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Heart Rhythm Disorders

Anger-Induced T-Wave Alternans Predicts
Future Ventricular Arrhythmias in Patients
With Implantable Cardioverter-Defibrillators

Rachel Lampert, MD, FACC,* Vladimir Shusterman, MD, PHD,† Matthew Burg, PHD,*‡
Craig McPherson, MD, FACC,* William Batsford, MD,* Anna Goldberg, BS,†
Robert Soufer, MD, FACC*‡

New Haven and West Haven, Connecticut; and Pittsburgh, Pennsylvania

Objectives This study sought to determine whether T-wave alternans (TWA) induced by anger in a laboratory setting predicts
future ventricular arrhythmias in patients with implantable cardioverter-defibrillators (ICDs).

Background Anger can precipitate spontaneous ventricular tachycardia/ventricular fibrillation and induce TWA. Whether
anger-induced TWA predicts future arrhythmias is unknown.

Methods Sixty-two patients with ICDs underwent ambulatory electrocardiography during a mental stress protocol, 3
months after the ICD was implanted. T-wave alternans was analyzed using time-domain methods. After a �1
year follow-up, ICD stored data was reviewed to determine incidence of ICD-terminated ventricular tachycardia/
ventricular fibrillation.

Results Patients with ICD-terminated arrhythmias during follow-up (n � 10) had higher TWA induced by anger, 13.2 �V (inter-
quartile range [IQR] 9.3 to 16 �V), compared with those patients without future ventricular arrhythmias, 9.3 �V (IQR
7.5 to 11.5 �V, p � 0.01). Patients in the highest quartile of anger-induced TWA (�11.9 �V, n � 15) were more
likely to experience arrhythmias by 1 year than those in the lower quartiles (33% vs. 4%) and during extended
follow-up (40% vs. 9%, p � 0.01 for both). In multivariable regression controlling for ejection fraction, prior clinical
arrhythmia, and wide QRS, anger-induced TWA remained a significant predictor of arrhythmia, with likelihood in the
top quartile 10.8 times that of other patients (95% confidence interval: 1.6 to 113, p � 0.05).

Conclusions Anger-induced TWA predicts future ventricular arrhythmias in patients with ICDs, suggesting that emotion-
induced repolarization instability may be 1 mechanism linking stress and sudden death. Whether there is a clini-
cal role for anger-induced TWA testing requires further study. (J Am Coll Cardiol 2009;53:774–8) © 2009 by
the American College of Cardiology Foundation

ublished by Elsevier Inc. doi:10.1016/j.jacc.2008.10.053
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vidence linking strong emotion and sudden cardiac death
ontinues to mount. Sudden death increases during emo-
ionally devastating disasters such as earthquakes (1). In
atients with implantable cardioverter-defibrillators (ICDs),
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entricular tachycardia/ventricular fibrillation (VT/VF) in-
reased in the emotional weeks following the World Trade
enter attacks in 2001 (2). Further, anger precipitates

pontaneous VT/VF among patients with ICDs (3). The
hysiologic pathways through which emotion can trigger
rrhythmia, however, remain incompletely understood.

See page 779

Recently, we (4) and Kop et al. (5) demonstrated that anger,
nduced in a laboratory setting, can increase T-wave alternans
TWA). T-wave alternans is a marker of repolarization insta-
ility (6) that immediately precedes development of VF in
nimal models (6,7) and in patients (8), suggesting that TWA
ay be mechanistically related to arrhythmia. Further, TWA
easured during exercise (9) or atrial pacing (10) predicts
ulnerability to ventricular arrhythmias. To test the hypothesis
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hat TWA induced by anger will similarly predict future
T/VF, we measured TWA during a laboratory mental stress
rotocol in patients shortly after ICD implantation and pro-
pectively evaluated the incidence of spontaneous sustained
T/VF requiring ICD-termination in follow-up.

ethods

atient population. Patients were recruited from the Yale
lectrophysiology practice who had coronary artery disease

�75% narrowing of �1 artery or documented infarction)
r dilated cardiomyopathy and a standard indication for
CD implantation. Patients with atrial fibrillation, diag-
osed psychiatric or cognitive disorders, inability to speak
nglish, class IV congestive heart failure, or medical co-
orbidities associated with a likelihood of death within 2

ears were excluded. Seventy-one appropriate patients re-
eiving ICDs between December 2000 and September 2004
greed to participate and underwent the protocol. In 7
atients, noise precluded TWA analysis in �1 stage. Two
atients failed to complete 1 year of follow-up (1 death due
o unknown cause, 1 heart transplant). Data from the
emaining 62 are included. Clinical variables were collected
hrough chart review. The study was approved by the Yale

uman Investigation Committee, and all patients provided
ritten informed consent.
ental stress protocol. Patients underwent laboratory
ental stress testing in the morning, before their first

cheduled ICD follow-up, which was 3 months after im-
lantation. Patients took all usual medications. Pacing was
rogrammed VVI, 40 beats/min, with subsequent sinus
hythm with native atrial to ventricular conduction in all
atients. Our mental stress protocol was described in detail
reviously (4). Briefly, conditions included resting baseline,
ental arithmetic (serial subtraction of 7), second baseline,

nd anger recall.
epolarization analysis. Methods for repolarization anal-

sis were described in detail previously (8). Ambulatory
lectrocardiographs with modified V1 and V5 leads were
ecorded (bipolar pairs) on GE Medical (Milwaukee,

isconsin) Marquette Series 8500 direct (amplitude-
odulated) recorders (flat frequency response; linear phase

etween 0.67 and 50 Hz [�3 dB]; digitized at 400-Hz
ampling frequency, effective resolution 2.5 �V). A single
ead (with largest magnitude T-wave) was analyzed for each
ubject throughout.

A previously validated program for adaptive baseline
orrection (8) was applied to assure accurate detection of the
soelectrical line. The QRS complexes were classified using
ustom software and verified by an experienced technician.
fter exclusion of ectopics, series of consecutive sinus beats
ere processed to identify fiducial points (8).
The dynamics of TWA were examined using 2 indepen-

ent time-domain techniques: intrabeat average and modi-
ed moving average analyses (7,8). Modified moving aver-

ge reports a maximum difference during repolarization i
etween beats, whereas intrabeat
verage reports the average dif-
erences and hence, results in
ower absolute values for TWA.
lthough not identical, these al-

orithms have performed simi-
arly in previous validation stud-
es (8). Because the correlation
oefficient between modified
oving average–derived and in-

rabeat average– derived TWA
as 0.72, and results of analyses were similar, only intrabeat

nalysis results are presented.
ollow-up. Each patient’s ICD was interrogated at least
very 3 to 6 months by telephone and/or in clinic. Review of
tored electrograms and event details identified occurrence
f ICD-treated sustained VT/VF episodes.
tatistical analysis. Patients with ICD-treated, confirmed
T/VF during follow-up were compared by t test with

hose without VT/VF on the magnitude of TWA during
aseline, anger, and arithmetic. The relationship between
WA at each stage and incidence of VT/VF in follow-up
as evaluated with logistic regression. Subsequent models

ncluded clinical variables. All models included adjustment
or heart rate during the TWA analysis period and length of
ollow-up.

Because anger-induced TWA showed the strongest as-
ociations with future VT/VF, in further analyses we com-
ared patients in the top quartile of anger-induced TWA
ith all other patients on incidence of ICD-treated, con-
rmed VT/VF during follow-up using the chi-square test
nd by construction of Kaplan-Meier survival curves. This
pproach was used in previous studies of TWA (11) and in
nalogous studies of other stress-induced cardiac changes
12). Logistic regression was also performed to adjust for
linical variables demonstrating associations with higher
nger-induced TWA and/or future VT/VF.

All analyses were performed with JMP 5.0 software (SAS
nstitute, Cary, North Carolina).

esults

atient population. Patient characteristics are shown in
able 1. During a median follow-up of 37 months (inter-
uartile range [IQR] 25 to 47 months, range 12 to 75
onths), 10 patients experienced ICD-terminated VT/VF.
elationship between anger-induced TWA and arrhyth-
ias in follow-up. Overall, TWA during anger was

reater than baseline (Table 2). Patients with ICD-
erminated VT/VF during follow-up had higher TWA than
hose without at all stages, a difference greatest during
nger, with a median anger-induced TWA of 13.2 �V
IQR 9.3 to 16 �V), compared with 9.3 �V (IQR 7.5 to
1.5 �V, p � 0.01) in those without future VT/VF. In
egression analysis, TWA induced with anger predicted the

Abbreviations
and Acronyms

ICD � implantable
cardioverter-defibrillator

IQR � interquartile range

TWA � T-wave alternans

VT/VF � ventricular
tachycardia/ventricular
fibrillation
ncidence of ventricular arrhythmia
s requiring ICD termi-
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ation (R2 � 0.13, p � 0.01). Baseline TWA and
rithmetic-induced TWA also predicted future VT/VF but
ess strongly (R2 � 0.081, p � 0.05 and R2 � 0.07, p �
.05, respectively).
Patients in the top quartile of anger-induced TWA

TWA �11.9 �V, n � 15) were more likely to experience
CD-terminated VT/VF at 1 year than other patients (33%
s. 4%) and during extended follow-up (40% vs. 9%, p �
.01 for both comparisons) (Fig. 1). After controlling for
ength of follow-up, the likelihood of ICD-terminated
T/VF for those in the top quartile was 11 times that of the
ther patients (95% confidence interval [CI]: 2 to 98, p �
.01). Kaplan-Meier analysis is shown in Figure 2. The
ensitivity of anger-induced TWA was 60%, specificity
3%, positive predictive value 40%, and negative predictive
alue 92%. In analogous analyses of arithmetic-induced
WA, effects were similar but of smaller magnitude and/or

tatistical significance (data not shown).
elationship to heart rate and clinical variables. Heart

ate during anger did not differ between those in the top
ersus lower quartiles of anger-induced TWA (Table 1) and
id not predict future arrhythmia. Controlling for this factor
id not influence the relationship between anger-induced
WA and future VT/VF.

emographic and Clinical Characteristics inop and in Lower Quartiles of Anger-Induced TWA

Table 1 Demographic and Clinical Characteristics in
Top and in Lower Quartiles of Anger-Induced TWA

Top Quartile
(n � 15)

Lower Quartiles
(n � 47)

Age, yrs 65 � 3 62 � 2

Male sex 12 (80%) 41 (87%)

Coronary artery disease* 14 (93%) 42 (89%)

Ejection fraction, % 29 � 3 32 � 2

Ejection fraction �35% 12 (80%) 32 (68%)

History of prior clinical VT/VF† 6 (40%) 17 (36%)

Use of beta-blocker‡ 13 (87%) 41 (87%)

Use of sotalol 0 4 (9%)

Use of amiodarone 1 (7%) 6 (13%)

Use of any beta-blocking medication§ 14 (93%) 45 (96%)

QRS duration, ms 145 � 10 133 � 6

Heart rate with anger, beats/min 68 � 2 69 � 1

Heart rate change with anger, beats/min 4 � 1 7 � 1�

ICD rate cutoff for therapy, beats/min 172 � 4 175 � 2

Follow-up, months 40 � 4 37 � 2

alues expressed as mean � standard error or n (%). *Defined in Methods section; †sustained
entricular tachycardia or fibrillation; ‡excluding sotalol or amiodarone; §amiodarone, sotalol,
nd/or other beta-blockers; �p � 0.05 with all other p values nonsignificant (�0.15).
ICD � implantable cardioverter-defibrillator; TWA � T-wave alternans; VT/VF � ventricular

achycardia/ventricular fibrillation.

TWA During Laboratory Mental Stress

Table 2 TWA During Laboratory Mental Stre

Baseline 1 Arithm

All subjects 9.7 (7.6–11.2) 9.8 (7.2–

With VT/VF 12.9 (8.5–16.4)† 13 (11.7

No VT/VF 9.2 (7.4–11.0) 9.3 (7.1–

Data are presented as median (interquartile range). *p � 0.001 for co

0.01, ‡p � 0.05 for between-group comparison of those with versus without

Abbreviations as in Table 1.
There were no significant clinical differences between
op-quartile patients and all others (Table 1). Also, there
ere no significant associations between these variables and

he magnitude of anger-induced TWA, although ejection
raction �35%, QRS width �120 ms, and a history of prior
linical VT/VF showed nonsignificant associations. Among
linical variables, only prior clinical VT/VF was associated
ith ICD-terminated VT/VF (nonsignificant trend with

ower ejection fraction).
In multivariable regression analysis controlling for ejec-

ion fraction, VT/VF history, and wide QRS (and heart rate
nd length follow-up), anger-induced TWA remained a
ignificant predictor of ICD-terminated VT/VF (Table 3),
ith the odds of ICD-terminated VT/VF in follow-up in

he top-quartile group 10.8 times that of other patients
95% CI: 1.6 to 113, p � 0.05).

iscussion

n this study, higher magnitudes of TWA during laboratory
nger-recall predicted future VT/VF requiring ICD termi-
ation in a population at risk for sudden death. This
ssociation was independent of clinical factors predisposing
atients to higher levels of TWA, and/or higher risk of
T/VF. Emotion can precipitate ventricular arrhythmias

2,3), and these findings suggest that emotion-induced

Figure 1 Event Rates

Event rates in patients with anger-induced T-wave alternans (TWA) in the top
quartile (gray bars) (n � 15, TWA �11.9 �V) compared with the lower quar-
tiles (black bars) (n � 47, TWA �11.9 �V).

Baseline 2 Anger

9.5 (6.5–11.6) 10.4 (8.1–11.9)*

)‡ 12.4 (7.9–14)‡ 13.2 (9.3–16)†

9.1 (6.1–11.3) 9.3 (7.5–11.5)

on anger versus baseline 2 for all subjects (paired comparison); †p �
ss

etic

12.4)

–14.8

11.3)

mparis

VT/VF in follow-up.
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ncreases in repolarization instability may link psychological
tress to sudden death.

Strong emotion increases sympathetic arousal (4), which
nfluences TWA. For example, stellectomy abolishes, while
tellate ganglion stimulation increases, TWA (13). Al-
hough heart rate is 1 important determinant of TWA,
WA induced with exercise (14) or with anger (15), which

ncreases heart rate due to autonomic effects, is greater than
hat with atrial pacing, implying non-heart rate–dependent
ffects of autonomic activity on repolarization. Intravenous
eta-blockade (16) decreases TWA magnitude, particularly
n the setting of an anger-like state (as shown experimen-
ally in dogs) (15), further emphasizing the role of beta-
drenergic receptors. In daily life, TWA on ambulatory
onitoring peaks at 8 AM (11), when catecholamine levels

re highest. Cardiovascular reactivity to stress in the labo-
atory reflects reactivity in daily life (17); thus, those patients
ith the highest anger-induced TWA in the laboratory are
ost likely to experience similar emotionally mediated
WA increases during daily life. As TWA precedes spon-

aneously occurring ventricular arrhythmias (8), these pa-
ients may have an increased likelihood of spontaneous
T/VF.
In many studies, exercise-induced TWA predicts subse-

uent arrhythmias (9), and TWA has been proposed as an
ndex for risk stratification for ICD implantation (18). This
s the first study demonstrating the prognostic significance
f anger-induced TWA, showing a negative predictive value
imilar to that for exercise-induced TWA (9). Analogously,
aboratory mental stress–induced ischemia predicts subse-
uent clinical ischemia with predictive values similar to
xercise (19). Thus, mental stress could provide an alterna-
ive to atrial pacing for patients unable to exercise.

T-wave alternans induced by atrial pacing shows poorer

Figure 2 Event-Free Survival

Kaplan-Meier survival curves depicting survival free from implantable cardio-
verter-defibrillator–treated ventricular arrhythmias in patients with anger-induced
T-wave alternans (TWA) in the top quartile compared with the lower quartiles.
redictive value than exercise (10,20). Coumel (21) de-
T

cribes that arrhythmogenesis involves the interaction of
yocardial substrate, triggering factors, and modulation by

he autonomic nervous system. Measurements of TWA
nvolving autonomic stimulation such as exercise or anger,
hich characterize the myocardial substrate in the presence
f these modulating factors, may thus more accurately
eflect arrhythmic risk. The ability to mimic the real-life
ombination of emotional trigger and autonomic modula-
ion with substrate may also be why TWA induced by
nger, a common emotion previously shown to trigger
pontaneous VT/VF (3), was more closely associated with
uture VT/VF than baseline or arithmetic-induced TWA.

Few prospective studies have examined the predictive
alue of TWA using time-domain methodology. Although
bsolute values differ between time-domain and spectral
nalysis, results correlate closely (8,22). T-wave alternans
easured in the time-domain during exercise-testing pre-

icts arrhythmic, cardiovascular, and all-cause mortality
23). Time-domain analysis, robust in the presence of signal
onstationarity, heart rate changes, and noise, can quantify
WA from ambulatory recordings (7,8) and thus may
roaden the scope of TWA testing (24).
tudy limitations. Most patients were taking beta-
locking medications, possibly blunting the magnitudes of
nger-induced TWA (15,16). However, performing the
nger protocol in the presence of chronic medications may
ore accurately characterize the daily life interaction of

rigger, milieu, and substrate. Also, the sample size and
umber of events was small, and these data should be
iewed as hypothesis generating. Whether patients who
greed to participate may differ from the overall population,
reating a selection bias, cannot be determined. Larger
tudies may more definitively establish the predictive value
f anger-induced TWA. Further, the programming of
CDs was not uniform. Although the rate cutoffs did not
iffer between high- and low-anger TWA groups, the
ossibility that differences in detection times or pro-
rammed treatment may have contributed to the findings
annot be excluded.

onclusions

nger-induced TWA predicts future VT/VF in patients
ith ICDs, suggesting that emotion-induced repolarization

nstability may be 1 mechanism linking stress and sudden

redictive Value of Anger-Induced TWAnd Clinical Variables for Occurrence of VT/VF

Table 3 Predictive Value of Anger-Induced TWA
and Clinical Variables for Occurrence of VT/VF

Odds Ratio p Value
95% Confidence

Interval

Anger-induced TWA, top quartile 10.8 �0.05 1.6–113

Ejection fraction �35% 2.4 0.49 0.3–52

QRS �120 ms 0.11 0.02 0.02–1.3

History of prior clinical VT/VF 5.8 0.15 0.6–83
he model included adjustment for heart rate and length of follow-up.
Abbreviations as in Table 1.
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eath. Whether there is a clinical role for anger-induced
WA testing requires further study.
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ardiology, 333 Cedar Street, FMP 3, New Haven, Connecticut
6520. E-mail: rachel.lampert@yale.edu.
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