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Abstract

Increased QRS duration (QRSd) has been observed dur-

ing acute myocardial ischemia and infarction, indicat-

ing conduction deterioration in the myocardial tissue. It

has been reported that intramyocardial conduction veloc-

ity slowing induced by ischemia is associated with the

occurrence of malignant ventricular arrhythmias. How-

ever, clinically useful QRSd cut-offs that would predict im-

mediate ventricular fibrillation (VF) onset have not been

identified. In this work, we studied the association be-

tween QRSd prolongation and VF occurrence in a porcine

model of myocardial infarction. Infarction was induced in

32 pigs by 40-minute-long balloon inflation in LAD coro-

nary artery under continuous ECG monitoring. After ap-

plying a wavelet-based delineator to the ECG precordial

leads, QRSd was measured and its local increase in a

sliding window of 3 minutes (∆QRSd) was continuously

computed during the occlusion. Choosing a threshold for

∆QRSd = 28ms from a ROC curve analysis, 8 out of

10 VF episodes could be predicted (Se=80%, Sp=90.9%,

NPV=90.9%, PPV=80%). Results suggest that a transient

increase in QRSd may be a sensitive and specific index

for monitoring immediate risk of malignant ventricular ar-

rhythmias during acute myocardial ischemia.

1. Introduction

Malignant ventricular arrhythmias, particularly ventric-

ular fibrillation (VF), remain an important contributor to

infarct related mortality [1]. The success of VF treatment

is determined by time from VF occurrence to medical care,

therefore the main strategy in relation to live-threatening

ventricular arrhythmias during ST-elevation myocardial in-

farction (STEMI) is their prediction and prevention [2].

Severe myocardial ischemia is known to slow local activa-

tion conduction velocity in the myocardial tissue [3], thus

inducing changes in the depolarization phase (QRS com-

plex). It results in a prolongation of QRS duration as well

as in amplitude changes of R and S waves in leads with

ST-segment elevation [4–7]. In earlier studies, this delay

in the intramyocardial conduction has been also closely

associated with the occurrence of malignant arrhythmias

[8, 9]. Nevertheless, all these results have not been yet im-

plemented in the clinical practice and QRSd cut-offs that

would predict the immediate appearance of ventricular ar-

rhythmias, as VF, remains to be identified.

Thus, on the basis of the association of both, ventricular

arrhythmias and QRS prolongation, with alterations in in-

tramyocardial conduction it was of considerable interest to

study the potential clinical importance of QRSd alterations

as a marker for subsequent malignant ventricular arrhyth-

mias in an experimental model of myocardial infarction.

2. Experimental data

Data from a porcine model of myocardial infarction

were used in this work. A detailed description of the exper-

imental protocol is given in [10]. After being anesthetized,

thirty-two pigs with a weight range between 40-50 kg, un-

derwent the inflation of a percutaneous transluminal bal-

loon for 40 minutes, positioned at the mid-portion of the

left anterior descending coronary artery (LAD).

Continuous standard 12-lead ECG monitoring (“Kar-

diotechnica - 04-8m”, Incart, St. Petersburg, Russia) with

a sampling frequency of 1024 Hz and an amplitude reso-

lution of 1.4 µV was initiated before starting the occlusion

and lasted throughout all the period of occlusion.

The study conforms to the Guide for Care and Use of

Laboratory Animals, US National Institute of Health (NIH

Publication No. 85-23, revised 1996) and was approved by

the local animal research ethics committee.
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3. Methods

3.1. Preprocessing of the ECG signal

All ECG recordings were preprocessed before comput-

ing QRS boundaries. In a first stage, QRS complexes were

automatically detected [11] and then visually and manually

checked using the BiosigBrowser tool [12]. Subsequent

steps were: baseline wander cancellation by cubic-spline

interpolation and delineation of ECG boundaries using a

wavelet-based technique [11]. Only precordial leads V1 to

V6 were considered for the analysis.

3.2. Multilead delineation

After applying the wavelet-based delineator to the ECG

precordial leads, beat-to-beat multilead QRS boundaries

(QRSon and QRSoff marks) were computed. This mul-

tilead approach allows to obtain global marks based on

a post-processing selection rule over all single-lead loca-

tions, considering the possibly different latencies among

leads, and with the aim to achieve a more robust delin-

eation. It has to be taken into account that significant ST-

elevation during acute myocardial ischemia makes delin-

eation of QRSoff mark a challenging task, since it appears

a gradual transition between both complexes. Because of

that, wavelet-based delineator had to be adapted to this

model of acute ischemia.

Post-processing rules for boundaries consisted of order-

ing all 6 single-lead marks and setting the onset of the

wave (QRSon) as the earliest mark, whose k= 3 follow-

ing neighbors were within a δ1 ms interval. In the same

way, the end of the wave (QRSoff) was set as the latest an-

notation mark with k= 3 nearest marks in a δ2 ms interval.

Once multilead delineation was obtained for all pigs,

QRS duration was computed in a beat-to-beat basis as

the difference between the position of the two multilead

QRS boundaries, generating a QRSd [l] beat-to-beat series

along the 40-minute occlusion period for each pig. These

series were then resampled by averaging QRSd [l] every

10 seconds, generating a new series, QRSd [n].

3.3. QRS duration analysis

Using a short-term sliding window, local increments of

QRSd, ∆QRSd [n], were defined as the difference be-

tween the current QRSd [n] value, which corresponds to

the last value in the analysis window, and the minimum

QRSd value in that window.

∆QRSd [n] = QRSd [n]−QRSd [nmin] (1)

where nmin is the instant within the analysis window at

which the QRSd is minimum being nmin ≤ n. This stage

is illustrated in Fig. 1.
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Figure 1. Example of ∆QRSd [n] at a particular instant n

in one recording analyzed in this study.

In order to determine whether an increment in QRSd

can be considered as a VF predictor, two different sizes

for the sliding window of L1 = 30 and L2 = 18 samples,

corresponding to 5 and 3 minutes respectively, were tested.

Association between ∆QRSd [n] and subsequent VF

onset was studied using a ROC curve analysis. The op-

timum value for the local widening ∆QRSd in terms of

sensitivity and specificity was established.

Besides this local increment an additional condition was

imposed, requiring that QRS duration has to be larger than

a threshold to consider the animal susceptible to suffer

from VF within a few minutes, that is, QRSd [n] ≥ γ.

Three different situations were studied: (a) no restriction

in QRSd was imposed (γ1=0); (b) an increase of at least

50% of the mean QRSd during the first 5 seconds of oc-

clusion was required (γ2=1.5QRSd [n0]); and, finally, (c)

using an absolute value of γ3=120 ms, based on previous

studies that associated this cut-point with mortality [13].

Finally, pigs were classified as QRSd(+) if at any instant

QRSd [n] ≥ γi and the local increment for that instant,

∆QRSd [n], exceeded a minimum value. On the contrary,

pigs were labeled as QRSd(-) if any of these two conditions

were not satisfied.

Therefore, ROC curve analysis was repeated three

times, using γ1, γ2 and γ3, for each window size (L1, L2)

and varying the minimum local increment ∆QRSd [n]
from 0 to 60 ms in 2-ms steps.

4. Results

An immediate significant increase in QRS duration was

found in all pigs during the first 5 minutes of occlusion,

corresponding to the first phase of ventricular arrhyth-

mias. However, in this study, we considered only late VF

episodes (after 10 min of occlusion). Those late episodes

of ventricular fibrillation were found in 10 out of 32 pigs

(VF-group) whereas a total of 22 pigs did not present late

VF episodes at any moment (control group). In VF-group,

episodes appeared from 17 to 31 minutes after the onset
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of occlusion (mean±std: 21.34±4.11 min). In order to

exclude early VF episodes, time analysis was limited be-

tween minute 10 and minute 25 after the onset of occlu-

sion. In VF-group, QRSd monitoring was only performed

until the onset of the VF episode.

Fig. 2 shows QRSd series of two pigs: upper panel cor-

responds to one pig who had a VF episode 23.8 minutes af-

ter balloon inflation and the bottom panel to an arrhythmia-

free pig. Immediate increase during the first 5 minutes of

occlusion is observed in both panels, whereas second in-

crease in QRS duration immediately before the VF episode

is clearly more pronounced on the upper one.
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Figure 2. QRSd series of two individual pigs. Pig 1 pre-

sented a VF episode delimited by red vertical lines, 23.8

min after occlusion. Pig 2 did not have VF at any moment.

ROC curves for both 3- and 5-minute windows, using

the three γi values are shown in Fig. 3. We found that us-

ing a 3-minute sliding window, QRS(+) classified record-

ings showed higher presence of VF episodes. Moreover,

defining a minimum value for the instantaneous QRSd al-

ways improves prediction accuracy.

From the ROC curve analysis, a minimum local increase

of ∆QRSd [n] = 28 ms and QRSd [n] ≥120 ms (▽

point in Fig. 3) was chosen. Using that threshold, 8 out of

10 pigs with VF episodes would be classified as QRS(+),

whereas only 2 out of 22 animals who did not presented

VF would be labeled as QRS(+). Thus, VF episodes would

be successfully predicted with a sensitivity and specificity

rates Se = 80% and Sp = 90.9% (Acc = 87.5%,

NPV = 90.9%, PPV = 80%).

In QRS(+) pigs, the combined criterion was fulfilled, on

average, 4.3 ± 3.8 minutes before the VF episode (median

= 3.17 minutes).

Maximum local QRS widening in VF-group was

∆QRSd = 44.2 ± 16.3 ms, whereas in control pigs, this

widening was significantly lower ∆QRSd = 25 ± 7.7
ms (Mann-Whitney test, p = 0.003). In the same way,

maximum absolute QRS duration for VF-pigs was, on

average, QRSd = 132.4 ± 19.1 ms, being QRSd =

L1 = 5 min L2 = 3 min
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Figure 3. ROC curves for each defined threshold: γ1 = 0
(dotted line), γ2 = 1.5QRSd [n0] (dashed line) and γ3 =
120 ms (solid line) using 5 and 3-minute sliding window.

Significant points are marked.
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Figure 4. Maximum ∆QRSd (left) and maximum QRSd

(right) detected in all pigs. Red circles correspond to

false positive (control) and false negative (VF-group) de-

tections. Horizontal dashed lines represent minimum val-

ues to consider a QRS(+) pig, 28 and 120 ms respectively.

119.4 ± 14.8 ms in control group of pigs (Mann-Whitney

test, p = 0.031). Distribution of both, maximum ∆QRSd

and QRSd, in VF and Control groups is shown in Fig. 4.

5. Discussion and conclusion

Previous studies have observed a QRS prolongation in

animal models of coronary artery ligation and PTCA inter-

ventions in humans [4–6]. In this study, changes in QRS

duration during acute myocardial ischemia have been asso-

ciated with the subsequent presence of malignant ventric-

ular arrhythmias. The occurrence of malignant ventricular

arrhythmias during experimental myocardial ischemia has

also been well established [8,9,14] and both, QRS prolon-

gation and the incidence of arrhythmias, are associated to

alterations and delays in local conduction velocity.

After applying a wavelet-based delineator to the 6 pre-

cordial leads V1-V6 and multilead post-processing rules,

QRSd was continuously computed along 40 minutes of

LAD occlusion by PTCA intervention in 32 pigs. On av-

erage, QRSd series present a biphasic distribution with
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an immediate increment within the first 5 minutes of is-

chemia which is diminished by minute 10, and a second,

less-pronounced increase around minute 20 after the on-

set of occlusion. This two-peaked pattern is in agreement

with the two phases of arrhythmia-incidence in a canine

myocardial infarction model, previously reported in [14].

The first phase, named Ia phase, occurs from 2 to 10 min-

utes after the onset of ischemia, whereas the second phase,

or Ib phase, appears after an arrhythmia-free interval, be-

tween 12 and 30 minutes. Since Ia and Ib phases suggest

different mechanisms [14, 15], only late arrhythmias were

considered in this study.

There is considerable interest in using noninvasive

methods to identify patients with high propensity to suffer

from malignant ventricular arrhythmias, such as VF, since

they can lead to a fatal outcome such as sudden cardiac

death. Using this experimental model of acute ischemia,

we have shown that a rapid increase in QRSd of 28 ms in

less than 3 minutes, together with a QRSd exceeding 120

ms, was a sensitive and specific predictor of an imminent

VF episode. It has to be taken into account that we evalu-

ated the performance in the same data used to compute the

threshold. We did so due to the reduced VF group in the

database and it supposes a limitation of this work.

One constraint in measuring QRS duration is the dif-

ficulty to determine the end of the QRS complex, as

there is a gradual transition between the QRS and the ST-

segment. In order to overcome that problem, wavelet-

based-delineation parameters have been adapted to this

acute-ischemic scenario. Another important consideration

is the variability among leads, especially when limb leads

and precordial leads were compared. Incidence in QRSd

and ST-segment elevation depends on the mass of myocar-

dial tissue involved in the artery occlusion. Since LAD

artery mainly supplies anterior area of the heart, changes

induced by its occlusion will be more evident in V2-V4

precordial leads. The multilead approach at the delineation

stage using only precordial leads may have helped to avoid

this phenomenon, yielding more robust delineation marks

while ischemic effects were also well-projected using that

set of leads.

In summary, results of this study suggest that a transient

increase in QRS duration may be a sensitive and specific

index for monitoring the immediate risk of VF in experi-

mental myocardial infarction. The prognostic value of this

phenomenon and QRSd cut-off for VF prediction in clin-

ical settings of STEMI remains to be determined.
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