468 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 55, NO. 2, FEBRUARY 2008

QRS Slopes for Detection and Characterization of
Myocardial Ischemia

Esther Pueyo®, Leif S6rnmo, Senior Member, IEEE, and Pablo Laguna, Senior Member, IEEE

Abstract—In this study, the upward (Zys) and downward
(Zps) slopes of the QRS complex are proposed as indices for
quantifying ischemia-induced electrocardiogram (ECG) changes.
Using ECG recordings acquired before and during percutaneous
transluminal coronary angioplasty (PTCA), it is found that the
QRS slopes are considerably less steep during artery occlusion, in
particular for Zps. With respect to ischemia detection, the slope
indices outperform the often used high-frequency index (defined
as the root mean square (rms) of the bandpass-filtered QRS signal
for the frequency band 150-250 Hz) as the mean relative factors
of change are much larger for Zy;s and Zps than for the high-fre-
quency index (6.9 and 7.3 versus 3.7). The superior performance
of the slope indices is equally valid when other frequency bands
of the high-frequency index are investigated (the optimum one is
found to be 125-175 Hz). Employing a simulation model in which
the slopes of a template QRS are altered by different techniques,
it is found that the slope changes observed during PTCA are
mostly due to a widening of the QRS complex or a decrease of
its amplitudes, but not a reduction of its high-frequency content
or a combination of this and the previous effects. It is concluded
that QRS slope information can be used as an adjunct to the
conventional ST segment analysis in the monitoring of myocardial
ischemia.

Index Terms—Depolarization, high frequency, ischemia, per-
cutaneous transluminal coronary angioplasty (PTCA), QRS
complex.

1. INTRODUCTION

YOCARDIAL INFARCTION (MI) occurs when the

blood supply to the myocardium is severely reduced
or stops due to the blockage of one or more coronary arteries.
If the blood supply is discontinued for several minutes, the
cells suffer permanent injury and die (necrosis). Myocardial is-
chemia precedes infarction and is manifested by reduced blood
flow to the heart, and may be caused by narrowing or occlusion
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of a coronary artery during a short period of time. Ischemia
is sometimes accompanied with pain (angina pectoris) and
sometimes without (silent ischemia), thus making its diagnosis
more difficult.

During the first instants of acute coronary occlusion, ischemia
is manifested in the electrocardiogram (ECG) by changes in the
ventricular repolarization period (i.e., ST segment and T wave).
Alterations during the ventricular depolarization (QRS com-
plex) have traditionally been associated with the onset of the
necrotic process. However, early animal studies demonstrated
changes in QRS morphology due to slowing of intramyocar-
dial conduction during ischemia [1]-[3]. Later on, similar re-
sults have been obtained in clinical studies with patients under-
going percutaneous transluminal coronary angioplasty (PTCA).
During this procedure, a balloon is inserted and inflated inside
a coronary artery to induce controlled ischemia, whereas, upon
release, the blood flow to the cardiac cells is restored. Wagner
et al. reported on changes in QRS amplitudes during PTCA [4].
Some changes occurred during the early part of inflation being
secondary to ST-segment changes. However, primary changes
occurred during the later part which were believed to reflect con-
duction delays. Since such changes disappeared after balloon
deflation, they were associated with ischemia. In another study
with patients undergoing elective PTCA in one of the major
coronary arteries [5], the time course of ischemia was analyzed
during both depolarization and repolarization. It was shown that
QRS changes occur later in time than ST and T changes, indi-
cating that more severe ischemia is required to cause depolar-
ization changes.

In clinical practice, myocardial ischemia is usually di-
agnosed from changes in the ST segment, despite poor
sensitivity and specificity. Other ECG indices derived from the
Karhunen-Logve transform, applied to both depolarization and
repolarization periods, have been proposed as additional tools
for ischemia detection [6]. Although such indices seem to offer
improved detection performance, they have not yet found their
way into clinical routine. Recent studies have suggested that a
decrease in high-frequency content (150-250 Hz) of the QRS
complex is a better marker of ischemia than the traditional ST
index [7]-[9]. However, the reduction in rms voltage of the
high-frequency QRS components (HF—QRS) exhibits large
interindividual variation, disqualifying this index for separation
of subjects with and without coronary artery disease (CAD)
[10] and subjects with and without previous MI [11]. The
main clinical application of HF-QRS is thus restricted to the
monitoring of ischemia in a given patient [12]-[14], unless a
baseline HF-QRS value is available for the patient. In addition
to the rms voltage, the high-frequency QRS components have
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been quantified by the presence of so-called reduced-amplitude
zones (RAZ). Abboud et al. introduced an RAZ index which,
in contrast to the rms voltage, was able to separate healthy
subjects from CAD patients [10]. However, the electrophysio-
logical factors determining the presence of RAZ remain to be
explained, linking them to deterioration rather than to recovery
of cardiac physiology [15], [16].

In the present study we analyze recordings acquired before
and during prolonged PTCA for the purpose of assessing the
temporal evolution of ischemic changes as the occlusion pro-
gresses. It is known that myocardial ischemia, in its advanced
phase, modifies the electrophysiological properties of the ven-
tricular cells by reducing the upstroke slope and the amplitude of
the action potential, due to an increase in the potassium level of
the extracellular space [1], [17], [18]. These alterations may be
manifested as a widening of the QRS complex and a decrease
in its amplitude. Accordingly, we hypothesize that the reduc-
tion in the upward and downward slopes of the QRS complex
serve as measurements of ischemia-induced alterations. This ap-
proach avoids the problem of filter ringing, which smears the
signal so that the nature of the localized HF—QRS features is
masked. Furthermore, the proposed slope indices do not require
signal averaging, but are computed directly from the ECG, thus
constituting more robust indices. To further investigate this, we
measure the QRS slopes and HF—QRS both before and during
PTCA recordings and compare the abilities of the indices as well
as some other traditional ECG indices, to detect ischemia-in-
duced alterations.

II. METHODS

A. Preprocessing

In the present work, preprocessing of the ECG signal in-
cludes QRS detection, selection of normal beats according to
the method in [19], baseline drift attenuation via cubic spline
interpolation, and wave delineation using a wavelet-based tech-
nique [20]. In the following, z;(n),n = 0,..., N — 1 denotes
the sth beat of a certain lead.

In contrast to measurements on a QRS slope, HF-QRS mea-
surements require signal averaging to attain a sufficiently low
noise level. In order to avoid smearing, beat alignment is per-
formed prior to averaging using template cross-correlation. The
template is built by averaging individual beats with the criterion
that an incoming beat is included in the averaging only if the cor-
relation coefficient between that beat and the existing template
is above 0.97 [7], [21], [22]. Explicitly, the first QRS complex
in the recording is used as a template beat. If the cross-correla-
tion between the template and the second QRS exceeds 0.97 at
the time instant for the best match, the two beats are averaged
to produce a better template. If not, the first beat is discarded
and the second one is used as a template beat. This procedure
is repeated until ten consecutive beats have been found with a
cross-correlation exceeding 0.97. The average of these ten beats
defines the template to which subsequent beats are compared
and accepted for averaging, provided that the cross-correlation
exceeds 0.97.

For the control recording, ensemble averaging is applied
to nonoverlapping blocks of 10 s, producing the averaged

beat T;(n), with j denoting the block index. For the PTCA
recording, exponential averaging is employed so that changes
can be tracked while still reducing the noise level. Ensemble
averaging would not be appropriate for recordings where the
ECG signal exhibits substantial morphological changes. The
exponentially averaged beat Z;(n) is obtained by

f,(n) = (1 — ai)fi_l(n) + ozixi(n) (1)

where the weight «; is inversely proportional to the noise level
of z;(n). The noise level is related to the rms value of z;(n)
bandpass filtered (150-250 Hz) in a 100-ms interval starting 100
ms after the QRS ends. An averaged beat Z;(n) is retained every
10 s for subsequent analysis from the beginning of occlusion.
Leads for which an averaged beat cannot be obtained within
the final 30 s of inflation (due to poor correlation) are discarded
from further analysis.

The noise-level value is calculated for each averaged beat [7].
Two criteria are considered for rejection of noisy leads: either
the noise level exceeds 0.75 1V at the end of occlusion or it dif-
fers from control to the end of occlusion by more than 0.354V.

B. QRS Slope Indices (Zus and Ips

Two indices are proposed to quantify ischemic QRS changes,
measured in each beat of each lead of the preprocessed ECG,
namely: 1) Zyg: the upward slope of the QRS complex and
2) Ips: the downward slope of the QRS complex.

A three-step process is applied to compute Zyg and Zps.
First, the time locations of the Q, R, and S peaks are deter-
mined by delineation, denoted by nq, nr, and ng, respectively.
Beats for which ng cannot be successfully determined are re-
jected from further analysis. Beats for which the delineator de-
termines a valid ng, but are unable to determine nq or ng, a
second search is performed. For the Q wave, the interval ranging
from 2 ms after QRS onset until 2 ms before ng is examined and
the time instant associated with the lowest signal amplitude is
identified as nq. Analogously, ng is determined from the in-
terval 2 ms after ny until 2 ms prior to the QRS end. It should
be noted that the determination of nq,nr, and ng is not crit-
ical since they just delimit the interval over which the slope is
calculated.

The next step in the computation of Zyg and Zpg is the deter-
mination of time instant ny associated with the maximum slope
of the ECG signal between nq and ng (i.e., the global maxima
of the derivative between nq and ngr) and, analogously, of np,
leading to the minimum slope between ng and ng.

Finally, a pair of lines is fitted in the least squares sense to the
ECG signal in windows of 15 ms centered around ny and np,
respectively; the resulting slopes are denoted as Zys and Zpg

(Fig. 1).

C. QRS High-Frequency Indices (Zur(f,.f,))

The index IHF( fo.f1) 1s determined from the bandpass-fil-
tered averaged beats, using a Butterworth filter with a passband
between fy and fi Hz. In each case, the filtering required for the
definition of Zyp(y,,f,) is performed by processing the signal
forwards and backwards to avoid phase distortion. The rms
value of the bandpass-filtered QRS defines IHF( fo.f1)» Where
QRS onset and end are identified from the unfiltered averaged
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Fig. 1. Template of the simulation study and related upward and downward
slopes Zys and Ips.

beat using the previously mentioned delineator [20]. The index
Tyr(f,f,) is measured for different values of fo, varying from
50 to 250 Hz, and f7, varying from 100 to 300 Hz, both in steps
of 25 Hz. The index Zyr(150,250) is commonly employed in the
literature [7], [13], [16].

D. Wave-Based ECG Indices

For comparison, traditional ECG indices, such as QRS dura-
tion (QRS,) and S wave amplitude (.S, ), are considered in this
study. These indices are measured on each beat of the ECG for
both the control and PTCA recordings.

E. Quantification of Ischemic Changes

The ability of a certain index 7 to track ischemic changes is
characterized by the performance parameter Rz [6]. This pa-
rameter is defined as the ratio between the change observed
during PTCA, denoted as Az(t;), and the normal fluctuations
observed during the control recording as defined by the standard
deviation o1

Re(t;) = =22, )

The numerator Az (¢;) is computed by fitting a linear poly-
nomial to the values of Z as measured from the onset of occlu-
sion (i.e., t* = 0) until £ = £;, where the time £; is taken in
increments of 10 s from ¢ = 0. If ; denotes the slope of the
fitted linear polynomial, the change Az(¢;) is calculated as the
product «y; - ;. This fitting strategy reduces the effect of outlier
measurements on Az. On the other hand, the denominator o7
is computed as the standard deviation of 7 as measured in the
control recording. In this study, any of the parameters in the set
{Zus, Ips; Tur(fy, 1), QRS4, Sa } are used to define Rz.

III. ECG DATA

The study population comprises 108 patients from the STAFF
IIT database, receiving elective PTCA in one of the major coro-
nary arteries at the Charleston Area Medical Center in West
Virginia [6], [7]. Twenty-five patients were excluded from fur-
ther analysis because they suffered from ventricular tachycardia,
underwent an emergency procedure, or presented signal loss
during acquisition. For the 83 patients (55 males and 28 females)

in the study, the locations of the dilations were: left anterior
descending artery (LAD) in 27 patients, right coronary artery
(RCA) in 38 patients, and left circumflex artery (LCX) in 18
patients.

Nine standard leads (V1-V6, 1, II, and III) were recorded
using equipment from Siemens—Elema AB (Solna, Sweden),
digitized at a sampling rate of 1 kHz with an amplitude reso-
lution of 0.6 V. The three augmented leads—aVR, aVL, and
aVF—were readily generated from the limb leads so that the
standard 12-lead ECG can be examined.

For each patient, two electrocardiograms are analyzed: 1) the
control ECG, recorded immediately before occlusion and 2)
the PTCA ECG recorded during occlusion. The duration of the
control recording was around 5 min, whereas the PTCA ECG
ranged from 1 min 30 s to 7 min 17 s, with a mean duration
of 4 min 26 s. Note that the occlusion period was considerably
longer than that of the usual PTCA procedure, since the treat-
ment included a single prolonged occlusion rather than a series
of brief occlusions.

IV. SIMULATED DATA

Various tests with simulated QRS changes are designed with
the objective to assess the performance of Zyg and Zpg as well
as Zyr(150,250)- The changes are generated by applying succes-
sive transformations to a template QRS, obtained by averaging
beats of a 10-s period from one of the control recordings. This
recording is chosen due to its high signal-to-noise ratio (SNR)
and all beats of the selected 10-s period are highly correlated
(> 0.97). The averaged QRS complex, displayed in Fig. 1, is
used as a template z1(n),n =0,..., N — 1 for the simulation
tests. Taking the template QRS as the starting point, three dif-
ferent trials are proposed. Each test begins with a control period
followed by a period of beat changes that mimic occlusion. The
control period, which is common to all three tests, is defined by
a succession of L. = 100 QRS complexes, where each complex
x;(n) is obtained by adding the template z:1(n) to a variability
signal v;(n)

z;(n) =xr(n)+vi(n), i1=1,...,L.. 3)

The recording used to generate the template is also used for
deriving v;(n) through subtraction of the averaged QRS from
each individual QRS. The resulting signal v;(n) is then curtailed
to match the length of z(n). As a result, the variability intro-
duced in the simulated complexes is similar to that observed in
the control recording.

The transformation for each of the three proposed tests is de-
scribed in the following:

Test 1: The simulated ECG is formed by gradually widening
the template QRS such that the resulting series of Q to S peak
durations follow a linear relationship. Explicitly, let nqg,ng,
and ng denote the time locations of ), R, and S wave peaks,
respectively, within the template zr(n) (Fig. 1). The length of
the upward QRS interval is denoted as Ny and the downward
length as Np. The upward slope of each simulated QRS com-
plex is generated by linear interpolation of 1 (n) between ng
and ng at Ny +¢— 1 equally spaced time instants; analogously,
the downward slope is generated by linear interpolation of
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Fig. 2. In panels (a), (c), and (e), the first (dark gray) and last (light gray) sim-
ulated QRS complexes used in tests 1, 2, and 3, respectively, are shown. Panels
(b), (d), and (f) contain their filtered (150-250 Hz) versions.

xr(n) between ng and ng at Np + ¢ — 1 time instants. Finally,
v;(n) is added to generate x;(n) so as to have variability during
the transformation period. Since z(n) is gradually widened,
the generated QRS complexes z;(n),i = 1,..., L, have in-
creasing lengths NV;. Consequently, v;(n) needs to be adjusted
to match NV; using the linear interpolation at N; equally spaced
time instants. Fig. 2(a) displays the first and last simulated QRS
complexes, whereas Fig. 2(b) displays the bandpass-filtered
versions.

Test 2: The simulated ECG is generated by adding high-fre-
quency waveforms to the template QRS. Each waveform s;(n)
is obtained by multiplying a source signal s(n) by a factor 3;

si(n)=0F;i-s(n), i=1,..., L. 4)

The signal s(n) is obtained by first subtracting the template
to the last individual QRS of the 10-s segment from which the
template was obtained. Next, the residual is filtered to generate
s(n) so that its frequency content is within 150 to 250 Hz. The
factors 3; are chosen so that Zyp(150,250) decreases in an in-
versely linear mode as ¢ increases from 1 to L. The last factor
Br, is forced to be zero so that the last simulated complex is
identical to the template, while (3; is selected in order to cause
a relative decay in Zypr(150,250) Which is the same order as that
imposed on the QRS slopes in test 1. In this test, the complexes
x;(n) are defined as

=z7p(n) + G - s(n) + vi(n) 5)

zi(n)

where [3; is determined as described in the Appendix, and the
series of v;(n) is identical to that used during control to in-
troduce variability. The first and the last simulated complexes
are presented in Fig. 2(c), together with their filtered versions
[Fig. 2(d)].

Test 3: The simulated ECG is generated by combining tests
1 and 2 (i.e., accounting for both waveform widening and ad-
ditional high-frequency waveform). Accordingly, the sequence
xz;(n),i=1,..., L, comprises alterations of the same relative
magnitude introduced both for Zyg and Zpg (introduced by test
1) and for Zyp(150,250) (introduced by test 2). Linear interpo-
lation of s(n) and v;(n) is required prior to filtering in order
to match the length of the simulated QRS complexes. Fig. 2(e)
presents the first and last QRS complexes of the transformation
period and Fig. 2(f) presents their filtered versions.

In each test, a sequence of Ly = 30 QRS complexes is pro-
duced. Note that only 30 complexes are simulated in order to
have physiologically plausible QRS patterns when applying the
different transformations (the maximum simulated QRS dura-
tion is equal to 135 ms).

V. RESULTS

A. Results on Real ECG Recordings

Out of the 996 examined leads (83 patients and 12 leads
per patient), 800 were complied with the noise criteria (see
Section II-A) and were accepted for subsequent analysis, thus
representing 80.3%.

1) ORS Slope Alterations: Fig. 3 presents the absolute varia-
tions Az, and Az, ., averaged over patients during 5-min oc-
clusion, for leads V3 (in the transversal plane) and -aVR (in the
frontal plane). The results obtained for these two leads are rep-
resentative of the performance found in the other ten leads of the
recordings. Note that each curve is based on fewer and fewer pa-
tients as time progresses due to different occlusion durations. It
can be observed from Fig. 3 that both the upward and down-
ward slopes become less steep as inflation progresses, mani-
fested as decreasing negative values of Az, . and increasing
positive values of Az, .. Measuring the mean=standard devi-
ation of Az, and A, . over patients along the occlusion time,
it is found that their averaged values are —3.0 £ 9.9 V/ms and
7.7£28.7 pV/ms, respectively, for lead V3. When calculated in
lead -aVR, the corresponding values are —1.6 & 5.8 V/ms for
Az, and 3.5£7.3 uV/ms for Az .

In order to illustrate the results of Fig. 3, the upward and
downward QRS slopes of one patient are displayed in Fig. 4
before and during PTCA. It can be observed that Zyg, which
is quite stable during the control, exhibits progressive reduction
during inflation. Likewise, Zps presents a substantial variation
from the onset of inflation, becoming gradually less steep.

2) Comparison of Lys, Ips and Iyr(s,,r,): The index
Tur(f,, ) is evaluated in each lead of each analyzed recording,
for the values of fy and f; given in Section II-C. The cor-
responding Rz, , . is then calculated and averaged over
patients during inflation, followed by averaging over leads. The
maximum value attained over time is determined and displayed
as a function of fy and f1, see Fig. 5. The best frequency band
for detecting ischemic changes is 125-175 Hz.
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Fig. 5. Rz for the index IHF(fO .r1)- The maximum value is marked with &,
while the value associated with the standard Zyr(150,250) is marked with e.

The time course of changes, assessed by the absolute values
of Rz averaged over patients during 5 min of occlusion, is
shown in Fig. 6 for Zys, Zps, Zur(150,250) and Zup(125,175) in
two different leads—V3 and -aVR. It is clear that Zypp(125,175)
yields better performance than Zyr (150,250 ; however, the factor
of change is far smaller than for Zyg and Zpg, especially for
IDS~

Measuring the meanztstandard deviation of Az, .o ..
over patients along the occlusion time, it is found that their aver-
aged values are 0.17£1.61 1V forlead V3 and —0.18 £1.55uV
for lead -aVR. It can be observed that the standard deviation
calculated for Zpp(150,250) is between eight and nine times its
mean, while for Zyg and Zpg, it was only around three times.

3) Comparison of Tys,Ips and Wave-Based ECG Indices:
The performance of Zys and Zpg is compared to QRS,; and
S., see Fig. 7. It can be observed that 7pg and S, exhibit rela-
tive variations of a higher magnitude than Zyg and QRS,. The
response of the four depolarization indices to the induced is-
chemia is not fast, but to the contrary, their R values become
more significant only from the second minute of occlusion.

B. Simulation Results

The evaluation of Zys,Zps, and Zyr(150,250) using test 1
is presented in Fig. 8(a)—(c). In Fig. 8(d), the absolute value
of the Rz parameter, calculated according to (2), is presented
for the three indices. It can be observed from Fig. 8(a) and (b)
that the QRS slopes decrease in absolute value, essentially fol-
lowing an inversely linear law. Also, Zyr(150,250) decreases in-
versely linearly [Fig. 8(c)], although the extent of reduction in
R4 (150,250, 18 considerably smaller than for Rz, and Rz
[Fig. 8(d)].

The results of test 2 are presented in Fig. 8(e)-(h) for
IUs, IDs, and IHF(150,250) . It can be observed that IHF(150,250)
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Fig. 8. Results of simulation test 1 are shown in the top row. Panels (a), (b), and (c) contain the evaluation of Zys, Zps, and Zur(150,250), While panel (d)
presents the corresponding absolute R 7 values. Analogously, results of simulation test 2 are shown in the middle row (panels (e), (f), (g), and (h)), and the results
of simulation test 3 in the bottom row [panels (i), (j), (k), and (1)].
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decreases in an inversely linear way and its relative factor of
change is slightly smaller than those of the slopes in test 1 (the
reason why it is not the same is that the effect of adding the
signals v;(n) is not accounted for in the derivation of 3;). The
decay of the QRS slopes in absolute value is inferior to that of
Tur(150,250), although the upward slope is more influenced by
the induced alteration than the downward one.

Fig. 8(i)—(k) shows the evolution of Zys, Zps, and
Twr(150,250) during the control and the transformation periods
of test 3. In Fig. 8(1), the absolute value of Rz is presented for
the three indices, establishing that Rz is larger for Zyg and
Ips than for Tyr(150,250)- Besides, it can be observed that the
three indices present relative variations of magnitude higher
than those found in tests 1 and 2 due to the combination of
the effects induced by both tests. Note that the jumps in the
separation of the represented index values during the control
and the transformation period in Fig. 8(e)—(g) and Fig. 8(1)—(k)
do not affect the evaluation of the ratio that defines Rz, since
the numerator and the denominator are computed separately
for each of the two periods.

VI. DISCUSSION

In this study, two new indices are proposed to quantify
ischemic changes during depolarization, describing the upward
and downward slopes of the QRS complex. The more com-
monly used Zyr(150,250) has been found to decrease in patients
with THD when compared to healthy individuals [21]. Tridgardh
et al. attributed their findings to the fact that IHD causes struc-
tural changes in the myocardium that give rise to abnormal
impulse propagation in the heart. A decrease in HF—-QRS was
also reported during acute myocardial ischemia [7], and related
to the slowing of conduction velocity in the ischemic region.
In animal studies, Zpr(150,250) has been proposed as a marker
of abnormal local conduction caused by the infusion of sodium
channel blockers [23]. An experimental investigation with a
ventricular model was studied for the purpose of explaining
the physiological mechanisms that provoke the changes in
Tur(150,250) for the aforementioned heart diseases [24]. Using
that model, Abboud et al. corroborated that regional reduction
of conduction velocity generates changes in HF—-QRS similar
to those observed in [7], [21], and [23].

Despite the fact that Zyr(150,250) is reduced in IHD patients,
when compared to healthy subjects, no significant difference in
Tur(150,250) Was found between individuals with and without
CAD [10]; this result is explained by the large interindividual
variation of Zygr(150,250)- On the other hand, the interrecording
variation from the same individual is very low [12], [22] and,
consequently, the use of Zyr(150,250) is suitable for monitoring
ischemia over time. This limitation is most likely due to the
underlying physiological phenomenon, but perhaps also to
smearing caused by bandpass filtering of the QRS complex.

Attempts have been made to quantify adverse QRS changes
in the ECG. In [12], the peak-to-peak QRS amplitude and
Tur(150,250) were measured in signal-averaged ECG leads
from patients with IHD. It was found that the spatial varia-
tion of the HF components depends on factors other than the
peak-to-peak QRS amplitude. In a theoretical study, a model
of the cardiac cell was developed and ischemia was simulated

[17]. It was found that during the advanced phase of ischemia,
the QRS complex became considerably wider while, at the
same time, its amplitude decreased. In [25], a preliminary
report was published that assessed QRS slopes changes for
characterization of myocardial ischemia. During PTCA, it was
shown that both slopes decreased in absolute value as ischemia
progressed, the largest reduction occurred during the second
minute of occlusion. In [26], the first major deflection of the
QRS complex was evaluated in patients undergoing percuta-
neous coronary intervention. Although the sensitivity of that
method for ischemia detection was found to be considerably
greater than that of the conventional ECG measures, its low
specificity limits its clinical usefulness. Nevertheless, it should
be noticed that in [26], the duration of the occlusion recordings
is blinded to the study, but its mean is 1.4 min. According to
the results found in our study, we believe that longer occlusions
provoking a more severe ischemia would lead to more visible
depolarization changes.

Based on the observations in [17] and the results of [12], a
simulation study is proposed in this work to find out how the
broadening of QRS duration and addition of high-frequency
signals (150-250 Hz) influence the performance of Zys, Zps,
and Zyr(150,250)- It is demonstrated that all simulated condi-
tions clearly alter the three indices. Also, an extra test (not pre-
sented in this study) was performed in which a simulated se-
quence of QRS complexes was obtained as a result of short-
ening the peak-to-peak amplitudes of the template QRS in an
inversely linear manner, yielding results very similar to those
of test 1 in terms of relative changes. Consequently, it can be
emphasized that the transformations of test 1 and the extra test,
implying a reduction of the QRS slopes, also cause a decrease
in the high-frequency (HF) components. Conversely, the alter-
ation of the HF components in test 2 also modifies the two QRS
slopes. Thus, it is clear that part of the information provided by
Tur(150,250) 1s common to that of Zys and Zps, although not
necessarily representing the same physiological phenomenon.
When the control situation is taken into account in the simula-
tion, the relative changes of Zyg and Zpg are found to be larger
than those of IHF(150,250)'

In this study, Zys and Zpg were evaluated on ECGs obtained
from patients before and during PTCA. As hypothesized, it is
shown that the QRS slopes become less steep during induced
ischemia, especially for Zpg. The observation that the down-
ward QRS slope exhibits substantial reduction during the course
of ischemia is consistent with the findings reported in [5]. In
that work, the amplitudes of Q, R, and S waves were assessed
using the present database. It was concluded that the S-wave
amplitude exhibited the largest change with performance supe-
rior to that of ST60 in certain leads. A justification for the re-
sults of our study has to do with the fact that, after some min-
utes of balloon occlusion, high-grade ischemia makes the ven-
tricular activation time increase, indicating slowing conduction
velocity. Thus, as time progresses, some action potentials start
to be delayed, while others have already completed depolariza-
tion. This delay has a strong effect on the downward stroke of
the QRS complex, which reduces its amplitude and its slope
considerably. In this respect, Fig. 7 shows that the variations
during PTCA relative to the normal fluctuations during control
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are more manifested in terms of amplitude for lead V3, while
they are more noticeable in terms of slope for lead -aVR.

This study shows that Zys and Zpg are better in detecting is-
chemia than Zyr(150,250) - In fact, Fig. 6 shows that the factor of
change associated with Zpg is more than twice as large as that
of Zyr(150,250)- Comparing these results with the ones obtained
from the simulation tests (Fig. 8(d), (h), and (1)), it is noted
that the results found in ECG recordings are similar to those
obtained in the simulation test 1, when expressed by the ratio
Rps /Reisp 150,250, » DUt N0t to those of tests 2 and 3. Conse-
quently, it can be concluded that slope changes observed during
PTCA are most likely due to a widening of the QRS complex
(or a decrease in the QRS amplitudes) than to a reduction in
the high-frequency (150-250 Hz) content of the QRS complex
exclusively or a combination of both. With respect to QRS du-
ration during PTCA, it can be seen from Fig. 7 that the factor
of change Rgrs, reaches a maximum value between 4 and 8,
depending on the lead. According to our results, the ability of
Tps toreflect ischemic changes is, in mean between leads, supe-
rior to that of QRS,. This can be explained because Zpg is also
altered by QRS amplitude changes and because the variability
during control is proportionally higher for QRS than for Zpg
(probably because measurement uncertainty is reduced in slope
computations). Finally, although the slope indices have not been
compared with the ST level in the present work, previous studies
performed on the same database described in Section III have
shown that acute coronary occlusion is detected with higher sen-
sitivity using Zrr(150,250) than with the conventional ST devi-
ation [7], [27]. Consequently, we conclude that Zys and Zpsg
provide information complementary to that of ST.

The performance associated with frequency bands different
from the standard one was also studied. The results indicate
that a considerably lower frequency band (i.e., 125-175 Hz), is
more sensitive to ischemia, although it is noted from Fig. 5 that
Riuws, s,y 18 quite flat around the optimal (fo, f1). Nonethe-
less, the relative magnitude of change associated with any of
the tested high-frequency indices is, at best, half of that of
Ips. Moreover, the slope indices have the dramatic advantage
of being easier to compute since they do not require signal
averaging but are obtained directly from the ECG. Although
further clinical studies are needed to evaluate the full signif-
icance of Zpg, the present study has demonstrated that this
index has considerable potential for ischemia detection and
characterization.

VII. CONCLUSION

The QRS slopes promise to be a sensitive method for quan-
tifying ischemic variations, particularly the downward slope. A
comparison with high-frequency indices shows that the slope in-
dices have ischemia-induced alterations of twice the magnitude
than that for high-frequency analysis. Furthermore, the slope in-
dices provide more robust measurements since they do not re-
quire signal averaging but can be applied directly to the raw
ECG. We suggest that the QRS slopes can be used for moni-
toring ischemia over time, while their use for separation of in-
dividuals with and without CAD needs to be tested in future
studies.

APPENDIX

The factors [3; in test 2 of Section IV are defined as follows.
Let us denote

N-1
Ki=Y yi(n),
n=0
N-1
Ky = sz(n),
n=0
N-1
K= yr(n)s(n) (6)
n=0

where y(n) denotes the bandpass filtered (fo — f1 Hz) version
of the template z(n) and s(n) the source signal. The index
Tur(f,,4,)- based on z;(n) (prior to the addition of the noise sig-
nals v;(n))s, is equal to a value of \/(K; + 3?K» + 26, K)/N.
Since an inversely linear decay needs to be established for the
series of Zyry,, ,) values, the following expression must hold:

Ki+ 32Ky + 23K 1 .
v = , i=1,..., Li (7
N it b’ v ) Ly (7)
for certain real numbers a and b, with a < 0 determined from
the imposition that

Br, =0 ®)

\/Kl+ﬂ%K2+2/31K K ©
N N

where = A+ 075, 1), Als the factor Ry, at the final eval-
uated time of test 1 (if no additive signals v;(n) were incorpo-
rated) and oz, | the standard deviation of Zypy,, ,) in the
control period. In this way, the relative magnitude of change at-
tained by Zyr(y,,f,) in test 2 coincides with that of the upward
slope in test 1.

In order to solve for 3;, 7 = 1,..., L, the parameters a and
b are first determined from the conditions

1 | N
a—Lt_1< E—F), b=F—a (10)

r__ VN
- VK + VN’

This, in turn, leads to the consideration, from (7), of the
second-order polynomials P;((3),i =1,..., Ly, defined as

with

(1)

Pi(8) = AB® + BB + Ci, (12)
with
N

A=K _
2 (ai + b)?

B=2K, Ci=K,— (13)

and a and b as the ones derived in (10). It can be readily checked
that each polynomial P;((3) has a unique positive root identified
as [3;. Moreover, it is also corroborated that such roots 3; satisfy

0<6i <Bic1, i=2...

s Ly. (14)
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