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Summary

Background: Atrial fibrillation is often first recognized after
a complication such as embolic stroke has occurred. Limited
data are available for the prospective identification of patients
at risk for developing atrial fibrillation.

Hypothesis: Demonstration of areas of slow conduction in
the atrium by means of P-wave signal averaging may identify
individuals at risk for atrial fibrillation.

Methods: P-wave signal averaging from the surface electro-
cardiogram was performed in 199 normal controls and 81 pa-
tients with paroxysmal atrial fibrillation using an automated,
P-triggered, high-resolution signal for analysis.

Results: Of the variables measured, the filtered P-wave du-
ration and P-wave integral were significantly different between
controls and patients (filtered P-wave duration 120 ± 9 vs. 145
± 21 and P-wave integral 666 ± 208 vs. 868 ± 352), whereas
the terminal root-mean-square (RMS) voltages (RMS 20,
RMS 30, RMS 40) showed no significant differences between
the two groups. Regression analysis of the first and second
measurement of the filtered P-wave duration obtained during
consecutive tests showed excellent reproducibility (r and r2 of
0.96 and 0.92). The duration of the filtered P wave showed no
age dependence but was shorter in women.

Conclusion: Utilizing the 90th percentile value of the fil-
tered P-wave duration of 133 ms in men and 130 ms in wom-
en, the sensitivity was 80 and 81%, the specificity 92 and 90%,
the positive predictive value 84 and 73%, and the negative pre-
dictive value 90 and 93%, respectively.

Key words: paroxysmal atrial fibrillation, P-wave signal
averaging

Introduction

High-resolution P-wave signal averaging from the surface
electrocardiogram (ECG) is being increasingly proposed to
identify patients prone to atrial arrhythmias, especially atrial
fibrillation (AF).1–7 The utility of this technique rests on the
premise that since AF is reentrant tachycardia, areas of slow
and fractionated conduction are probably required. Averaging
of high-resolution P waves could potentially identify the “atri-
al late potentials” in a manner akin to ventricular late poten-
tials. However, not only is the methodology of P-wave signal
averaging in a state of evolution, but also, in most reported
studies, the number of patients with AF has been rather small,
typically less than 50. The purpose of this study, therefore, was
to establish normal parameters for the high-resolution P-wave
signal-averaged electrocardiogram (PWSAECG) in subjects
without AF and then to determine its sensitivity by testing pa-
tients with paroxysmal AF using a newly developed automat-
ed P-wave-triggered algorithm. In addition, this study was also
intended to examine the gender-specific differences, age depen-
dence, and reproducibility of the PWSAECG measurements.

Methods

Control and Patient Groups

Subjects from two groups, normal controls and patients
with paroxysmal AF, participated in this study. Subjects were
considered eligible for participation in the control group if they
had no history of AF or other heart disease and had a normal
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physical examination. Patients with prior AF were chosen on
the basis of having documented AF in the past by 12-lead
ECG, Holter recording, or event monitoring. To eliminate the
confounding variable of the effect of antiarrhythmic medica-
tion on the signal-averaged P wave, the test was performed on
patients who were on no antiarrhythmic medication other than
digitalis or a beta blocker. The study was approved by the
Institutional Review Boards of the participating centers and all
patients gave informed written or oral consent.

High Resolution P-Wave Signal Averaging
Methodology

The P-wave signal-averaging technique used in this study
has been previously described8 and is summarized here. An
orthogonal lead arrangement (bipolar X,Y, and Z) is used to
record surface ECGs. Initially, QRS complexes are detected
and correlated as in standard QRS signal averaging followed
by P-wave detection and matching. Before averaging, a P-
wave template is generated in the following manner. A seed
beat is automatically selected for the initial template and dis-
played with 9 s of data. After the user confirms the initial se-
lection or selects a different seed beat, template matching is
performed with the detected P waves in 9 s data. All P waves
that meet the criteria of matching are averaged to form a final
template. During averaging, this template is used to match the
detected P waves in front of the valid QRS complexes. If a 
P wave matches, the point at which the highest correlation co-
efficient is achieved is taken as the alignment reference for av-
eraging. Averaged P-wave signals are filtered using a spectral
filter with a bandwidth of 40–250 Hz and are then combined
into a vector magnitude [VM = (x2 + y2 + z2)1⁄2]. Noise level is
estimated in a 40 ms window in the TP segment of the aver-
aged complex, and P-wave onset and offset (fiducial points)
are automatically determined by the system. The measure-
ments computed by the system include the filtered P duration
in ms and root-mean-square (RMS) voltage in terminal 20,
30, and 40 ms (RMS20, RMS30, RMS40), expressed in mi-
cro-Volts (µV). In addition, the integral of the P wave (area un-
der the VM curve from P-wave onset to offset) is also com-
puted in micro-Volt ms (µV-ms) as previously described.9

All the PWSAECG tests were reviewed by an over-reader
blinded to the clinical condition or category of the subjects.
The over-reader paid particular attention to the accuracy of de-
termination of P-wave onset and offset by the computer and, if
necessary, adjusted these fiducial points. The resulting param-
eters (the computer recalculates all the parameters if the fidu-
cial points are adjusted) were used in this analysis.

Analysis of Reproducibility

Two consecutive records per subject were obtained in a sub-
set of the PWSAECG tests performed in this study. After the
first test was completed and the data stored on a permanent
magnetic medium, the repeat test was conducted starting with
a new template.

Age- and Gender-Matched Analysis

As controls were greater in number and younger than pa-
tients with paroxysmal AF, to obtain appropriate age match-
ing, only controls and patients who could be similarly age
matched were included for analysis.

Statistical Analysis

Continuous variables were expressed as mean ± standard
deviation. Differences in the PWSAECG parameters between
Group 1 (normal controls) and Group 2 (patients with parox-
ysmal AF) were examined using the Student’s t-test. Sim-
ilarly, the differences between the men and women in both
groups were examined using the t-test. A p value of ≤0.05 was
considered statistically significant. Age dependence of the
PWSAECG parameters was examined by linear regression
analysis of each of these parameters with age. Again, a p val-
ue of ≤ 0.05 was considered significant. Reproducibility of
PWSAECG parameters was analyzed by performing regres-
sion analysis of the parameters obtained during the first and
second consecutive tests. From the regression analysis, r val-
ue, r2 value, and the p value were computed.

From the distribution of the parameters in Group 1, the 90th
percentile values were determined separately for men, wom-
en, and the whole group (all normal controls). Using these
90th percentile values as criteria (cutoff values), sensitivity and
specificity of the method for identifying patients with paroxys-
mal AF were computed. Positive predictive value (PPV) and
negative predictive value (NPV) were also computed.

Results

In all, 199 normal controls (Group 1) and 81 patients with
paroxysmal AF (Group 2) underwent PWSAECG testing.
There were 91 men and 108 women with a mean age of 39 ±
10 years (range 18–78 years) in Group 1, and 45 men and 36
women with a mean age of 63 ± 13 years (range 20–82 years)
in Group 2.

P-Wave Signal-Averaged Electrocardiographic Parameters

Intergroup differences: Table I compares the age and
PWSAECG parameters of normal controls and patients with
paroxysmal AF. Subjects of Group 1 were younger (p<0.001)
and had shorter filtered P-wave duration (p<0.001) and small-
er P-wave integral values (p <0.001) than patients of Group 2.
There were no significant differences in the terminal RMS
voltages (RMS20, RMS30, RMS40) between the two groups.
Typical examples of VM of filtered P waves from a normal
control and a patient with paroxysmal AF are shown in Figure
1A and B, respectively.

Intragroup gender differences: Table II shows the SAECG
parameters for male and female normals (Group 1). The fil-
tered P-wave duration in men (122 ± 8 ms) was longer than in
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women (118 ± 9 ms, p < 0.003). The terminal RMS voltages
RMS20 and RMS30 were not different between men and
women in this group. The RMS40 and P-wave integral were
different between men and women in this group. Age of men
and women in this group did not differ significantly. Table III
shows the PWSAECG parameters for patients in Group 2. 
In contrast with the subjects in Group 1, the filtered P-wave 
duration in Group 2 patients was not different between men
(144 ± 18 ms) and women (147 ± 24 ms, p = 0.60). None of the
other parameters differed between men and women in this
group (p value 0.33–0.71). The age of men and women in this
group did not differ significantly (p = 0.08).

Age and Gender Dependence of P-Wave Signal-Averaged
Electrocardiographic Parameters

Analyses of the filtered P-wave duration and P-wave inte-
gral in age- and gender-matched controls compared with pa-
tients with paroxysmal AF are shown in Table IV. The number
of controls and subjects in Table IV is smaller than that in
Table I, as only those who could be age- and gender-matched
were included in the analyses. In addition, regression analyses
of the filtered P-wave duration and P-wave integral with age
for subjects of Group 1 were performed and are shown in
Figure 2A and B, respectively. Similar analyses for patients of
Group 2 are shown in Figure 3A and B. These analyses (and
the regression analyses on RMS voltages, not shown here) in-
dicate that the PSAECG parameters did not correlate with age.

Reproducibility of P-Wave Signal-Averaged
Electrocardiographic Parameters

The regression analysis of the first and second measure-
ment of the filtered P-wave duration obtained during consecu-
tive tests in 154 normal controls and patients with paroxysmal
AF is shown in Figure 4A. The r and r2 values are very high
(0.96 and 0.92, respectively) indicating an excellent repro-
ducibility between the first second measurements of the fil-
tered P-wave duration. Similar analysis for P-wave integral is
shown in Figure 4B. The r and r2 values were very high (0.94
and 0.89, respectively) for this parameter as well.
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TABLE I P-wave signal averaged electrocardiographic parameters:
Comparison of normal controls with patients with paroxysmal atrial
fibrillation (PAF)

Controls PAF patients
Parameter (n = 199) (n = 81) p Value

Age (years) 39 ± 10 63 ± 13 <0.001
Filtered P-wave 
duration (ms) 120 ± 9 145 ± 21 <0.001

RMS20 (µV) 3.9 ± 2.0 4.1 ± 2.8 NS
RMS30 (µV) 4.7 ± 2.1 5.0 ± 3.1 NS
RMS40 (µV) 5.6 ± 2.2 5.6 ± 3.0 NS
P-wave integral (µV-ms) 666 ± 208 868 ± 352 <0.001

Abbreviations: RMS = root-mean-square, NS = not significant.

TABLE II P-wave signal-averaged electrocardiographic parameters
in normal controls by gender

Men Women
Parameter (n = 91) (n = 108) p Value

Age (years) 38 ± 10 41 ± 10 NS
Filtered P-wave duration (ms) 122 ± 8 118 ± 9 <0.003
RMS20 (µV) 4.3 ± 2.1 3.7 ± 2.0 NS
RMS30 (µV) 5.0 ± 2.1 4.5 ± 2.1 NS
RMS40 (µV) 5.8 ± 2.2 5.3 ± 2.2 <0.023
P-wave integral (µV-ms) 703 ± 223 634 ± 188 <0.018

Abbreviations as in Table I.

TABLE III P-wave signal-averaged electrocardiographic parameters
in patients with paroxysmal atrial fibrillation by gender

Men Women p Value
Parameter (n = 45) (n = 36) NS

Age (years) 65 ± 12 60 ± 14 NS
Filtered P-wave duration (ms) 144 ± 18 147 ± 24 NS
RMS20 (µV) 4.2 ± 3.3 4.0 ± 1.9 NS
RMS30 (µV) 5.1 ± 3.7 4.8 ± 2.3 NS
RMS40 (µV) 5.8 ± 3.5 5.4 ± 2.2 NS
P-wave integral (µV-ms) 832 ± 329 914 ± 379 NS

Abbreviations as in Table I.

FIG. 1 Examples of vector magnitude (VM) plots of filtered P-
wave signals. (A) VM plot from a normal control, (B) from patient
with paroxysmal atrial fibrillation (PAF).
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TABLE IV Filtered P-wave duration of patients with paroxysmal atrial fibrillation (PAF) and age-matched controls (normals)

Male Female

Controls PAF patients Controls PAF patients
(n = 29) (n = 29) (n = 26) (n = 26)

Age (years) 52 ± 14 52 ± 14 56 ± 10 56 ± 10
Filtered P-wave  duration (ms) 127 ± 12 139 ± 16 120 ± 11 140 ± 18

p<0.01 p<0.001

FIG. 2 Regression analysis of two P-wave signal-averaged electrocardiogram (PSAECG) parameters of Group 1 subjects (normal controls)
with age. (A) Regression of filtered P-wave duration with age, (B) regression analysis of P-wave integral values with age.

FIG. 3 Regression analysis of two P-wave signal-averaged electrocardiogram (PSAECG) parameters of Group 2 (patients with paroxysmal
atrial fibrillation) with age. (A) Regression of filtered P-wave duration with age, (B) regression analysis of P-wave integral values with age.
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FIG. 4 (A) Regression analysis of two consecutive filtered P-wave durations in 154 subjects (both normal controls and patients with paroxys-
mal atrial fibrillation) to assess the reproducibility of P-wave signal-averaged electrocardiogram tests. (B) Similar analysis for P-wave integral.
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Separation of Patients with Paroxysmal Atrial Fibrillation
from Control

Criteria: The criterion as defined by the upper 90th per-
centile value of filtered P-wave duration for Group 1 men (n =
91) was 133 ms, while it was 130 ms for women (n = 108; see
Table V). The 90th percentile value for all of Group 1 (n = 199)
was 131 ms. The 90th percentile value of P-wave integral was
990 µV-ms for men, 900 µV-ms for women, and 950 µV-ms
for all.

Identification of patients with paroxysmal atrial fibrillation
using filtered P-wave duration: Using the gender-specific cri-
terion for the filtered P-wave duration, the sensitivity for iden-
tification of patients with paroxysmal AF was nearly the same
for men (80%) and women (81%, see Table VI). Cutoff values
for the criterion were chosen at the 90th percentile of the distri-
bution. As expected, the specificity was nearly the same for
men (92%) and women (90%). While the positive predictive
values (PPVs) were different (84 and 73% for men and wom-
en, respectively), the negative predictive values (NPVs) were
very similar (90 and 93%, respectively). When the common
criterion of 131 ms was used, the overall sensitivity was the
same (80%) for men, women, and all patients with paroxys-
mal AF. However, with this criterion, the specificity, PPV, and
NPV were about 5% lower for men (89, 78, and 90%, respec-

tively) than for women (94, 83, and 94%, respectively). In in-
terpreting the values of PPV and NPV (Table VI), it is impor-
tant to note these values are applicable for the proportion of 2-
to-5 of patients with paroxysmal AF to normal controls tested
in this study, and these predictive values are expected to be dif-
ferent if this proportion changes.

Identification of patients with paroxysmal atrial fibrillation
using P-wave integral: Using the gender-specific criterion for
P-wave integral, the sensitivity and specificity were 27 and
91% for men and 44 and 91% for women. When a gender-
neutral criterion was used on all patients with paroxysmal AF
and normal controls, the sensitivity and specificity were 36
and 90%, respectively. These accuracy measurements were
substantially lower than the corresponding measurements for
filtered P-wave duration. The PPV (60 to 62%) and NPV (73
to 83%) were also lower for P-wave integral than for the fil-
tered P-wave duration.

Figure 5 shows the receiver-operator-characteristic curves
for filtered P-wave duration and P-wave integral. It is obvious
from this figure that filtered P-wave duration provides a better
separation between normal controls and patients with parox-
ysmal AF (area under the curve = 0.9) than the P-wave integral
(area under the curve = 0.7).

Discussion

In this study, we found that the automated P-wave-trig-
gered, high-resolution, signal-averaged P wave was abnormal-
ly prolonged in patients with paroxysmal AF compared with
normal controls. Although these findings replicate several pre-
vious reports of a similar nature, the unique features of this
study were (1) the large number of normal controls and pa-
tients with paroxysmal AF, (2) evaluation of gender-specific
differences in PSAECG parameters and the resulting criteria,
(3) examination of age dependence of PWSAECG parame-
ters, and (4) analysis of the reproducibility of the PWSAECG
parameters. In addition, this is the first study reporting criteria,
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TABLE V Filtered P-wave duration and P-wave integral criteria
(cutoff values) based on 90th percentile values of distribution of these
parameters in normal controls (Group 1)

Male Female Gender-neutral 
criterion criterion criterion

(male controls, (female controls, (all controls, 
n = 91) n = 108) n = 199)

Filtered P-wave 
duration (ms) 133 130 131

P-wave integral 
(µV-ms) 990 900 950

TABLE VI Sensitivity, specificity, positive predictive value (PPV),
and negative predictive value (NPV) using different criteria for fil-
tered P-wave duration and P-wave integral

Filtered P-wave Sensitivity Specificity PPV NPV 
duration criterion Gender (%) (%) (%) (%)

133 ms Men 80 92 84 90
130 ms Women 81 90 73 93

Men 80 89 78 90
131 ms Women 80 94 83 94

All 80 92 80 92
P-wave integral criterion
990 µV-ms Men 27 91 60 72
900 µV-ms Women 44 91 62 83
950 µV-ms All 36 90 60 78

FIG. 5 Receiver-operator-characteristic (ROC) curve for filtered 
P-wave duration and P-wave integral for detection of paroxysmal
atrial fibrillation. Filtered P-wave duration had higher accuracy (area
under the curve = 0.9) than the P-wave integral (area under the curve
= 0.7).
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sensitivity, and specificity for paroxysmal AF using a new sig-
nal-averaged P-wave system that uses a P-wave trigger for cor-
relation and spectral filter for high-pass filtering the averaged
signals. Each of these features is discussed below.

As the number of normal subjects (n = 199) and patients
with paroxysmal AF (n = 81) was large compared with previ-
ous studies, we were able to establish normal values for the P-
wave signal-averaged ECG and test their accuracy in identify-
ing patients with paroxysmal AF. In normal subjects, women
had a shorter duration of the filtered P wave by 3 ms and a low-
er P-wave integral by 90 µV-ms than did men. These findings
could affect interpretation of the P-wave signal-averaged
ECG. In the present study, use of the gender-specific criterion
for filtered P-wave duration yielded nearly the same sensitivi-
ty and specificity for men and women. In contrast, when a gen-
der-neutral criterion was used, the specificity differed by 5%
between men and women, while the sensitivity remained the
same. Gender differences in the PWSAECG parameters have
not been studied adequately;10 however, differences of 2 to 6
ms in the P-wave duration (measured from conventional 12-
lead ECG) between men and women of different age groups
have been reported.11 In the absence of information on atrial
size and intra-atrial conduction times, any explanation for dif-
ference in P-wave duration in men and women is likely to be
speculative.

In the present study, the PWASECG parameters did not cor-
relate with age in either of the two groups. That allows for the
criteria developed on younger normal controls (90th percentile
values) to be used on generally older patients with paroxysmal
AF. The authors are not aware of any studies that have exam-
ined the age-dependence of the PWSAECG parameters; how-
ever, MacFarlane and Lawrie have reported a small increase in
P-wave duration (1 to 5 ms, measured from conventional 12-
lead ECG) with increasing age both in men and women, but
this is considered to be of “limited practical significance.”11

The PWSAECG parameters in this study were highly re-
producible for filtered P-wave duration and P-wave integral.
The regression was better for the filtered P-wave duration
than for the P-wave integral. There have been several repro-
ducibility studies on PWASECG parameters.12–16 Although
these studies used different methods of evaluating the repro-
ducibility (regression analysis,13, 14 coefficient of variation,12

coefficient of reproducibility,15 and percent variation16), and
manual determination of the filtered P-wave onset and off-
set,12–14 all of them found that the filtered P-wave duration
was highly reproducible, a finding similar to that of the pre-
sent study. These studies also found that the reproducibility of
other PWSAECG parameters such as terminal RMS voltage,
spatial velocity, frequency domain measures, were rather
poor,14–16 thus questioning the utility of these parameters for
prediction of atrial arrhythmias.15

This is the first study reporting criteria, sensitivity, and
specificity for identifying patients with paroxysmal AF using
a new signal-averaged P-wave system that detects P waves and
uses a P-wave template and a P-wave trigger for correlation in
signal averaging. This system also uses a spectral filter for
high-pass filtering of the averaged signals to delineate P-wave

onset and offset. As the PWSAECG parameters are often de-
pendent on features of the system used for signal averaging
and analysis, particularly, the filtering method and pass band
of the filter,13, 17, 18 it is imperative to develop and test the crite-
ria that are specific to the system. Earlier studies used systems
that were different from the system used in the present study.
Accordingly, the criteria for identifying patients prone to
paroxysmal AF were also different.

Clinical Significance of Present Findings

This study provides further evidence that the high-resolu-
tion, signal-averaged ECG detects changes in patients with
paroxysmal AF. It is likely that the prolongation of the filtered
P wave reflects conduction abnormalities in the atria that are
probably the cause rather than the result of AF. This is support-
ed by the observation that not all patients with paroxysmal AF
have abnormal SAECG parameters, and that progression to
chronic AF is much more likely in those with the above abnor-
malities. If this surmise is indeed true, the P-wave SAECG
could potentially be used to identify patients at risk for parox-
ysmal AF. It is well known that patients with paroxysmal and
chronic AF are at increased risk for thromboembolic disease
and, in fact, the consequences of embolic disease can be the
first manifestation of AF. Second, AF begets AF, and intuitive-
ly preemptive treatment will likely be more successful. The
medical and economic consequences of early detection and
prevention are likely to be significant, considering that AF is
probably the most common arrhythmia encountered.

The pathogenesis of AF is probably multifactorial. By its
ability to identify slow conduction within the atrium, P-wave
SAECG may be helpful in differentiating patients with con-
duction abnormalities from those with predominant function-
al abnormalities (vagally mediated AF). The therapeutic po-
tential for this differentiation has not been clearly defined at
present but is likely to be significant.

Limitations of This Study

Because of the lack of electrophysiologic conduction
studies, prolongation of the filtered P wave could not be cor-
related with atrial conduction abnormalities. However, previ-
ous electrophysiologic studies have demonstrated that the
filtered P-wave duration can identify intra-atrial conduction
delay19 and latent atrial vulnerability.20 Second, atrial size
was unavailable; however, a previous study has shown that
P-wave duration does not correlate with atrial size as as-
sessed by echocardiography.21 Another study found that the
filtered P-wave duration was a better predictor of AF than
echocardiographic atrial size.22 A third limitation of this
study was that the control subjects were younger than the pa-
tients. We do not think that this has biased our results, as we
were unable to demonstrate any correlation between age and
filtered P-wave duration in either patients or controls. Also,
the criteria developed on control subjects (90th percentile
values) were applied to the same group (i.e., training and test
sets were the same) to compute specificity. Although a dif-
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ferent test group would have been desirable for determining
the specificity, the large number of controls in this study (n =
199) suggests that it would be reasonable to expect similar
specificity on other controls.

Conclusion

Utilizing high-resolution signal averaging of the P wave,
the duration of the filtered P wave is significantly prolonged in
patients with paroxysmal AF. While the P-wave integral had
lower sensitivity and specificity than the filtered P-wave dura-
tion, the RMS voltages in terminal P wave had no discriminat-
ing power. In normal subjects, women had shorter filtered 
P-wave duration than men. These gender differences may rep-
resent smaller atrial size in women, differences in the patho-
genesis of AF, or other factors. Regardless of the cause of these
gender differences, gender-specific values may have a poten-
tial for improving the accuracy of identifying patients at risk
for atrial fibrillation. In normal controls the filtered P-wave du-
ration and P-wave integral were independent of age, thus facil-
itating the use of age-independent criteria.
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Study Chairman & Coordinating Center: Anwer Dhala,
M.D., St. Luke’s Medical Center, University of Wisconsin
Clinical Campus, Milwaukee, Wisc.

Clinical Centers

St. Luke’s Medical Center, University of Wisconsin,
Milwaukee, Wisc., principal investigator: Anwer Dhala,
M.D., coinvestigator: Cheryl Maglio, R.N.; Cleveland Clinic
Foundation, Cleveland, Ohio, principal investigator: Donald
Underwood, M.D., coinvestigator: Ms. Marion Dymek (ECG
Laboratory); Medical University of South Carolina, Char-
leston, S.C., principal investigator: Robert Leman, M.D., coin-
vestigators: Joseph Benich, D.B.A., Mark Little, Ph.D., Barry
Hainer, M.D.; College of Medicine, University of Ten-
nessee, Memphis, Tenn., principal investigator: Ernest Madu,
M.D., coinvestigators: Dainia Baugh, M.D., John Angel,
M.D., Scott Keller, M.D.; Division of Cardiology, Nihon
University Itabashi Hospital, Tokyo, Japan, principal inves-
tigator: Yukio Ozawa, M.D., Ph.D., coinvestigator: Yuji Kasa-
maki, M.D.; GE-Marquette Medical Systems, Milwaukee,
Wisc., principal investigator: Qiuzhen Xue, Ph.D., coinvesti-
gator: Shankara Reddy, Ph.D.
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