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Background-—A specific electrocardiographic (ECG) marker of ischemia would greatly improve the speed and accuracy of
detecting and treating non-ST elevation myocardial infarction (NSTEMI). We hypothesize that ischemia induces ventricular
repolarization dispersion (VRD), altering the T-wave before any ST segment deviation. We sought to evaluate the clinical utility of
VRD to (1) detect NSTEMI cases in the emergency department (ED) and (2) identify NSTEMI cases at high risk for in-hospital major
adverse cardiac events (MACEs).

Methods and Results-—We continuously recorded 12-lead Holter ECGs from chest pain patients upon their arrival to the ED. VRD
was quantified using principal component analysis of the 12-lead ECG to compute a T-wave complexity ratio (ie, ratio of second to
first eigenvectors of repolarization). Clinical outcomes were obtained from hospital records. The sample was composed mainly of
older males (n=369; ages 63�12 years; 63% males), and 92 (25%) had NSTEMI and 26 (7%) had MACEs. Baseline T-wave
complexity ratio modestly correlated with peak troponin levels (r=0.41; P<0.001) and was a good classifier of NSTEMI events (area
under the curve=0.70). An increased T-wave complexity ratio on the presenting ECG was strongly associated with NSTEMI (odds
ratio [OR]=3.8 [2.1 to 5.8]) and in-hospital MACE (OR=8.2 [3.1 to 21.5]).

Conclusions-—A simple measure of global VRD on the presenting 12-lead ECG correlates with ischemic myocardial injury and can
discriminate NSTEMI cases very early during evaluation. Prospective studies should validate these findings and test whether VRD
can guide therapy. ( J Am Heart Assoc. 2015;4:e002057 doi: 10.1161/JAHA.115.002057)
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E very day, more than 2500 Americans suffer an ischemic
coronary event, and more than 1400 of them will die of

subsequent complications.1 This makes acute myocardial
infarction (MI) the leading cause of death in the United States;
reducing damage associated with MI is a critical step in
addressing the issue. The electrocardiogram (ECG) is an
integral part of MI detection and treatment, with immediate
decisions about acute coronary interventions based on the

presence or absence of ST elevation (STE). Treatment
guidelines for acute and ongoing care are based on ECG
categorization of STEMI and non-STEMI (or NSTEMI).2–4

Treatment strategy in NSTEMI is debatable, with growing
evidence suggesting long-term benefit with appropriate early
invasive strategy (<2 hours) in selected high-risk NSTEMI
patients (ie, high ischemic burden).5,6 However, there are
currently no precise ECG patterns that can detect or quantify
such ischemic burden in NSTEMI, and NSTEMI can only be
recognized by a clinical scenario combined with the presence
of serum biomarkers of myocardial necrosis (ie, troponin). A
specific ECG marker of ischemia in the absence of STE would
have the potential to improve the speed and accuracy of
detecting NSTEMI and selecting proper candidates for imme-
diate revascularization.7

Growing evidence suggests that myocardial ischemia alters
spatial and temporal indices of ventricular repolarization
dispersion (VRD).8–10 Findings from these studies demon-
strate that indices of VRD are dynamic in response to sudden
coronary artery occlusion and restoration of normal perfusion
in human and animal experiments. We previously explored
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temporal and spatial repolarization indices in both healthy
adults and patients with coronary artery disease (CAD).11,12

Our data also suggest that myocardial ischemia increases the
spatial and temporal distribution of the ventricular repolari-
zation gradient preceding any displacement of the ST
segment, which we previously quantified using the principal
repolarization components from the surface 12-lead ECG. The
diagnostic accuracy of VRD has never been tested before.

In this study, we explore the clinical utility of a specific
index of spatial VRD, the T-wave complexity ratio, to (1) detect
NSTEMI among nontraumatic chest pain patients observed at
emergency departments (EDs) and (2) quantify the severity of
ischemic burden to identify high-risk NSTEMI patients who
would benefit from early revascularization (ie, percutaneous
coronary interventions [PCIs]). We hypothesized that (1) the
T-wave complexity ratio would increase in patients with
NSTEMI, relative to other chest pain patients, and (2) the
absolute values of the T-wave complexity ratio would be
associated with the risk of in-hospital major adverse cardiac
events (MACEs).

Methods
This was a secondary analysis of the National Institutes of
Health (NIH)-funded electrocardiographic evaluation of
ischemia comparing invasive to pharmacological treatment
(COMPARE) study. COMPARE was an observational study
designed to assess the frequency and clinical consequences
of transient myocardial ischemia in patients with NSTEMI
or unstable angina treated with either early invasive (ie,
PCI) or conservative approaches. The study complies with
the Declaration of Helsinki; appropriate institutional review
boards (IRBs) approved the parent study, and subjects
provided informed consent before participation. The specific
methods are reported elsewhere.13 The University of Pitts-
burgh’s IRB approved this secondary analysis.

In brief, the parent COMPARE study recruited patients from
the ED of 2 hospitals in Nevada and California between 2010
and 2012 who presented with a chief complaint of nontrau-
matic chest pain. The study purposefully recruited symptom-
atic patients at high clinical suspicion of acute coronary
syndrome (ie, prior CAD, MI, coronary intervention, angina-like
pain, and so on). Documented CAD was defined by a previous
coronary angiography at any time before the current admis-
sion, with at least a 50% stenosis in a major coronary artery.
Patients with (1) STEMI or other conditions that are known to
cause troponin elevation (ie, endocarditis) or (2) with severe
hemodynamic instability upon admission were excluded.
Eligible subjects underwent continuous 12-lead ECG monitor-
ing using H12+ Holter recorders (v3.12; Mortara Instruments,
Milwaukee, WI). Holter recordings using Mason-Likar config-
uration (ie, limb leads on body) were initiated within 6 hours

of the onset of symptoms and before any revascularization
therapy. Patients were followed up during hospitalization, and
their clinical data were manually abstracted from the
electronic medical records. The primary outcome was a final
discharge diagnosis of NSTEMI, documented by a rise of
cardiac troponin levels (ie, ≥0.04 ng/dL) without new ST-
segment elevation. Unstable angina (UA) was defined as
angina pectoris (or equivalent type of ischemic discomfort)
occurring at rest for at least 20 minutes despite initial anti-
ischemic therapy (ie, nitroglycerin) without biochemical
evidence of necrosis (ie, rise of cardiac troponin).14 The
secondary outcome was the occurrence of in-hospital MACE.
MACE was defined as death or deterioration in hemodynamic
status requiring transfer to critical care (eg, lethal ventricular
arrhythmias, pulmonary edema, and so on). A total of 488
patients (age, 64�13 years; 60% male; 92% white) were
included in the parent study. Nearly 19% of patients (n=96)
did not have raw digital data required for high-fidelity signal
processing, and after excluding those with pacing and/or left
bundle branch block (n=23), the analysis reported in this
study included 369 patients (age, 63�12 years; 63% male;
93% white).

Electrocardiographic Methods
Holter ECGs were downloaded to an encrypted server for
offline analysis. After all medical treatments were completed, a
researcher blinded to clinical data annotated the Holter ECGs
using H-Scribe 5.11 (Mortara Instruments). Noise and artifacts
were deleted from each recording, which resulted in an average
monitoring period of 21 hours. Then, the high-fidelity ECG
signal was preprocessed using Super-ECG (Mortara Instru-
ments) to compute signal-average median beats for each
minute of recording for every main ECG lead during the initial
60 minutes of Holter recording. T waves of median beats were
then automatically filtered using a singular value decomposi-
tion technique to derive the main principal component analysis
(PCA) beats for the initial 10-second recording (baseline) and
each 5-minute segment for the first hour of recording.15 The
PCA technique reduces the dimension of the 12-lead ECG into
3 principal components. These components mimic 3 mathe-
matically orthogonal vectorocardiographic leads that contain
the most significant information in the data. A simple ratio
between the second to first PCA components (ie, eigenvalues
of repolarization) constitutes a marker of global VRD.16 This
PCA ratio is called the T-wave complexity (or repolarization
complexity) ratio, and it has been linked previously to adverse
cardiac events.16–18 T-wave complexity is a measure of how
different the STT waveforms of all leads are. If all STT
waveforms are identical, the T-wave complexity ratio would be
zero, meaning that the first eigenvector is the only nonzero
eigenvalue. As the difference between STT waveforms
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increase, the ratio increases to a maximum of 1, meaning that
the second eigenvector is approximately as dominant as the
first. Under normal conditions (Figure 1, left), repolarization is
a relatively smooth, regular process (eg, all upright T waves);
therefore, most energy is expressed by the largest eigenvector
of the first PCA component (Figure 1A and 1B). This results in a
noticeably diminished repolarization wave in the next 2 PCA
components (Figure 1C) and, consequently, a “thin” T loop
when projected in the 2-dimensional plane with a small T-wave
complexity ratio (Figure 1D). Under pathological derange-
ments (eg, ischemia; Figure 1, right), injury currents disperse
the repolarization energy into different eigenvectors (Figure 1A
and 1B). This increases the repolarization waves in all PCA
components (Figure 1C, red arrows) and results in a “fatter” T
loop with a larger T-wave complexity ratio (Figure 1D). Thus,
we hypothesize that increased severity of ischemic injury
increases VRD, which is measured as increased T-wave
complexity values. It should be noted that, however, T-wave
complexity is a global measure of spatial and temporal VRD and
cannot localize ischemia; it can be sensitive to endo-mid, endo-
epi, apex-base, epi-mid, or endocardial wall ischemia. Interest-
ingly, given that NSTEMI represents a more progressive CAD
with no localized wall ischemia, T-wave complexity—as a
global measure—can be very sensitive to detect such global
injury.

Statistical Analysis
Values are presented as mean plus or minus SDs or count (%).
All analyses were completed using SPSS software (22.0; IBM
Corp., Armonk, NY), and P values less than 0.05 were
considered statistically significant. Baseline demographic and
clinical differences between groups (ie, NSTEMI, UA, and
others) were tested using chi-square for categorical variables
and ANOVA for continuous variables. Magnitude of difference
in T-wave complexity ratio between groups was analyzed at
baseline and across time points.

First, given that clinical decisions are generally based on an
initial 10-second 12-lead ECG, T-wave complexity from the
initial ECG recording was computed. Baseline was defined as
the first resting 10-second segment of the Holter ECG
recording. The association between this baseline T-wave
complexity and peak troponin levels was tested using
Pearson’s r correlation coefficient, and the classification
performance of baseline T-wave complexity to detect NSTEMI
events was tested using the receiver operator characteristics
(ROC) curve. To test the clinical value of baseline T-wave
complexity ratio to predict primary (ie, NSTEMI: yes vs. no)
and secondary (ie, MACE: yes vs. no) outcomes, other
variables, significant at P<0.10 in univariate analyses, were
entered simultaneously in a binary logistic regression model.
Variables without significant associations in the multivariable

model were removed one by one to create a parsimonious
model. Goodness of fit was tested with a Hosmer-Lemeshow
test. Odds ratios (ORs) with 95% confidence intervals (CIs)
were presented for significant predictors in the final model.
Then, ROC-optimized cut-off point for baseline T-wave com-
plexity was used to compute sensitivity, specificity, and
positive (PPV) and negative predictive values (NPV) to detect
primary outcome. Then, we used the same cut-off point to
compare time-to-MACE events rate between groups (normal
vs. abnormal baseline T-wave complexity) using Kaplan-Meier
events probability curves with log-rank test between curves.

Second, we wanted to test the significance of ambulatory
T-wave complexity monitoring, so we computed T-wave
complexity for every 5-minute segment of the initial 60 min-
utes of the Holter ECG recording (13 time points). We then
compared groups (ie, NSTEMI, UA, and others) using
repeated-measures ANOVA. Time-group interaction terms
were tested using Tukey’s post-hoc adjustment to examine
differences between groups in each time point and across
different time points.

Results

Baseline ECG and Clinical Characteristics
The final sample included 369 chest pain patients who were
mainly older white males (age, 63�12 years; 63% male; 93%
white). Nearly one half of the sample (n=170; 46%) had
documented CAD at baseline. Of those, 112 had previously
experienced acute MI that was primarily managed by PCI
(n=70) or bypass surgery (n=39). Moreover, more than half of
the sample had hypertension (HTN) and dyslipidemia and
were current or former smokers; nearly 25% were diabetic.

During hospitalization, 92 (25%) subjects were diagnosed
with NSTEMI, which was documented by a rise in serum
cardiac troponin (peak cTnI=1.54�3.46 ng/dL; range, 0.10
to 18.09). Of those, 65 (71%) were treated by PCI (n=55) or
bypass surgery (n=10; Table 1). Other pharmacological treat-
ments included nitrates (64%), antiplatelet (97%), aspirin
(97%), beta-blockers (85%), and angiotensin inhibition therapy
(51%). During the course of hospitalization (length of stay
ranged from 5 hours to 31 days), 26 patients (7%) experi-
enced in-hospital MACE, including myocardial reinfarction
(n=13), pulmonary edema (n=3), cardiogenic shock (n=2),
lethal ventricular tachyarrhythmia (n=3), and external pacing
or cardioversion (n=5).

Compared to other patients with similar symptoms, but
without ischemic myocardial injury (n=232; 63%), those with
NSTEMI (n=92; 25%) were more likely to (1) be older, (2) have
a lower high-density lipoprotein (HDL) and ejection fraction,
and (3) have higher creatinine values (Table 1). On the
presenting 12-lead ECGs, NSTEMI patients were more likely to

DOI: 10.1161/JAHA.115.002057 Journal of the American Heart Association 3

ECG Detection of NSTEMI Al-Zaiti et al
O
R
IG

IN
A
L
R
E
S
E
A
R
C
H



A

C

D

B

Figure 1. Illustration of ischemia-induced ventricular repolarization dispersion. Left side shows normal repolarization
signal propagation and normal coronary perfusion with corresponding T-wave eigenvectors and loop morphology in a
54-year-old male with no coronary events. Right side shows a dispersed repolarization signal and diminished coronary
perfusion with corresponding T-wave eigenvectors and loop morphology in a 72-year-old female with NSTEMI. A,
Myocardial tissue. B, Normal repolarization wave and response to injury currents. C, PCA-derived ECG beats. D, Plot of
T-wave amplitude for first PCA beat (x axis) versus second PCA beat (y axis). Ratio between these eigenvalues is T-wave
complexity. ECG indicates electrocardiogram; NSTEMI, non-ST elevation myocardial infarction; PCA, principal component
analysis.
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have diagnostic ST depression (horizontal depression >1 mm
in 2 contiguous leads) in at least 1 myocardial wall, but no
specific T-wave inversion pattern. More interestingly, NSTEMI
patients, but not UA patients, were more likely to have larger
T-wave complexity on their baseline ECG.

The Clinical Utility of T-Wave Complexity
The T-wave complexity ratio demonstrated greater repolariza-
tion heterogeneity among NSTEMI subjects, compared to all
other subjects, and this differential power was maintained
throughout the initial 60-minute of ECG recording in the ED
(Figure 2). Of note, T-wave complexity could differentiate
NSTEMI, but not UA, from others without coronary events,
suggesting that this measure is sensitive to myocardial injury

rather than myocardial ischemia. This finding is interesting
given that UA currently constitutes a clinical challenge, and
being able to isolate NSTEMI patients early during triage can
help improve outcomes in this subcategory. Moreover, the
baseline T-wave complexity ratio was positively correlated with
peak troponin level (r=0.41; P<0.001; Figure 3A), and the total
area under the curve (AUC) for the baseline T-wave complexity
ratio as a classifier of NSTEMI events was 70% (Figure 3B). This
important correlation again supports a role for T-wave com-
plexity in ischemic injury detection and suggests that the larger
the ischemic damage in the myocardium, the greater is this
ratio. This finding is novel and suggests that measures of VRD
can quantify myocardial ischemic burden in the absence of STE.

In regression analysis (Table 2), an increased baseline
T-wave complexity ratio predicted NSTEMI, independent of

Table 1. Characteristics of Patients at Baseline

Characteristic All Patients (N=369) NSTEMI (n=92) UA (n=45) Others (n=232) P Value

Demographics (%)

Age, y 63�12 65�12* 65�13 61�12 0.022†

Sex (female) 138 (37) 27 (29) 16 (36) 95 (41) 0.145

Race (white) 342 (93) 87 (95) 43 (96) 212 (91) 0.447

Past medical history and clinical risk factors (%)

Documented CAD 170 (46) 46 (50) 35 (78)* 89 (38) <0.001†

Previous myocardial infarction 112 (30) 25 (27) 23 (51)* 64 (28) <0.01†

Previous PCI 106 (29) 27 (29) 24 (53)* 55 (24) <0.001†

Previous CABG 58 (16) 17 (18) 14 (31)* 27 (12) <0.01†

Hypertension 247 (67) 58 (63) 32 (71) 157 (68) 0.596

Diabetes mellitus 95 (26) 23 (25) 17 (38) 55 (24) 0.140

Dyslipidemia 218 (59) 60 (65) 34 (76)* 124 (53) <0.01†

Current or former smoker 208 (56) 53 (58) 25 (56) 130 (56) 0.782

Known CHF 24 (7) 5 (5) 6 (13) 13 (6) 0.141

Current hospitalization (%)

LDL, md/dL 101�41 103�37 93�43 99�42 0.461

HDL, mg/dL 45�18 40�12* 42�13 48�21 0.029†

Creatinine 1.12�0.62 1.3�0.9* 1.1�0.5 1.1�0.5 <0.01†

Ejection fraction, % 62�12 57�12* 60�11 65�11 <0.001†

Length of stay, days 2.5�3.1 3.9�4.2* 3.3�4.0* 1.8�1.9 <0.001†

MACE 26 (7) 20 (22)* 4 (9) 2 (1) <0.001†

Treated with PCI/CABG 116 (31) 65 (71)* 23 (51)* 28 (12) <0.001†

Presenting 12-lead electrocardiogram (%)

Any ST depression 46 (13) 20 (22)* 10 (22)* 16 (7) <0.001†

Any T wave inversion 24 (7) 10 (11) 3 (7) 11 (5) 0.131

T-wave complexity ratio 22.2�14.6 0.27�0.12* 0.24�0.16 0.20�0.13 <0.001†

P values are obtained using ANOVA. CABG, coronary artery bypass grafting; CAD, coronary artery disease; CHF indicates congestive heart failure; HDL, high-density lipoprotein; LDL, low-
density lipoprotein; MACE, major adverse cardiac events; NSTEMI, non-ST elevation myocardial infarction; PCI, percutaneous coronary interventions; UA, unstable angina.
*Significance against “others” subcategory using Tukey’s post-hoc adjustment.
†Significant differences between groups using ANOVA.
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age and other ischemic ECG changes (ie, ST depression), and
increased values (≥0.26) accounted for 4-fold (OR=3.8 [2.1 to
5.8]) increased likelihood of detecting subsequent rise in
serum markers of myocardial necrosis early during triage.
Compared to ST depression, the ROC-optimized cut-off point
of the T-wave complexity ratio (ie, ≥0.26) had a better
sensitivity (57% vs. 22%), while maintaining a relatively
comparable specificity (76% vs. 90%) and other PPVs (43%
vs. 57%) and NPVs (84% vs. 78%). This is better demonstrated
in Figure 5, which shows a NSTEMI case of a 70-year-old
female with no ST changes on the presenting ECG, but
increased T-wave complexity throughout her initial ED eval-
uation.

Finally, as expected, those who experienced MACEs were
more likely to have greater extent of baseline repolarization
complexity, compared to all others (T-wave complexity ratio
29.6�14.2 vs. 21.7�14.5, P=0.008). In the multivariate
model (Table 2), an increased baseline T-wave complexity
ratio—but not ST depression—was the only significant and

independent predictor of MACEs, and increased values
(≥0.26) accounted for 8-fold (OR=8.2 [3.1 to 21.5]) increased
risk of adverse events. Interestingly, increased T-wave
complexity (≥0.26) was also associated with excess risk for
time-to-MACE (Figure 4), suggesting that T-wave complexity
can help guide which patients can benefit from immediate
revascularization.

Discussion
This study demonstrates that T-wave complexity on baseline
12-lead ECG not only can differentiate NSTEMI patients from
UA and other nonischemic chest pain patients very early
during evaluation, but also correlate with the risk of adverse
in-hospital outcomes. This is the first study to test the clinical
utility of T-wave complexity to detect and risk stratify NSTEMI
patients in the ED. Our findings are novel and support the
notion that global myocardial ischemia, associated with
ruptured plaques and partial coronary artery occlusion, can

Figure 2. Magnitude of ventricular repolarization dispersion between groups. This figure shows the mean
repolarization complexity between groups. Time zero represents the baseline 12-lead ECG, and other time
points represent the 5-minute averages. *Significant against “others” subcategory during each time point
using repeated-measures ANOVA with Tukey’s post-hoc adjustment. In any single group, there were no
differences in T-wave complexity across different time points. ECG indicates electrocardiogram; NSTEMI,
non-ST elevation myocardial infarction.
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precipitate quantifiable T-wave distortions before any ST
segment displacement.19 This makes sense because ischemic
injury is most likely to alter local gradients of repolarization
manifested in the T waves (ie, phase 3 of the action
potentials) before distorting the ST segment (ie, phase 2 of
the action potentials) of the ECG.20 As such, our data suggest
that a simple measure of T-wave complexity is more sensitive
for (1) detecting ischemic myocardial necrosis associated
with NSTEMI and (2) quantifying the severity of ischemic
burden to identify high-risk NSTEMI patients who would
benefit from early revascularization.

VRD and Ischemic Myocardial Injury
Myocardial ischemia induces electrophysiological alterations
in action potentials, causing repolarization dispersion
between normal and ischemic fibers and between epicardium
and endocardium, which can be detected on the surface 12-
lead ECG.8,21 However, despite the ongoing electrical disper-
sion currents during infarction (whether STEMI or NSTEMI), ST
changes mainly evolve when action potential gradients
between ischemic and nonischemic zones exceeds
65 mV.19 This suggests that early ischemic gradients that
alter action potential amplitude, repolarization time, excitabil-
ity, and conduction would contribute to various repolarization
changes—other than STE—on the surface 12-lead ECG very
early during MI evolution (ie, myocardial injury). This means
that examining STT waveforms (rather than ST segment alone)
is a more promising approach in MI detection. Our results are
congruent with these findings and show that T-wave com-
plexity ratio demonstrates greater repolarization complexity

among NSTEMI (ie, myocardial injury), but not UA (ie,
ischemia), when compared to all other chest pain subjects.

To date, current guidelines do not precisely describe the
evolution of ischemic ECG changes associated with NSTEMI,
and there are few clinical studies on the topic.7 Notably, the
work by Nikus et al. that demonstrates that ST depression—
in conjunction with T-wave inversion—in NSTEMI correlates
with significant left main coronary disease and subsequent
MACE.22,23 This makes sense given that significant left main
coronary disease is more likely to result in profound injury
currents and subsequent ST changes. However, as demon-
strated by our analysis, NSTEMI does not necessarily include
significant left main involvement, and hence ST depression,
with or without T-wave inversion, has poor sensitivity to
detect myocardial injury (ie, NSTEMI) and is not an indepen-
dent predictor of MACEs. A simple measure of repolarization
heterogeneity (ie, T-wave complexity) that is sensitive to
global changes in action potential amplitude, repolarization
time, excitability, and conduction would then be more likely to
detect NSTEMI.

Human data from experimental models support the finding
that ischemic injury leads to VRD.9,10 In a recent experiment
that examined the evolution of different temporal and spatial
VRD indices during artificially induced transmural ischemia in
95 patients undergoing PCI, dynamic ECG changes were
recorded during and after 5-minute balloon inflation in each of
the dominant coronary arteries.10 Moreover, repolarization
time and complexity were found to change significantly within
2 minutes after balloon inflation (and disappear immediately
after balloon deflation), which indicates the transient nature of
such changes.8 Our findings demonstrate that T-wave

A B

Figure 3. Physiological correlates and classification performance of VRD. A, Scatter plot and best-fit linear regression mean between peak
troponing level at ED and baseline T-wave complexity from Holter ECG among NSTEMI cases (n=92). B, ROC showing point coordinates of
T-wave complexity to classify NSTEMI events; vertical line shows ROC-optimized cut-off point. AUC indicates area under the curve; ECG,
electrocardiogram; ED, emergency department; MACE, major adverse cardiac events; NSTEMI, non-ST elevation myocardial infarction; ROC,
receiver operator characteristics; VRD, ventricular repolarization dispersion.
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complexity changes persist in NSTEMI patients throughout
the initial 60 minutes of ED admission, when patients are
usually waiting for cardiac enzyme results. This is a time
window in which treatments to restore coronary perfusion
might be administered to those at greater risk of adverse
events. There is an opportunity for this change in approach,
given that only 25% of those with increased repolarization
complexity in this study were treated by PCI.

In our data, overall repolarization complexity is higher (22%
vs. 11%), compared to other general populations,11 perhaps
because nearly 65% of our sample have some degree of
cardiovascular disease. This is expected given that other

physiological (eg, CAD) and psychological (eg, depression)
factors besides ischemia can induce nonspecific STT
changes.24 However, despite the nonspecific repolarization
changes observed in our sample at baseline, myocardial
ischemia resulted in clear increases in T-wave complexity ratio
between groups for more than 60 minutes, confirming that
ischemia-induced changes in repolarization complexity are
significantly greater than other nonspecific factors in the
context of chest pain.

Nevertheless, our data show a simple linear relationship
between magnitude of T-wave complexity and peak troponin
levels. Despite the modest correlation (R2=17%), there seems
to be a logical association between magnitude of repolariza-
tion heterogeneity and degree of ischemic myocardial necro-
sis. Along with multiple other potential factors, this can
explain the ability of T-wave complexity to identify inhospital
MACE in our data. Further research is needed to fully
understand the clinical utility of VRD in quantifying the
ischemic burden and guiding the selection of therapy in high-
risk NSTEMI patients.

Clinical Implications
The flow of electrical currents across the boundaries between
the ischemic and nonischemic zones (ie, injury currents;
Figure 1B, right) seems to precipitate changes in repolariza-
tion time, excitability, and conduction in most patients with
acute coronary events (phases 2 and 3 of action potential [or
STT complex]).25 Our data suggest that T-wave complexity is

Table 2. Clinical and Electrocardiographic Predictors of
NSTEMI and MACE

Univariate
OR (95% CI)

Multivariate
OR (95% CI)

Predictors of NSTEMI upon ED admission*

Baseline characteristics

Age (per 10-year
increment)

1.2 (1.0 to 1.5) NS

Clinical diagnostics

HDL (per 5 unit
increment)

0.90 (0.77 to 0.95) NS

Creatinine (per 0.1
unit increment)

1.05 (1.01 to 1.09) NS

Ejection fraction (per
10% increment)

0.63 (0.51 to 0.79) NS

Presenting 12-lead ECG

Any ST depression 2.7 (1.4 to 5.1) NS

T wave complexity
(per 1% increment)

1.03 (1.02 to 1.05) 1.03 (1.01 to 1.05)

Predictors of MACE during hospitalization†

Baseline characteristics

Male sex 2.7 (1.0 to 7.2) NS

Known CHF 4.1 (1.4 to 12.0) NS

Clinical diagnostics

Creatinine (per 0.1
unit increment)

1.05 (1.01 to 1.09) NS

B-type natriuretic
peptide (per 100
units)

1.11 (1.05 to 1.12) NS

Presenting 12-lead ECG

Any ST depression 2.3 (0.8 to 5.9) NS

T-wave complexity
(per 1% increment)

1.04 (1.01 to 1.06) 1.04 (1.01 to 1.06)

CHF indicates congestive heart failure; CI, confidence interval; ED indicates emergency
department; HDL, high-density lipoprotein; MACE, major adverse cardiac events; NS, not
significant; NSTEMI, non-ST elevation myocardial infarction; OR, odds ratio.
*Hosmer–Lemshow chi-square=9.09; P=0.34.
†

Hosmer–Lemshow chi-square=10.87; P=0.21.

Figure 4. Kaplan-Meier events probability curves
for in-hospital major adverse cardiac events
(MACE). This figure compares time-to-MACE
between those with T-wave complexity below
0.26 (n=250) and above or equal to 0.26
(n=119). HR indicates hazard ratio.
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sensitive to such ischemic repolarization changes, which
explains why ST changes (phase 2 only of action potential)
may not always evolve during nontransmural myocardial
injury. For example, Figure 5 shows a case of a 70-year-old
Caucasian female with no known CAD who had no ST changes
on the presenting ECG. However, owing to recurrent angina
that precipitated transient ventricular arrhythmia, she under-
went PCI (door-to-balloon time=4 hours) that showed 95%
occlusion in the proximal LAD. These findings logically
support the notion that distortion of the T wave occurs
before any ST-segment displacement (ie, more sensitive to
early myocardial injury), suggesting that T-wave complexity
can play a significant role in detecting acute coronary events
in chest pain patients.

The issue of NSTEMI detection is complex. In contrast to
STEMI, in which most patients have ongoing ischemia, in
NSTEMI there are fluctuations. Actually, a large part of these
patients present after resolution of symptoms and ECGs are
recorded when the patient does not have active ischemia,
which might explain the moderate sensitivity (57%) of T-wave
complexity reported in this study. To make things even more
complicated, patients may be observed during a short episode
of ischemia that does not result in leak of troponin. This is
demonstrated in our data where T-wave complexity correlates
with myocardial injury (ie, NSTEMI), not myocardial ischemia
alone (ie, UA), which explains the relatively stable trends in
T-wave complexity during initial ED presentation (Figure 2).
Finally, it has been demonstrated that continuous ECG
recording, especially when there are fluctuations in the
patient’s symptoms, may detect subtle changes that other-
wise could be overlooked.26 Our data support these recom-
mendations and suggest that performing continuous ECG
monitoring (�60 minutes) can help rule out low-risk patients
with a negative predictive value up to 84%.

Limitations and Future Research
Our findings are based on a single measure of global VRD in a
selected high-risk patient population suspected of coronary
ischemia and needs to be validated in larger or less-selected
cohorts. We used our data as a testing set only (hypothesis
generating); this approach should be validated for prospective
identification of NSTEMI. Of note, T-wave complexity is not
exclusively specific to ischemia. Other conditions that result
in local or regional disparity of repolarization (eg, regional
autonomic nerve excitement, local conduction block or
slowing, localized necrosis, and so on) can also alter T-wave
complexity. As such, future studies should (1) evaluate
multiple VRD indices in prediction models to determine the
best, most stable predictive tool; using multiple parameters
that describe various aspects of spatial and temporal
heterogeneity in ventricular repolarization may improve the

Figure 5. Baseline Holter ECG and corresponding
VRD trend in a selected patient. A case of a 70-year-old
female with no previous history of CAD, HTN, or DM.
Initial troponin was 10.4 ng/dL, but there was no
significant ST changes on admission ECG. She experi-
enced nonsustained ventricular tachycardia and was
sent to the catheterization lab 4 hours after her initial
presentation. Angiography revealed 95%, 80%, and 30%
occlusions in the LAD, LCx, and RCA coronary arteries.
CAD indicates coronary artery disease; DM, diabetes
mellitus; ECG, electrocardiogram; HTN, hypertension;
LAD, left anterior descending coronary artery; LCx, left
circumflex coronary artery; RCA, right coronary artery;
VRD, ventricular repolarization dispersion.
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sensitivity and specificity of this method to detect ischemia-
induced changes in VRD; (2) explore the impact of medical
interventions that can relieve symptoms (ie, oxygen and
nitrates) on the evolution of VRD patterns; and (3) evaluate
the clinical utility of VRD indices to prioritize selection of high-
risk candidates for early PCI. Nevertheless, given the wide CIs
in our backward elimination modeling technique, it is possible
that some potentially important variables were removed
owing to lack of significance, but this lack of significance may
be owing to small sample size. Our results need to be
validated in larger, prospective studies.

Conclusions
In this study, we report that, compared to ST deviation, a
simple measure of global VRD on the presenting 12-lead ECG
is more sensitive—yet still specific enough—to detect and
quantify nonlocalized ischemic injury in NSTEMI, which
suggests a potential benefit in detecting and risk stratifying
chest pain patients very early during evaluation. Automated
measures of T-wave complexity can be easily incorporated in
manufacturer-specific devices for real-time display for imme-
diate clinical decision support. This early detection not only
has the potential to expedite treatment decisions, but also
may reduce unnecessary loss of myocardial tissue in patients
with chest pain and no STE.
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