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Abstract

Clinical studies have demonstrated the predictive values of changes in electrocardiographic (ECG) parameters for the
preexisting myocardial ischemic infarction. However, a simple and early predictor for the subsequent development of
myocardial infarction during the ischemic phase is of significant value for the identification of ischemic patients at high risk.
The present study was undertaken by using non-human primate model of myocardial ischemic infarction to fulfill this gap.
Twenty male Rhesus monkeys at age of 2-3 years old were subjected to left anterior descending artery ligation. This ligation
was performed at varying position along the artery so that it produced varying sizes of myocardial infarction at the late
stage. The ECG recording was undertaken before the surgical procedure, at 2 h after the ligation, and 8 weeks after the
surgery for each animal. The correlation of the changes in the ECG waves in the early or the late stage with the myocardial
infarction size was analyzed. The R wave depression and the QT shortening in the early ischemic stage were found to have
an inverse correlation with the myocardial infarction size. At the late stage, the R wave depression, the QT prolongation, the
QRS score, and the ST segment elevation were all closely correlated with the developed infarction size. The poor R wave
progression was identified at both the early ischemic and the late infarction stages. Therefore, the present study using non-
human primate model of myocardial ischemic infarction identified the decreases in the R wave and the QT interval as early
predictors of myocardial infarction. Validation of these parameters in clinical studies would greatly help identifying patients
with myocardial ischemia at high risk for the subsequent development of myocardial infarction.
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surveillance used. Among the registries, about 29% of US in-
hospital patients with MI are STEMI [7], whereas 47% of
European patients with MI are STEMI [8].

QT-prolongation is a parameter that can be used as a marker
for myocardial infarction [9]. Both acute and chronic myocardial
infarctions are associated with QT-prolongation [10,11]. Thera-

Introduction

The early diagnosis and identification of high-risk patients with
myocardial infarction is a practical problem in clinical setting.
Improved electrocardiographic (ECG) recordings became an
attractive approach for the diagnosis of myocardial infarction.
Extensive efforts have been made to define criteria of alterations in
different ECG waves associated with location and areas of
myocardial infarction [1-4]. ST-segment elevation is a well
recognized change in ECG recording in patients with myocardial
infarction [5]. However, not all patients with myocardial infarction
are associated with ST-segment elevation and not all ST segments

peutic intervention such as thrombolytic therapy in acute
myocardial infarction could reduce QT interval [12]. However,
there are studies that show QT dispersion is not necessarily related
to infarction size in patients with coronary artery disease [13].
The Selvester QRS score translates subtle changes in ventricular
depolarization measured by the ECG into information about

elevation is caused by myocardial infarction [6]. Therefore, it was
conventionally defined as ST-segment elevation myocardial
infarction (STEMI) and non-ST-segment elevation myocardial
infarction (NSTEMI). The percentage of MI cases with ST-
segment eclevation varies in different registries/databases and
depends heavily on the age of patients included and the type of
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myocardial scar location and size [14]. This estimation of scar has
been shown to have a high degree of correlation with autopsy-
measured myocardial infarction size [15]. Therefore, the QRS
scoring system has been utilized to estimate myocardial infarction
size in clinical application [16].
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R wave amplitude also changes in association with myocardial
infarction. R wave amplitude decreases in patients with acute
anterior wall myocardial infarction [17], but R wave amplitude
increases significantly in precordial leads of the surface ECG
during brief episodes of transmural ischemia [18]. Clinical studies
have shown that after revascularization in patients with acute
myocardial infarction, R wave amplitude in ECG increased
[19,20]. Patients with small or absent initial R waves in the
anterior chest leads, resulting in QS complexes or “poor R wave
progression,” could also be diagnosed as myocardial infarction
[21-23].

Currently available parameters of the changes in ECG are of
diagnostic values only for the preexisting myocardial infarction.
The early prediction of myocardial tissue at high risk for
myocardial infarction is of significant value for prevention or
precaution for the adverse outcome under ischemic condition. A
simple and quick screening procedure that can be indicative of
further development of myocardial injury under ischemic condi-
tion is thus a valuable addition to currently available diagnostic
procedures.

The highly human-resembling distribution of coronary arteries
makes Rhesus monkeys unique substitutes for humans to study
myocardial ischemic infarction [24-26]. It has been concluded
that ligation of left anterior descending (LAD) artery results in
myocardial infarction in monkeys [27,28]. Therefore, a unique
situation can be established, in which the LAD ligation can be
varied to produce varying sizes of ischemic infarction in the left
ventricle. The correlation of changes in the ECG parameters at
different stages of myocardial ischemia and the subsequent
infarction can be defined. The goal of this study was to identify
an early and simple predictive surrogate in ECG changes during
the ischemic phase for the subsequent development of myocardial
infarction. We focused on screening QRS scores, ST-segment
elevation, QT intervals, and R wave amplitude in the early
prediction of myocardial infarction. Quantitative analyses identi-
fied that decreases in the R wave amplitude and the QT interval
are simple and early predictors for myocardial ischemic infarction.

Materials and Methods

Animals and Animal Care

Male Rhesus (Macaca mulatta) monkeys, aged 2-3 years old
and weighed 4.5 to 6.0 kg, were obtained from Chengdu Ping-An
experimental animal breeding and research center, a Chinese
government accredited non-human primate center in Sichuan
province. The animals were acclimatized to the laboratory
condition for a period of at least one month in the Association
for Assessment and Accreditation of Laboratory Animal Care
accredited facility. They were housed in individual stainless steel
cages (0.8x0.9x0.78 m) in a controlled environment (at 18-28°C
and 40-70% relative humidity) under controlled light-dark cycle
(lights on at 8:00 and off at 20:00). Monkeys were fed completely
formulated feed (two times per day, 100-150 g each time),
purchased from Beijing Ke’ao Xieli Feed Co., Ltd (license number
SCXK-2009-0012), and were allowed free access to drinking water
produced by a reverse osmosis system. In addition, they were
provided with seasonal fresh fruits including apple, banana,
watermelon, and orange (100-250 g each time) three times
weekly. Fruits were soaked in 0.4% disinfectant solution for
15 min followed by washing with clean water. The environment
enrichment included a metal mirror attached to each cage, video
watching twice a week (30 min each time) and toy playing (plastic
balls and swing ring). All monkeys were handled in strict
accordance with good animal practice under supervision of
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veterinarians, and monitored for evidence of disease and changes
in attitude, appetite, or behavior suggestive of illness. Every effort
was made to alleviate animal discomfort and pain by appropriate
and routine use of anesthetic and/or analgesic agents. To
ameliorate pain after surgery, analgesics tramadol (2 mg/kg) were
injected intramuscularly once daily for 3 days. Animals were
sacrificed under anesthesia (10 mg/kg ketamine and 0.2 mg/kg
midazolam) at the end of the experiment. All animal procedures
were approved by the Institutional Animal Care and Use
Committee at the Sichuan University West China Hospital,
following the guideline of the US National Institutes of Health.

Experimental Preparation

Prior to experimental procedure, all subjects received an
intramuscular injection of 10 mg/kg ketamine and 0.2 mg/kg
midazolam to induce sedation. Hairs covering chest and limbs at
electrode attachment sites were shaved thoroughly for better ECG
recording. The standard bipolar and unipolar limb leads were
recorded. Animals displaying abnormal ECG, such as tachycardia
(more than 200 beats per minute), arrhythmia, and obvious ST
segments deviated from the base line were excluded from this
study.

Induction of Myocardial Ischemic Infarction

All of the monkeys (n = 20) subjected to surgical procedure were
intubated after anesthesia induced by intravenous infusion with
fentanyl (10 pg/kg), midazolam (0.2 mg/kg), propofol (1 mg/kg),
and vecuronium (0.1 mg/kg). Animals were intubated and
maintained with fentanyl (5-10 ug-kg71~min71) and propofol
(4-12 mg-kg” "'min"") using an infusion pump. Noninvasive
monitoring procedures including electrocardiography, cuff blood
pressure, pulse oximetry, and capnography (Dash3000, GE, USA.)
were used, and vein catheters were established.

The heart of monkeys was exposed via the left fourth intercostal
thoracotomy incision (4-5 cm) in the chest wall. Two groups were
divided: sham-operated control (n =4) and myocardial infarction
(MI, n=20). The sham-operated controls were subjected to the
same surgical procedure with the exception of the LAD ligation.
The left anterior descending artery (LAD) was occluded for 1 min
followed by a 5-min reperfusion, and this occlusion-reperfusion
was repeated 3 times before the eventual ligation. The pericar-
dium, sternum and skin were closed after the cardiac hemody-
namic became stable. In preparation for recovery, analgesic
tramadol (2 mg/kg) was used by intramuscular injection to
alleviate suffering. The endotracheal tube was retracted after the
spontancous breathing was restored. The incision was covered
with sterile gauze and bandage. The bandage change was
performed on alternate days and sutures were removed one week
after the operation.

Electrocardiography

Monkeys received an intramuscular injection of 10 mg/kg
ketamine and 0.2 mg/kg midazolam to induce anesthesia. A 12-
leads ECG (MACB8000, GE, USA.) was recorded on the supine
position of each monkey at the time before, immediately after the
ligation (about 2 h for the entire surgical procedure), and eight
weeks after the operation using pediatric electrodes at 25 mm/s
paper velocity and 10 mm/mV amplitude. The chest wall of the
Rhesus monkey was not wide enough to allow 6 precordial leads at
the same time even with the pediatric electrodes. Therefore, the 6
precordial leads were divided into two groups; V1, V3, and V5
were recorded in one group, and V2, V4, and V6 in another
group, as reported previously [9]. In each ECG recording, we
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measured the ST segment amplitude at the J point, QTc, R-wave
amplitude, and QRS score.

R wave amplitude (millimeter) was measured as the vertical
distance from the peak of the R wave to the baseline (as defined by
two consecutive PR intervals). The sum of R wave amplitudes for
anterior wall (V2 through V5) was calculated. Since the heart rate
of Rhesus monkeys is about twice of the human, modified
Selvester QRS score were used (Table 1). QRS duration
measurements (milliseconds) were made horizontally along the
PR interval baseline, and amplitude measurements (millimeter)
were made vertically to the baseline. The sum of QRS score for
anterior wall (V2 through V5) was also calculated. ST segment
elevation above the baseline was measured at the J point. The
magnitude of ST segment elevation in each lead showing elevation
was measured over the 12 leads. The sum of leads for anterior wall
(V2 through V35) showing ST segment elevation was also
calculated. QT interval measurements and QT'c calculations were
performed automatically with manual inspection, over-read and
verified by a single observer. The QTc was corrected using
Bazett’s formula. QT interval was measured from the onset of the
QRS complex to the end of the T wave, defined as the intersection
of the isoelectric line and the T wave. In the presence of sinus
arrhythmia, QT'c was averaged from entire strip.

Measurement of Myocardial Infarction Size

Monkeys received an intramuscular injection of 10 mg/kg
ketamine and 0.2 mg/kg midazolam to induce anesthesia and
were sacrificed by intravenous injection of potassium chloride and
a complete autopsy was performed. Harvested hearts were
inspected grossly for visible lesions. Then the hearts were fixed
in 10% formaldehyde solution and paraffin block was prepared.
Thin sections were cut and stained with Masson’s trichrome for
microscopic examination, as reported previously [29].

Table 1. QRS Scoring System.
Lead Duration (ms) Amplitude Ratio Maximal Point
| Q=15 (1) R/Q=1 m 2
1] Q=20 (2)
Q=15 (1) 2
avL Q=15 (1) R/Q=1 1 2
aVF Q=25 (3) R/Q=1 (2)
Q=20 )
Q=15 (1) R/Q=2 m 5
V1 Any Q Q)]
R=25 (2)
R=20 (1) R/S=1 (m 4
V2 Any QorR=5 (1)
R=30 (2)
R=25 (1) R/S=15 M 4
V3 Any Q or R=10 (1) 1
V4 Q=10 (1) R/QorR/S=05 (2)
R/Q or R/S=1 m 3
V5 Q=15 (1) R/QorR/S=1 )
R/Q or R/S=2 (1 3
V6 Q=15 (1) R/Qor R/S=1 (2)
R/Q or R/S=3 (M 3
doi:10.1371/journal.pone.0071876.t001
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The infarction size was visualized using the tissue sections
stained with Masson’s trichrome and captured as digital images
followed by computerized analysis. The following parameters of
each image were measured using Image-Pro Plus 6.0 software: the
epicardial infarction length (the length of the transmural infarction
region), the endocardial infarction length (the length of endocar-
dial infarction scar surface >50% of the whole thickness of
myocardium), and the epicardial and endocardial circumferences.
The infarction size was calculated as [(sum of epicardial infarction
lengths/sum of epicardial circumferences+sum of endocardial
infarction lengths/sum of endocardial circumferences)/2]x100

[30].

Statistical Analysis

Data are presented as mean = SD for measurement variables.
Comparison between groups was performed with the Student’s ¢
test. Pearson correlation coefficients were used to evaluate the
relations among the ECG parameters and the myocardial
infarction size. Linear regression models were used to generate
formulas from these parameters to predict the infarction size. A
SPSS 18.0 statistical package (SPSS, Chicago, IL) was used and
significant difference was assumed when P values were <0.05.

Results

There were 20 male Rhesus monkeys subjected to left anterior
descending (LAD) artery ligation at different locations along the
LAD artery, along with 4 male monkeys served as sham-operated
controls. The variations in the ligation position resulted in varying
sizes of myocardial ischemic infarction. The results presented in
Fig. 1 show the histopathological sections of representative heart
tissues with different infarction sizes along with the sham-operated
controls - thoracic surgery only. The ECG recording was
undertaken before the surgical procedure (Control), at 2 h after
the ligation (2 H), and 8 weeks after the surgery (8 W) for each
animal, as shown in Fig. 1. Thoracic surgery alone (without MI
induction) in sham-operated animals did not affect ECG
parameters compared to anesthetized animals without surgery,
therefore, the recording obtained from sham-operated, not
anesthetized animals without surgery, at each time point was
presented in Fig. 1.

The analyses of correlation between the ECG wave changes at
2h or 8 wks and the size (%) of myocardial infarction were
conducted for R wave amplitude, QRS score, QT interval, and
ST segment elevation. The results presented in Fig. 2 show these
changes at different time points. At 2 h after the LAD ligation, the
R wave amplitude decreased as a function of the increase in the
infarction size observed at the end of 8 wks after the surgery.
Therefore, there was a good correlation between the R wave
amplitude depression and the increase in the myocardial infarction
size. However, the QRS score and the ST segment elevation
changes during the early ischemic phase did not show correlation
with the subsequent development of myocardial infarction size.
Interestingly, the QT interval, as expressed as the adjusted QT'c,
showed a decrease as a function of the increase in the myocardial
infarction size; a strong inverse correlation was detected.

At 8 wks after the LAD ligation, an inverse correlation between
the R wave amplitude depression and the increase in the
myocardial infarction size remained observable. However, other
parameters including the QRS score and the ST segment
elevation showed a positive correlation with the increase in the
myocardial infarction size. In contrast to the inverse correlation
between the QTc¢ and the myocardial infarction size observed at
2 h after the surgery, a positive correlation between the QTc and

August 2013 | Volume 8 | Issue 8 | e71876



Early Predictors for Myocardial Infarction

Limb leads Chest leads Limb leads

A Chest leads Limb leads Chest leads Limb leads Chest leads
.W_M%WTTT ‘JAM.LV,J'AP\TV 00 BH B .ALJLJ,LWTT\T
uJAJ/\Jsz-r.T\J’A H/j—\J/\«J/\VZNk/\_f\T\,- n el la oA IAJAJ,\HRW,T\.TRT\

A
qu .Lh Angjr\ T\ ‘]F ||\J\—\ _{I/\ i vg,J,/\ JJ \ LA WA M A m-L A mvaJ(\ ,{\ /\{"\
aVRvTv w~ T VAJ(\ J(\ J(\ aVR‘T’ ’T\J T v4jbx .J(\ ~ AWMV A v aVRT vr» T v4«j'/\ »{\ ,\r\

L8 v e | T vs“lf\ J(\ ﬂL\ My e v —\JL "l/\ & At Al AN W= ey vs“rx N A\(\,
aVF/J»A A/L~ AL Vo ~h~ J/\ ,JA aVF/\L\ J/\ AN veJA 15 v RN S aVF«L Jf\ N vs«]y\- P (T &V ﬂ1 o

‘,@ ZO ‘@ ZQ '&i ‘f:_'%; 2 f

Infarction size (%) 0 27.97

38.61 49.25

Figure 1. ECG recording and histopathological observation of myocardial infarction in Rhesus monkeys. (A) The ECG recording and
histological observation obtained from a sham-operated monkey. (B) The ECG recording and histopathological observation obtained from a monkey
with left ventricle infarct size of 27.97%; (B) 38.61%; or (C) 49.25%. ECG recordings, before (Control), 2 hrs after (2 H), and 8 wks after (8 W) the LAD
ligation surgery, were obtained from limb leads and chest leads. Changes in the R wave amplitude and ST segment elevation are shown in the
recordings. LAD = Left anterior descending.

doi:10.1371/journal.pone.0071876.9001

the myocardial infarction size at 8 wks was observed, as shown in
Fig. 2.
It appears that the R wave amplitude depression at both early

Discussion

The present study took an advantage of the non-human primate

and late time points was a consistent change. To further verify this
change, we analyzed the R wave progression. As shown in Fig. 3, a
poor R wave progression was observed at both 2 h and 8 wks after
the LAD ligation.
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animal model as a surrogate for human cardiac disease to identify
the early predictors of the ECG parameter changes for the risk of
myocardial ischemic infarction. The data show that there were
persistent changes in the ECG parameters that occurred both in
the early and in the late stage of myocardial ischemia, such as the
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Figure 2. Correlation between the ECG wave changes at 2 h or 8 wks and the size (%) of myocardial infarction. The regression lines are
shown in the figure. The calculated correlations as follows: R wave amplitude at 2 H: r= —0.764 (p = 0.000); at 8 W: r=—0.788 (p =0.000). QRS score at
2 H: r=0.237 (p=0.315); at 8 W: r=0.652 (p=0.002). QTc at 2 H: r=—0.605 (p =0.005); at 8 W: r=—0.600 (p=0.005). ST segment elevation at 2 H:
r=-0.120 (p=0.615); at 8 W: r=0.542 (p=0.014).

doi:10.1371/journal.pone.0071876.9002
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Figure 3. Poor R wave progression. R wave amplitude progressively increases from lead V1 to V4 monkeys before LAD ligation surgery (Control).
This tendency disappeared; poor R wave progression was detected at 2 hrs (2 H) or 8 wks (8 W) after LAD ligation.

doi:10.1371/journal.pone.0071876.g003

R wave depression. Other parameters such as the QRS score and
the ST segment elevation were not changed regularly in the early
stage of myocardial ischemia, but altered correlatively with the size
of myocardial infarction at the late stage. An interesting change in
the QT interval was that it was shortened in the early stage of
myocardial ischemia, but prolonged in the subsequent develop-
ment of myocardial infarction. In both cases, there was a good
correlation between the change in the QT  interval and the size of
myocardial infarction.

Clinical studies have reported the diagnostic values of the ST
segment elevation [31-33], the QRS score [16,34], and the QT
prolongation [12,35] in patients with myocardial infarction.
However, these parameters were only examined in the patients
with preexisting myocardial infarction. The patients undergoing
myocardial ischemia with high risk for myocardial infarction were
not examined; such a clinical study is extremely difficult. The
present study using the non-human primate model of myocardial
ischemic infarction fulfilled this gap. Since the ligation position on
the LAD artery can be varied, the eventual size of the myocardial
infarction thus developed varies accordingly. This provides a
manageable tool to analyze the correlation of the changes in the
ECG parameters during the early phase of myocardial ischemia
with the subsequent development of myocardial infarction,
overcoming the difficulty encountered in the human clinical
studies.

In the comprehensive analyses presented in this study, the R
wave amplitude changes were identified to be correlative with the
size of myocardial infarction at both the early and the late stage of
myocardial ischemia. This finding is of significantly clinical
relevance. There is at present no useful parameter of the ECG
changes at the ischemic stage for the subsequent development of
myocardial infarction. As discussed above, all of the clinically
available parameters are predictive for the preexisting infarction or
the infarction already developed. At this stage, other noninvasive
procedures such as magnet resonance imaging and echocardiog-
raphy are also available to detect the extent or size of the infarction
in the heart. An easy and early predictor for the infarction
developed in the late stage after myocardial ischemia is thus a
valuable addition to the diagnostic procedures of myocardial
ischemic infarction. In addition, this early prediction would help
making preventive or precautious decision to minimize the risk for
the subsequent development of severer myocardial infarction.
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The depressed R wave amplitude has been observed in clinical
studies, and suggested to be a predictor for myocardial infarction
[36]. But as discussed above, it was only implicated for the
application for preexisting myocardial infarction. The observation
presented here shows that it is of predictive value in the early stage
for the subsequent development of myocardial infarction. This
would provide a new parameter for the early detection of patients
at high risk for myocardial infarction. Since the R wave amplitude
was obtained by the sum of the measurements from V2 to V5
leads, we analyzed the R wave progression to detect the change in
the individual anterior chest lead and the trend of this change. The
poor R wave progression was identified at both the early and the
late stages of myocardial ischemia, therefore, further suggesting
the early R wave depression as a predictor for the subsequent
development of myocardial infarction.

The QT interval changes observed in the present study were
interesting. At the early stage, right after myocardial ischemia, QT
shortening took place and the extent correlated with the severity of
ischemia and the subsequent development of myocardial infarc-
tion. In clinical observation, the short QT syndrome (SQT'S) was
identified to be an inherited arrhythmia disorder associated with
family history of sudden cardiac death, short refractory periods,
and inducible ventricular fibrillation in the absence of structural
heart disease [37-39]. Genetic analyses identified heterogeneous
forms of the SQT syndrome [40-42]. At present, five mutations
have been associated with abnormally short QT/QTc intervals.
These include three mutations linked to the gain function of the
potassium channels IKr, IKs and IKI respectively in the
KCNH25, KCNQI14 and KCNJ26 genes, and two mutations
linked to the loss of function of the L-type calcium channels in the
CACNAlc and CACNAlb genes [43]. However, the QT
shortening observed in the present study resulted from the early
ischemic stage, indicating that the abnormality in the coronary
perfusion may also be associated with the SQT syndrome. This
new potential myocardial ischemic infarction ECG marker
identified here needs further evaluation. The SQT syndrome in
myocardial ischemic patients was not reported. More careful and
timely evaluation of myocardial ischemic patients with more
sensitive equipment at the early stage may help developing new
and earlier diagnostic criteria.

At the late stage, after the development of myocardial
infarction, QT prolongation took place. The long QT syndromes
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(LQTS) were known for several decades [44]. The long QT is
associated with an increased propensity to arrhythmogenic
syncope, polymorphic ventricular tachy-cardia (torsades de
pointes), which itself may lead to ventricular fibrillation, and
sudden cardiac death. There are at least 12 different gene
mutations that have been identified to associate with the LQTS
(LQT1-12). Among the 12 mutations, the LQT1 and LQT?2 are
the most prevalent forms, associating with the loss of function of
voltage-gated potassium channels (IKs and IKr) [45]. However,
the QT prolongation observed in the present study would be
related to the myocardial remodeling due to myocardial infarction,
which has been reported in our previous studies [9]. Future studies
will focus on determination of the relationship between myocardial
infarction and alterations in the voltage-gated potassium channels.

In summary, the present study using non-human primate model
of myocardial ischemic infarction identified the early predictors of

References

1. Katsuno T, Hirao K, Kimura S, Komura M, Haraguchi G, et al. (2010)
Diagnostic significance of a small Q wave in precordial leads V(2) or V(3). Ann
Noninvasive Electrocardiol 15: 116-123.

2. Sadanandan S, Hochman JS, Kolodziej A, Criger DA, Ross A, et al. (2003)
Clinical and angiographic characteristics of patients with combined anterior and
inferior ST-segment elevation on the initial electrocardiogram during acute
myocardial infarction. Am Heart J 146: 653-661.

3. de Luna AB, Cino J, Goldwasser D, Kotzeva A, Elosua R, et al. (2008) New
clectrocardiographic diagnostic criteria for the pathologic R waves in leads V1
and V2 of anatomically lateral myocardial infarction. ] Electrocardiol 41: 413~
418.

4. Birnbaum Y, Maynard C, Wolfe S, Mager A, Strasberg B, et al. (1999) Terminal
QRS distortion on admission is better than ST-segment measurements in
predicting final infarct size and assessing the Potential effect of thrombolytic
therapy in anterior wall acute myocardial infarction. Am J Cardiol 84: 530-534.

5. Holland RP, Brooks H (1975) Precordial and epicardial surface potentials during
Myocardial ischemia in the pig. A theoretical and experimental analysis of the
TQ and ST segments. Circ Res 37: 471-480.

6. Wang K, Asinger RW, Marriott HJL (2003) ST-Segment Elevation in
Conditions Other Than Acute Myocardial Infarction. New England Journal
of Medicine 349: 2128-2135.

7. Roe MT, Parsons LS, Pollack CV Jr, Canto JG, Barron HV, et al. (2005)
Quality of care by classification of myocardial infarction: treatment patterns for
ST-segment elevation vs non-ST-segment elevation myocardial infarction. Arch
Intern Med 165: 1630-1636.

8. Mandelzweig L, Battler A, Boyko V, Bueno H, Danchin N, et al. (2006) The
second Euro Heart Survey on acute coronary syndromes: Characteristics,
treatment, and outcome of patients with ACS in Europe and the Mediterranean
Basin in 2004. Eur Heart J 27: 2285-2293.

9. Yang P, Han P, Hou J, Zhang L, Song H, et al. (2011) Electrocardiographic
characterization of rhesus monkey model of ischemic myocardial infarction
induced by left anterior descending artery ligation. Cardiovasc Toxicol 11: 365—
372.

10. Ahnve S (1985) QT interval prolongation in acute myocardial infarction. Eur
Heart J 6 Suppl D: 85-95.

11. Schwartz P, Wolf S (1978) QT interval prolongation as predictor of sudden
death in patients with myocardial infarction. Circulation 57: 1074-1077.

12. Moreno FL, Villanueva T, Karagounis LA, Anderson JL (1994) Reduction in
QT interval dispersion by successful thrombolytic therapy in acute myocardial
infarction. TEAM-2 Study Investigators. Circulation 90: 94-100.

13. De Sutter J, Tavernier R, Van De Wiele C, De Backer J, Kazmierczak J, et al.
(1999) QT dispersion is not related to infarct size or inducibility in patients with
coronary artery disease and life threatening ventricular arrhythmias. Heart 81:
533-538.

14. Wagner GS, Freye CJ, Palmeri ST, Roark SF, Stack NC, et al. (1982)
Evaluation of a QRS scoring system for estimating myocardial infarct size. I.
Specificity and observer agreement. Circulation 65: 342-347.

15. Ideker RE, Wagner GS, Ruth WK, Alonso DR, Bishop SP, et al. (1982)
Evaluation of a QRS scoring system for estimating myocardial infarct size. II.
Correlation with quantitative anatomic findings for anterior infarcts.
Am ] Cardiol 49: 1604-1614.

16. Loring Z, Chelliah S, Selvester RH, Wagner G, Strauss DG (2011) A detailed
guide for quantification of myocardial scar with the Selvester QRS score in the
presence of electrocardiogram confounders. J Electrocardiol 44: 544-554.

17. David D, Naito M, Chen CC, Michelson EL, Morganroth J, et al. (1981) R-
wave amplitude variations during acute experimental myocardial ischemia: an
inadequate index for changes in intracardiac volume. Circulation 63: 1364—
1371.

PLOS ONE | www.plosone.org

Early Predictors for Myocardial Infarction

myocardial infarction. The decreases in the R wave and the QT
mnterval are simple measurements of the ECG changes during the
early stage of myocardial ischemia. Validation of these parameters
in clinical studies would greatly help identifying patients at high
risk for the subsequent development of myocardial infarction.

Acknowledgments

The authors thank Dr. Pingliang Yang, Dr. Jianglong Hou, Mr. Ning
Wang, and Ms. Xiuqun Li for technical support.

Author Contributions

Conceived and designed the experiments: PH YJK. Performed the
experiments: XS J. Cai XF Y. Xie J. Chen Y. Xiao. Analyzed the data:
XS J. Cai XF. Wrote the paper: YJK.

18. Sinno MC, Kowalski M, Kenigsberg DN, Krishnan SC, Khanal S (2008) R-
wave amplitude changes measured by electrocardiography during early
transmural ischemia. ] Electrocardiol 41: 425-430.

19. Isobe S, Okada M, Ando A, Nanasato M, Nonokawa M, et al. (2002) Clinical
significance of changes in clectrocardiographic R-wave voltage on chest leads in
patients with acute anterior myocardial infarction. J Electrocardiol 35: 173-180.

20. Isobe S, Takada Y, Ando A, Ohshima S, Yamada K, et al. (2006) Increase in
electrocardiographic R-waves after revascularization in patients with acute
myocardial infarction. Circ J 70: 1385-1391.

21. DePace NL, Colby J, Hakki AH, Manno B, Horowitz LN, et al. (1983) Poor R
wave progression in the precordial leads: clinical implications for the diagnosis of
myocardial infarction. ] Am Coll Cardiol 2: 1073-1079.

22. Birnbaum Y, Sclarovsky S, Blum A, Mager A, Gabbay U (1993) Prognostic
significance of the initial electrocardiographic pattern in a first acute anterior
wall myocardial infarction. Chest 103: 1681-1687.

23. MacKenzie R (2005) Poor R-wave progression. J Insur Med 37: 58-62.

24. Buss DD, Hyde DM, Poulos PW Jr (1982) Coronary artery distribution in
bonnet monkeys (Macaca radiata). Anat Rec 203: 411-417.

25. Teofilovski-Parapid G, Kreclovic G (1998) Coronary artery distribution in
Macaca fascicularis (Cynomolgus). Lab Anim 32: 200-205.

26. Tohno Y, Tohno S, Laleva L, Ongkana N, Minami T, et al. (2008) Age-related
changes of elements in the coronary arteries of monkeys in comparison with
those of humans. Biol Trace Elem Res 125: 141-153.

27. Banka N, Anand IS, Nirankari OP, Gulati S, Sharma PL, et al. (1982)
Macroscopic and microscopic measurement of myocardial infarct size. A
comparison. Res Exp Med (Berl) 181: 125-133.

28. Flameng W, Lesaffre E, Vanhaecke J (1990) Determinants of infarct size in non-
human primates. Basic Res Cardiol 85: 392-403.

29. Xie Y, Chen J, Han P, Yang P, Hou ], et al. (2012) Immunohistochemical
detection of differentially localized up-regulation of lysyl oxidase and down-
regulation of matrix metalloproteinase-1 in rhesus monkey model of chronic
myocardial infarction. Exp Biol Med (Maywood) 237: 853-859.

30. Takagawa J, Zhang Y, Wong ML, Sievers RE, Kapasi NK, et al. (2007)
Myocardial infarct size measurement in the mouse chronic infarction model:
comparison of area- and length-based approaches. J Appl Physiol 102: 2104
2111.

31. Schroder R, Wegscheider K, Schroder K, Dissmann R, Meyer-Sabellek W
(1995) Extent of early ST segment elevation resolution: a strong predictor of
outcome in patients with acute myocardial infarction and a sensitive measure to
compare thrombolytic regimens. A substudy of the International Joint Efficacy
Comparison of Thrombolytics (INJECT) trial. J] Am Coll Cardiol 26: 1657~
1664.

32. Aldrich HR, Wagner NB, Boswick J, Corsa AT, Jones MG, et al. (1988) Use of
initial ST-segment deviation for prediction of final electrocardiographic size of
acute myocardial infarcts. Am J Cardiol 61: 749-753.

33. Clemmensen P, Ohman EM, Sevilla DC, Peck S, Wagner NB, et al. (1990)
Changes in standard electrocardiographic ST-segment elevation predictive of
successful reperfusion in acute myocardial infarction. Am J Cardiol 66: 1407—
1411.

34. Geerse DA, Wu KC, Gorgels AP, Zimmet J, Wagner GS, et al. (2009)
Comparison between contrast-enhanced magnetic resonance imaging and
Selvester QRS scoring system in estimating changes in infarct size between
the acute and chronic phases of myocardial infarction. Ann Noninvasive
Electrocardiol 14: 360-365.

35. Tamura A, Nagase K, Mikuriya Y, Nasu M (1999) Relation of QT dispersion to
infarct size and left ventricular wall motion in anterior wall acute myocardial
infarction. Am J Cardiol 83: 1423-1426.

36. Rijnierse MT, Verouden NJ, Winter RJ (2011) Precordial R-wave reappearance
predicting infarct size and myocardial recovery after acute STEMI. Netherlands
Heart Journal 20: 326-329.

August 2013 | Volume 8 | Issue 8 | e71876



37.

38.

39.

40.

41.

Gussak I, Brugada P, Brugada J, Wright RS, Kopecky SL, et al. (2000)
Idiopathic short QT interval: a new clinical syndrome? Cardiology 94: 99-102.
Viskin S, Zeltser D, Ish-Shalom M, Katz A, Glikson M, et al. (2004) Is idiopathic
ventricular fibrillation a short QT syndrome? Comparison of QT intervals of
patients with idiopathic ventricular fibrillation and healthy controls. Heart
Rhythm 1: 587-591.

Gaita F, Giustetto C, Bianchi F, Wolpert C, Schimpf R, et al. (2003) Short QT
Syndrome: a familial cause of sudden death. Circulation 108: 965-970.
Bellocq C, van Ginneken AC, Bezzina CR, Alders M, Escande D, et al. (2004)
Mutation in the KCNQI gene leading to the short QT-interval syndrome.
Circulation 109: 2394-2397.

Brugada R, Hong K, Dumaine R, Cordeiro J, Gaita F, et al. (2004) Sudden
death associated with short-QT syndrome linked to mutations in HERG.
Circulation 109: 30-35.

PLOS ONE | www.plosone.org

42.

43.

44.

Early Predictors for Myocardial Infarction

Priori SG, Pandit SV, Rivolta I, Berenfeld O, Ronchetti E, et al. (2005) A novel
form of short QT syndrome (SQT3) is caused by a mutation in the KCN]J2 gene.
Circ Res 96: 800-807.

Antzelevitch C, Pollevick GD, Cordeiro JM, Casis O, Sanguinetti MC, et al.
(2007) Loss-of-function mutations in the cardiac calcium channel underlie a new
clinical entity characterized by ST-segment elevation, short QT intervals, and
sudden cardiac death. Circulation 115: 442-449.

Moss AJ, Schwartz PJ, Crampton RS, Locati E, Carleen E (1985) The long QT
syndrome: a prospective international study. Circulation 71: 17-21.

. Anderson CL, Delisle BP, Anson BD, Kilby JA, Will ML, et al. (2006) Most

LQT2 mutations reduce Kvll.1 (hERG) current by a class 2 (trafficking-
deficient) mechanism. Circulation 113: 365-373.

August 2013 | Volume 8 | Issue 8 | e71876



