu-
lated as
N-1
aj = >, i(k)x(k), 2]
k=0

with ¢; representing the ith order KL basis function and x the signal vector (in
our case the analyzed complex or wave) with length N.

The dynamic evolution of the signal can be characterized by the study of the
coefficient time series, ;(n), where i is the series order and 7 is the occurrence
time order. The time series ;(1) can also be normalized with respect to a constant
value given by the square root of a template signal vector energy and estimated as

S di(k)x, (k)
o;(n) = T E)? [3]

where E, is the energy of the template vector (x, ). The use of the template
normalization permits the quantitative interpretation of different KL series, with
respect to the template beat coefficients.

An adaptive transversal algorithm can be used to remove noise which is uncor-
related to the signal (22). When the LMS algorithm is used in the estimation of
the «;(n) series the time constant for the convergence of the MSE is

Tonse = N (samples), [4]
4



LOCAL AND KL-BASED INDEXES IN ISCHEMIC ECG 275

2500 —

2000 T wave peak position
_-——————

T

1500

QRS mark
1000 |-

I
i
i
i
i
'
!
P
i
'
'
i
i
i

500 |-

microvolts

ST level

, T amplitude

—-500

_,_._.V!._._._._ .

—1000 — »

-1500

1 1 1 1
(o] 200 400 600 800 1000
miliseconds

FIG. 2. Local and global measurements.

where w is the step-size parameter of the LMS algorithm and N is the length
(number of samples) of the signal. The steady-state signal-to-noise ratio improve-
ment (ASNR) in the «;(n) series estimation obtained using the adaptive filter
(22) is approximately

ASNR, 5 = i (5]

The classical trade-off between convergence time (tracking capability) and signal-
to-noise ratio improvement (related to the misadjustment) appears with the
selection of the LMS step-size parameter.

For a given signal vector x,, it is possible to calculate the percentage of energy
represented by the ith coefficient, EE(i) = 100 . (n) and the percentage of
cumulative represented energy, ES(i) = 100 ( EP oap(n), where " =
E, /E, is the normalization constant that arises from the template normalization
energy Obviously with the N KL basis functions it is possible to represent the
signal vector completely and PN EP(l) = ES(N) = 100%.

In this work we have studied three ECG intervals (ST segment, T wave, and
the entire ST-T complex) for the detection of ischemic changes. The different
windows used in the KL basis functions derivation and «;(n) series estimation
are represented in Fig. 2. For the ST segment window we used the first 50 ms
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FIG. 3. First four KL basis functions of ST-T complex (¢3'%, ..., #3'7) in solid lines, T wave
(#5, ..., ¢Y) in dash-dotted lines, and ST segment (S ..., $37) in dotted lines.

of the ST-T complex window, whose beginning is referred to a fixed distance
(85 ms) from the QRS fiducial point detected by Aristotle (23). The beginning
of the T-wave window was selected 100 ms from the ST-T complex window
beginning, and the end of the T-wave (and ST-T complex) window was selected
depending on the heart rate (HR). The training set used in this study was obtained
from the QT database (24) that is composed of signals including different
T-wave shapes, ST deviation patterns, etc. Signal preprocessing (including selec-
tion of beats labeled as normal according to Aristotle (23), cubic splines baseline
wander rejection (25), and correction for the effects of the HR using Bazett’s
formula (26)) was applied in the derivation of the basis functions. Each set of
eigenfunctions (for ST segment, T wave, and ST-T complex) was derived using
more than 200,000 preprocessed and selected waveforms (coming from a two-
leads ECG recorder). The first four KL basis functions derived for the T wave
(), ST segment (¢7), and ST-T complex (¢?'") can be seen in Fig. 3.

In Fig. 4 the reconstruction of a ST-T complex (the ST-T complex template
selected for the energy normalization) using different numbers of ™" coeffi-
cients is shown. These values and the percentage of energy represented by each
coefficient, EF(i), and the percentage of cumulative represented energy, ES(i),
appear in the table of Fig. 4. The two first coefficients have the largest representa-
tion strength, and with four o;(n) coefficients more than 90% of the signal energy
is represented.
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FIG. 4. Left: template beat coefficients (57" (n)), energy, and cumulative energy are represented.
Right: graphic reconstructions of the ST-T complex template (x, ) with one to four a*™" coefficients.

Each o;(n) series of the different windows was estimated by normalizing with
respect to the square root of the complex energy of the template beat selected
for the entire study (see Fig. 4). From the definition of the «;(n) series given in
Eq. [3] it is evident that a given beat with smaller «;(n) coefficients (in absolute
value) than those of the template beat will have less energy. Furthermore the
deviations of its coefficients’ values from those of the template beat will give
information about the differences between the analyzed and the template beats
related to the basis functions shape; e.g., a smaller (in absolute value) o™ (n)
coefficient than that corresponding to the template beat, a™"(n,), means that
the ¢ basis function (Fig. 3) has a smaller contribution and representation
strength in the analyzed beat than in the template beat. For T wave or ST
segment the description is similar.

With the first two to four o;(n) coefficients series it is possible to represent
70-90% of the complex energy (20). In the next computer simulations it will be
seen that it is also possible to track ST segment, T-wave, or ST-T changes
following the evolution of the estimated series for each interval.

Computer Simulations and Series Interpretation

The capability of the KL series to represent repolarization changes was studied
by means of different computer simulations of: (a) ST level depression and (b)
T-wave morphology changes without significant ST level change. These simula-
tions show that the first two «;(n) series are sufficient to track morphology
changes in the repolarization period. The first simulation, corresponding to a
ST-level depression of approximately 150 wV in combination with a small de-
crease of T-wave amplitude (50 wV), can be seen in Fig. 5. The top shows the
evolution of the ST-T complex shape along the ischemia simulation and the
bottom the first four o;(n) time series of ST-T complex. It is evident that the
largest changes occur in the first two series, which have also the maximum
representation strength (the percentage of represented energy, EZ(i), is high for
the first two series (i = 0, 1), whereas o5 (n) and a3"%(n) remain with relatively
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FIG. 5. Simulation of ST-level changes.

low values during the ischemia simulation). The a§™ (n) series has a negative
slope, corresponding to a decrease in the ST level. This can be corroborated by
inspection of the first basis function, ¢§'" (see Fig. 3). The second series presents
smaller changes and its positive slope is due to the shape of ¢$TT basis function
(see Fig. 3) that takes negative values in the region of ST segment. The remaining
coefficient series show even smaller changes. In Fig. 6 the computer simulation of
T-wave changes is shown. In this example the T wave is approaching the QRS
complex in combination with an increase of its amplitude but without significant
changes in ST level (less than 50 wV). The evolution of the ST-T complex is
shown in the top of Fig. 6, starting with a T-wave maximum amplitude and
position relative to the QRS fiducial point, T, = 160 wV and T, = 315 ms,
respectively, and with values at the end of the occlusion of 7, = 300 wV and
T, = 210 ms. The «;(n) time series of the ST-T complex evolution for the first
four coefficients are shown in the bottom of Fig. 6, reflecting the induced changes.
The first two KL series (a§TT(n) and o$TT(n)) show again the largest changes.
The o§T (n) time series reflects an increase that corresponds (by inspection of
the ¢§'" basis function in Fig. 3) to an increase of the ST-T complex amplitude
and a displacement toward the QRS. The decrease in afT'(n) can be related to
the same behavior of ST-T complex evolution. If changes in ST level (elevation/
depression) as well as T-wave variations were present, o;(n) trends of ST-T
complex could show even larger variations with respect to its reference values.
From these two simulations it seems clear that the first two «;(n) series permit
tracking of ST-T complex changes.
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FIG. 6. Simulation of T-wave changes.

Local Measurements of the Repolarization Period

We considered several measurements at specific points of the ECG that are
traditionally used in clinical diagnosis. The parameter usually estimated in the
ventricular repolarization period is the ST segment level. T wave was character-
ized by T-wave maximum amplitude and position with respect to the QRS (see
Fig. 2).

Signal preprocessing (including selection of beats labeled as normal according
to Aristotle (23), cubic splines baseline wander rejection (25), and signal averag-
ing (27)) was applied before measuring ST level and T-wave parameters. We
averaged the ECG in subensembles of eight beats to get convergence time similar
to that obtained when the KL method is adaptively applied with a signal-to-
noise ratio improvement of ASNR = 15 dB.

On the continuously averaged ECG we measured the traditional indexes as
described below. The ST level was estimated to a fixed distance from the QRS
fiducial point detected by Aristotle (23) that roughly yields the commonly used
ST60 measurement. The maximum amplitude and position of T wave were
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FIG. 7. Example of series evolution and ICS parameter derivation corresponding to ST(n) series.

measured using the waveform limits detector described in (28) and recently
validated with expert cardiologists (29). The location of T-wave maximum (or
minimum if it is inverted) is performed at the zero crossing of the low-pass
differentiated signal. The maximum amplitude was estimated using as reference
the isoelectric level between P-wave end and QRS onset (averaging 10 ms of
this segment). T-wave maximum position (or RTm distance) was measured using
the QRS fiducial point as reference point (see Fig. 2).

The Ischemic Changes Sensor Parameter

An ischemic changes sensor (ICS) parameter was defined and estimated for
every studied index to compare its capability of detecting ischemic changes. This
ICS parameter should provide information on the magnitude of changes that
the corresponding index reflects. It was defined as

1CS,r = Amdex’ (6]

Tindex

where Aindex is the magnitude of change in each index during PTCA occlusion,
Oindex 1S the standard deviation of the index measured in the control ECG, and
index can be any of ST, T, T, af, af, oi", ai', af'", or of"™. In Fig. 7 an
example which describes how this ICS parameter was developed is shown (the
example corresponds to a ST(n) series). First, we used a control ECG recorded
in the room or in the catheterization laboratory (previous to the inflation) to
measure the standard deviation of changes. This value would reflect normal
changes of ECG indexes, and thus changes during PTCA of the same order as

Oindex Should not be considered significant. The control interval usually was 5
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min long (the same order as the mean inflation time). During the occlusion
period the magnitude of change in each index, Aindex, was estimated applying
a linear fitting model (see Fig. 7). When the absolute magnitude of changes is
smaller than the standard deviation (JAindex| < 0inqey) the factor is smaller than
unity, and the larger the changes during the inflation the larger is the factor (in
absolute value). Also, the ICS parameter sign permits one to distinguish between
increase and decrease of the index during the occlusion. For example, a value
of ICSgt = —10 means that the ST segment level has decreased during the
occlusion 10 times its ogsr value, i.e., 10 times its normal change during the
control recording.

To define a decision rule that shows when repolarization changes had been
detected with each of the indexes, we applied a threshold 7 to the ICS parameter.
Significant changes in the index were considered when the threshold was ex-
ceeded (|[ICS; qex| > m). For each patient in each lead, we applied this decision rule
with several values of 7 to every index to decide whether a change had occurred.

By means of the ICS;,4x Wwe compared the traditional local measurements of
ST segment and T wave to the global measurements of ST-T complex based on
the KLT to determine which one can be more sensitive to the repolarization
changes induced by ischemia. We obtained the trends series for the different
indexes evaluated before and during PTCA and the corresponding ICS parame-
ters were estimated.

RESULTS
Sensitivity to Ischemic-Induced Changes

The changes detected in the ventricular repolarization during balloon inflation
were studied following the methods described above. The series of ST level
(ST(n)), T-wave maximum position (7,(n)), and T-wave maximum amplitude
(Ta(n)) and the first two KL series for the T wave, ST segment, and ST-T
complex (af(n), af(n), o™ (n), ait(n), a3’ (n), and o™ (n), respectively) were
calculated and the magnitude of changes, Aindex, and ICS parameter were esti-
mated for each index and each lead in every patient.

During prolonged PTCA significant ischemic-induced changes were found.
This can be seen in Fig. 8 in which mean and standard deviation (over all the
patients) of the different indexes’ variations during the occlusion (JAindex
and gjindex| T€Spectively) are shown. These gross statistics were calculated consid-
ering variations in absolute value to avoid the cancellation of positive and nega-
tive changes among different patients. In Fig. 8a the estimated variations in both
ST segment (mean between 29 and 109 wV, depending on the lead, for ST index)
and T wave (mean between 34 and 43 ms in maximum position and between 44
and 176 wV in amplitude) are represented. In Figs. 8a and 8b it can be seen that
leads V3, V2, V4, and III showed the largest changes in all the series, except in
T,(n) series in which the variations were of the same order for all the leads. The
standard deviation of changes (represented as bars attached to the mean values)
in the different indexes (0jngex) are of the same order as the mean change
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(JAindex|), showing that there were large differences in changes depending on
the patient. The oy indexes showed larger changes in mean than did the «; indexes.

The KL-derived indexes showed larger [ICS,q than the local indexes did.
The results of [ICS;nqe,] are shown in Figs. 9a and 9b. The |ICSs| parameter also
reached high values in mean among patients, but we will see in the averaged
sensitivity statistics (patient by patient) the clear prevalence of «;(n) series over
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the rest of indexes in the ischemia detection. The largest values of |[ICS;,4.x| Were
found again in leads V3, V2, V4, and IIL

T-wave changes during PTCA that were accompanied by strong shape varia-
tions (including polarity inversions, changes from monophasic to biphasic waves,
etc.) were detected by inspection of T-wave maximum amplitude and position
series; e.g., when T-wave inversion or a phase change has occurred, a step change
in T,(n) or T,(n) series, respectively, is often seen. In 32 dilations (35%) strong
shape variations of T wave were found during the induced ischemia in at least
one lead, showing that the repolarization period was affected with significant
morphology changes in T wave. In Fig. 10 it is possible to see an example of
T-wave amplitude trends (7,(n)) that reflects a step change as a result of the
T-wave inversion during the occlusion.

The decision rule was applied with different n values to the ICS parameter ob-
tained for every index as we have described before ([ICS;aex| > 7). In Fig. 11 we
can see the sensitivity to the ischemic-induced changes obtained for the different
studied indexes (and combinations of them), i.e. the percentage of patients that
reflected changes in the different indexes (selecting n = 4). As the different order
a;(n) series do not have redundant information (because the KLT is an orthogonal
transform) we also considered the sensitivity by using a combination of two in-
dexes: ey }), a(y1)» and oy ). In those cases an ischemic change was considered
when either one or bothindexes exceeded the nthreshold. We also show the results
of sensitivity for a combination of quasi-orthogonal leads (detection in I or 11T or
V2 leads), represented as QO lead. The «y, index (logical OR combination of

aS™™ and o}TT indexes) showed the largest sensitivity in the ischemic-induced
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FIG. 11. Sensitivity to the ischemic-induced changes (averaged in all patients) for the different
indexes and combinations of them, when n = 4 is selected.

change detection (see Fig. 11). The sensitivity improvement obtained by o3} ' index

(85% of mean among leads and 96% for QO leads combination) with respect to
local indexes (ST (64% mean, 86% for QO), T}, (33% mean, 60% for QO), and T,
(37% mean, 67%for QO) can be seen in Fig. 11 in which the dashed lines represent
the best performance of local and global indexes (ag}T and ST, respectively). This
important result reveals that ventricular repolarization changes can be better de-
tected using indexes that take into account global information from the entire ST-T
complex than using local measurements. In fact, the KL-derived index correspond-
ing to the entire ST-T complex («3™") had a higher sensitivity than those corre-
sponding to the ST segment or T wave (a°T or a”, respectively), showing that the
entire ST-T complex had been affected during the occlusion.

We have assumed that all the patients had changes in their ECGs as a response
to the occlusion, but in several of them these effects could have been minimized
by the presence of collateral flows, etc. Without this information it is not possible
to consider the specificity problem. However, we can study the variation in the
sensitivity with respect to the trade-off given not by the specificity (as would be
desirable) but by the threshold value. We have applied different threshold values
in the rule detection to calculate the dependence of the sensitivity on the threshold
(see Fig. 12 for dependence in QO leads combination). Obviously, when 7 is
increased the sensitivity level decreases.

Comparative Incidence of Ischemia at ST Level and T Wave

To study the incidence of ischemia on the different ECG intervals we used
both the local and the KL-derived indexes following the decision rule described
before to classify the different changes found during PTCA. We distinguished
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FIG. 12. Dependence of the sensitivity to induced ischemic changes on the 7 threshold.

among patients for which neither ST-level nor T-wave changes were detected
(case 0,0), patients with T-wave but without ST-level changes (case 0,1), patients
with ST-level but without T-wave changes (case 1,0), and cases with both ST-level
and T-wave variations (case 1,1). In the first criterion, we used ST and T,
(logical OR combination of T}, T, indexes) to decide if changes in ST segment
and T wave, respectively, were found during PTCA. The results are shown in Fig.
13 (using n = 4). In most cases ST-segment changes were present accompanied by
T-wave changes (37% of cases). In 26% of cases only ST deviations were found
(case 1,0) and in 13% only T-wave changes (case 0,1). The results also reveal
that leads V2, V3, and V4 showed the most sensitive response to induced ischemia
(lower percentage of cases 0,0, 15%). In the second criterion, the decision rule
was applied to the ICS parameters of )| and «, indexes. The results are shown
in Fig. 14. There were several differences in the classification given by the local
measurements. There were fewer cases without any change than with the use of
traditional indexes (8% vs 23% of case 0,0), as a result of the change detection
increase when the global measurements were used. The (case 1,1) corresponding
to changes detected throughout the ST-T complex was much larger (72%), and
the (case 0,1) and (case 1,0) had the same occurrence (10%), showing that T-wave
changes can be present (after the 4 min that the balloon typically was down) in
the same percentage as ST deviations, indicative of the induced ischemia.

Case Study

Now we present a case that illustrates the fact that it is possible to find changes
in the T-wave morphology without a significant ST level deviation. It also permits
one to see that global indexes can provide useful information about those changes
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FIG. 13. Percentage of patients with different ST-segment/T-wave change patterns using the first
criterion: (T, ) index) for T-wave and ST index for ST-level change detection.

in the whole ST-T complex. In Fig. 15 the trends for lead V5 of a patient who
underwent an angioplasty are represented. The inflation period corresponds
to the interval between the dash-dotted lines (occlusion time of 4 min 33 s).
In this case the patient did not present significant ST elevation/depression:
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FIG. 14. Percentage of patients with different ST-segment/T-wave change patterns using the second
criterion: o, index for T-wave and o] index for ST-level change detection.
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FIG. 15. Detail of series during PTCA (dash-dotted lines define the occlusion period.)

the estimated elevation was AST = 22 uV. However it is evident from Fig.
15 that the ventricular repolarization has shown significant changes while the
balloon was up in the other series. T-wave maximum position and amplitude
series reflect these changes too: an increase of 115 wV in T-wave amplitude
and a decrease of 73 ms in the maximum position were estimated, showing
that there were significant changes in the T wave but not in the ST segment.
It should be noted that the discontinuity in the series at the onset of PTCA
appears because the angioplasty starts in a new ECG record, and probably
displacements in the electrodes and the presence of the catheter, even with
the balloon down, affected the ECG waveforms. The estimated variations
during the angioplasty (Aindex) and the ICS parameter for traditional and
global indexes are shown in Table 1, reflecting whether repolarization changes
were detected. The ICSgr parameter was unable to detect ischemic changes
in this lead using n = 4. The use of global measurements as «f)) index
allowed the detection of these changes that appear throughout the entire
ST-T complex. This case has permitted us to illustrate the advantage of the
use of global measurements that can account for changes present along the
repolarization period and to show that changes in T wave can appear without
ST-level deviations as a response to the ischemic conditions.
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TABLE 1
Estimated Changes during PTCA (Aindex) and ICS Parameter for Each Index

ST T, 7, of™ o™
Aindex 22 uV =73 ms 115 wV 0.96 n.u. 0.26 n.u.
ICSindex 1.8 -12.7 4.1 9.4 35
Detection (n = 4) No Yes Yes Yes No
DISCUSSION

We analyzed local and global measurements to determine which appeared to
be the most sensitive in ischemic-induced change detection. All indexes were
compared under similar performance conditions, selecting ASNR in the adap-
tively estimated KL coefficients that yielded convergence time equal to the
number of beats averaged in the traditional measurements. Regarding the noise
in the estimation of the time series, several measures were taken to reduce its
effects. In local indexes signal averaging was applied and in global series the
uncorrelated noise was removed using an adaptive filter. Moreover, the effect
of high-frequency noise has small projection on the first «;(n) series.

In the computer simulations it has been shown that two KL coefficient series
permit us to track the signal evolution. In other applications such as ECG data
compression the use of more basis functions could be needed to get a desired
minimum reconstruction error (I18).

In the study of global indexes we derived basis functions and the corresponding
time series for ST segment, T wave, and ST-T complex. The ™" indexes showed
the best sensitivity to the induced changes. The KL-derived indexes for ST
segment and T wave also showed high levels of sensitivity but their use is more
restricted because of the difficulty in defining their locations (in fact, the ST and
T windows were taken with a gap between them to avoid accounting for changes
in one window due to the other). The series were estimated with and without
Bazett’s correction but no significant differences in the final sensitivity perfor-
mance were found. This heart rate correction was used to normalize the windows
because it is a much more stable measurement than T maximum or end of T
can be. Inlong QT syndrome patients the representation could be not as adequate
and perhaps basis functions of higher order would be needed, but even in this
case tracking of signal changes may be possible. The low projection of the first
basis functions over the final part of the ST-T complex could make it difficult
to study changes in this last part with only the first two basis functions, and it
may be necessary to use functions of higher order to detect them.

The results of detection percentage were also calculated using a different signal
processing for the T-wave series (T,(n), T,(n)). Instead of using the averaging,
we tested a median filter of five samples in length that increased the detection
percentage to values, in mean, from 33 to 49% for T,,(n) and from 37 to 47%
for T,(n). This significant increase is due to the better rejection of sudden transient
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changes of T-wave morphology in the control recording obtained with the nonlin-
ear filter, which resulted in a decrease of oj,4.x (and thus in an increase of the
ICS parameter).

An important aspect is that changes detected by the «;(n) time series reflect
any kind of morphological changes, including local changes (level, position, or
amplitude changes) and global changes (energy, morphology variations, etc.),
getting more information from the ECG signal than isolated measurements. In
this work it seems reasonable to assume that changes found in the repolarization
are related to the occlusion and that all of these changes are ischemic induced.
In a generic study (not under PTCA controlled conditions) the specificity problem
should be added. In PTCA recordings we know inflation and deflation times
that defined the intervals in which the ischemia was expected to appear and the
efforts were only dedicated to study the indexes’ response to the occlusion. In
the general use of the method the detection of the timings in which the changes
are present should be considered.

Finally, regarding the incidence of changes on the ST level and T wave, the
main result was that ST level deviations and T-wave changes used to appear
together, as a result of the ischemic-induced changes. It was also shown that
T-wave changes could appear in an earlier phase of the ischemia (as the “ischemic
cascade” hypothesis predicts), but a similar number of cases (using global in-
dexes) with ST deviations and without T-wave changes was also found.

CONCLUSIONS

The results showed that a(s(ﬂr) index obtained the best sensitivity in detection
of ischemic-induced changes (more than 85% of patients detected) compared to
local measurements (64% using ST, 33% with T}, and 37% with T,). This reveals
that ventricular repolarization changes can be better detected using indexes that
get global information of the complex than using local measurements.

Both traditional and KL-derived indexes were used to classify the different
changes found during PTCA. The results showed that in most of the cases (37%
with local indexes and 72% with global indexes), when ST segment changes are
present they are accompanied by T-wave changes, showing that repolarization
changes are global variations of the entire period and not restricted only to ST
segment. There were also found patients with changes in only one of the intervals:
ST-segment deviations (26% with traditional indexes and 10% with global in-
dexes) or T-wave changes (13% with traditional indexes and 10% with global
indexes). The percentage of patients with no pattern of change using the KL-
based indexes was lower (8%) than that obtained with the traditional measure-
ments (23%), showing that the ischemic-induced changes were present through-
out the ST-T complex and not only at specific locations.

APPENDIX: LIST OF SYMBOLS

C Covariance matrix
& Expected value
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X Signal vector

x! Transpose signal vector

k Sample index

o Nonnormalized KL coefficient vector

Q; Normalized KL coefficient vector

i KL basis function order

n Occurrence time order (beat number)

ngy Template beat

N Signal length (number of samples)

E, Signal vector energy

Tmse MSE convergence time

ASNR  Signal-to-noise ratio improvement

EP(i) Percentage of energy represented by the ith coefficient
ES@) Percentage of cumulative represented energy
o (k) KL basis functions for the T wave

¢’T(k) KL basis functions for the ST segment

¢TT(k) KL basis functions for the ST-T complex
al(n) ith order KL time series for the T wave

a’T(n)  ith order KL time series for the ST segment
a?™(n) ith order KL time series for the ST-T complex
ST(n) ST-level time series

T,(n) T-wave maximum position time series

T.(n) T-wave maximum amplitude time series
ICSinqex  Ischemic changes sensor parameter of the index
Aindex  Estimated magnitude of change

CTindex Standard deviation of the index

n Threshold
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