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OBJECTIVES The main goal of this study was to determine whether induction of an angerlike state can
result in significant levels of T-wave alternans, a marker of electrical instability, in the normal
and ischemic heart.

BACKGROUND Outbursts of anger have been implicated in the occurrence of myocardial infarction and
sudden cardiac death, but the pathophysiologic mechanisms remain unknown.

METHODS A standardized behavioral challenge of eliciting an angerlike state was conducted before and
during a 3-min period of coronary artery occlusion in six canines.

RESULTS Precordial T-wave alternans increased from 0.04 6 0.02 at baseline to 1.40 6 0.32 mV 3 ms
(p , 0.05) during the angerlike response. When the angerlike state and myocardial ischemia
were superimposed, the augmentation in T-wave alternans magnitude (to 3.27 6 0.61 mV 3
ms, p , 0.05) exceeded their additive effects, increasing by 130% over the angerlike state
alone (p , 0.05) and by 390% over occlusion alone (p , 0.05). Adrenergic influences were
reduced by the beta1-adrenergic receptor blocking agent metoprolol (1.5 mg/kg, intravenous),
which diminished T-wave alternans magnitude (p , 0.0004 for all) during the angerlike
response (from 1.40 6 0.32 to 0.80 6 0.17 mV 3 ms) and during the combined intervention
(from 3.27 6 0.61 to 1.23 6 0.13 mV 3 ms). In five additional normal anesthetized canines,
atrial pacing at 180 beats/min did not increase T-wave alternans magnitude monitored from
lead II electrocardiogram.

CONCLUSIONS Provocation of an angerlike state results in T-wave alternans in the normal heart and
potentiates the magnitude of ischemia-induced T-wave alternans. Elevation in heart rate
during arousal does not appear to be the main factor in the development of alternans in the
normal heart but may be an important component during myocardial ischemia. Enhanced
adrenergic activity appears to mediate the effects in both the normal and ischemic hearts.
T-wave alternans may constitute a useful electrophysiologic measure for clinical use in
conjunction with behavioral stress testing or ambulatory monitoring. (J Am Coll Cardiol
2001;37:1719–25) © 2001 by the American College of Cardiology

The emotional state of anger has been implicated in the
precipitation of myocardial infarction (MI) (1,2), myocar-
dial ischemia (3–6) and life-threatening ventricular arrhyth-
mias, including sudden cardiac death (1,7,8). Mittleman et
al. (1,9) reported an important association between out-
bursts of anger with nonfatal MI and sudden cardiac death.
Reich et al. (7) determined that anger preceded episodes of
arrhythmia in 15% of patients with recurring life-
threatening arrhythmias. Availability of noninvasive tech-
niques to evaluate vulnerability to malignant arrhythmias
could facilitate assessment of the risk of sudden cardiac
death (10).

Measurement of T-wave alternans during diverse inter-
ventions in experimental animals indicates that this nonin-
vasive parameter offers significant promise for assessing
cardiac electrical instability and risk of ventricular arrhyth-
mias (11–15). We (13–15) demonstrated in a canine model
that the magnitude of T-wave alternans parallels the inci-

dence of ventricular tachyarrhythmias during myocardial
ischemia and reperfusion. Significant and consistent myo-
cardial ischemia-induced T-wave alternans is evident in
ambulatory electrocardiogram (ECG) recordings of patients
with stable coronary artery disease (16) during coronary
angioplasty (14) and in patients with implantable cardio-
verter defibrillators (ICD) during the mental challenges of
anger recall and arithmetic as well as during exercise (17).
During peak myocardial ischemia, alternans was sufficiently
prominent as to be visible in the precordial leads. Alterna-
tion was greatest in the first half of the T-wave, coinciding
with the established location of the vulnerable period of the
cardiac cycle (13,14), thereby suggesting an electrophysi-
ologic link between alternans and electrical instability (18).
Promising evidence of alternans’ suitability for arrhythmia
risk stratification in the moderate-risk post-MI population
has been provided in the ambulatory ECG-based Auto-
nomic Tone and Reflexes after Myocardial Infarction
(ATRAMI) study (19).

Other investigators have employed Fast Fourier Trans-
form analysis to demonstrate that the presence of microvolt,
nonvisible levels of T-wave alternans in high-risk (20–28)
and moderate-risk (29,30) patient populations was predic-
tive of arrhythmia-free survival. In these studies, myocardial
ischemia was not elicited, a fact that could account, in part,
for the lower levels of T-wave alternans reported than
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observed in our studies. The possibility remains that alter-
nans was sizeable just before the onset of the arrhythmia in
the follow-up months, as has been observed experimentally
during transition from macroscopic alternans to ischemia-
induced ventricular tachyarrhythmias (13–15,31).

In this investigation, we examined the effect of provoking
an angerlike state on vulnerability to cardiac arrhythmias as
tracked by T-wave alternans magnitude using a standard-
ized experimental paradigm of confrontation by canines
over access to food (32). The effect of superimposing the
intense angerlike behavioral state during myocardial isch-
emia induced by coronary artery occlusion was also evalu-
ated. The contributions of elevated heart rate and adrenergic
influences to T-wave alternans magnitude were investigated
by fixed-rate atrial pacing and administration of the beta1-
adrenergic agent metoprolol.

METHODS

Animal preparation and data acquisition. Six adult mon-
grel dogs (24.6 kg to 34 kg) of either gender, preselected for
a positive angerlike response by simulating experimental
conditions, were studied according to the principles and
regulations of the National Institutes of Health and the
American Heart Association, and protocols were approved
by the Institutional Animal Care and Use Committee.
Before the experiment, the animals were chronically instru-
mented under inhalation anesthesia with isofluorane after
tranquilization with acepromazine (0.05 mg/kg, intramus-
cular) and induction of anesthesia with pentobarbital so-
dium (20 to 30 mg/kg, intravenous). After left thoracotomy
and suspension of the heart in a pericardial cradle, a toroidal
balloon occluder (R.E. Jones, Silver Spring, Maryland) was
placed proximal to a rigid Doppler flow probe (Craig
Hartley, Houston, Texas) on the midleft anterior descend-
ing (LAD) coronary artery. Disruption of pericoronary
nerves was minimized. Electrical wires and tubing were
exteriorized via a subcutaneous tunnel to the posterior
aspect of the thorax. The chest was closed, and the animals
were allowed to recover for at least three weeks.

On the morning of the experiment, after methohexital
sodium (12 mg/kg, intravenous, Eli Lilly, Indianapolis,
Indiana), an ultrashort-acting barbiturate, was adminis-
tered, a solid-state arterial blood pressure catheter was
introduced. Bupivicaine (0.25%), a long-acting local anes-
thetic, was injected subcutaneously in the inguinal area
before placement of a 5F sheath in either the right or left
femoral artery using a modified Seldinger technique. A 5F

Millar pressure catheter was introduced through the sheath
into the descending aorta. The recovery period was 90 to
120 min. Electrocardiogram leads V4 and V5, hemodynamic
and Doppler flow analog signals were collected, low-pass
filtered at 50 Hz and then digitized at a rate of 500
samples/s for each channel of data. Rate-pressure products
were calculated on a beat-by-beat basis.
Induction of angerlike state with and without myocardial
ischemia. An angerlike behavioral state was provoked ac-
cording to methods previously reported (32). Briefly, the
instrumented animal was restrained by a leash and presented
with a dish of food that was then placed just out of the
animal’s reach. A “provoker” dog, similarly restrained, was
brought into the room and initially allowed to eat the food,
which was then placed equidistant between the animals.
Typically, both animals displayed an intense, angerlike
behavioral response characterized by growling, baring of
teeth and piloerection that persisted for the duration of time
that the animals were in each other’s presence (3 min). At
no time were the animals permitted to come into contact.
Ten-minute rest periods followed each intervention.

Both preconditioning and control occlusions of the cor-
onary artery were produced for 3 min by inflating the
toroidal balloon occluder and documenting zero Doppler
flow. No arrhythmias occurred during balloon deflation.
After a 10-min rest period, the LAD was again occluded.
After 1 min of coronary artery occlusion, the angerlike state
was again induced, and both coronary artery occlusion and
the angerlike response were continued for an additional
2 min. The confrontation was terminated and the occlusion
slowly released.
Beta-adrenergic receptor blockade. Metoprolol (1.5 mg/kg,
intravenous, Geigy, Ardsley, New York) was then admin-
istered, and completeness of beta-adrenergic blockade was
assessed frequently with isoproterenol (2 mg/kg, intra-
venous, Sanofi Winthrop, New York, New York) (33). The
sequence of the angerlike response, coronary artery occlu-
sion and coronary artery occlusion plus the angerlike state
was then repeated.
Right atrial pacing in anesthetized animals. It was not
feasible to conduct rapid atrial pacing in resting conscious
animals to match the heart rates achieved during arousal
because of vagally mediated heart block and the possibility
of disrupting the behavioral state due to hypotension and
somatosensory feedback. Therefore, we studied the effects
of pacing in seven normal canines pre-anesthetized with
xylazine (0.237 mg/kg, subcutaneous) and anesthetized with
alpha-chloralose (150 mg/kg, intravenous, with subsequent
doses of 600 mg) according to standard procedures (15).
Heart rate was maintained constant at 180 beats/min by
fixed-rate pacing by delivering constant current stimuli from
a pair of stainless steel needle electrodes inserted into the
right atrial appendage through a fourth interspace thoracot-
omy incision. The current intensity was twice the diastolic
threshold. Modified lead II ECG signals were recorded for
5 min at baseline and during pacing and were low-pass

Abbreviations and Acronyms
ECG 5 electrocardiogram
ICD 5 implantable cardioverter defibrillator
LAD 5 left anterior descending
LV 5 left ventricular
MI 5 myocardial infarction
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filtered at 50 Hz. Because of heart block, two animals could
not be paced atrially at the desired rate, leaving five animals
to be included in the analysis.
T-wave alternans analysis. Complex demodulation, a type
of spectral analysis that treats the T-wave as a sinusoid of
slowly varying amplitude and phase, was employed to
analyze T-wave alternans magnitude (13–17,34). Because
this analytical method is relatively tolerant of nonstationary
data, independent of phase-shift perturbations and requires
,30 s of data, it is well-suited to quantifying the effects of
transient events, such as surges in autonomic nervous system
activity, that may last ,1 min while having marked effects
on cardiac electrical instability (34).
Statistical analysis. Statistical analysis with Excel and SAS
by two-tailed, four-way analysis of variance (ANOVA) was
used to examine the overall effects of anger, occlusion and
metoprolol on each of the variables (alternans, heart rate,
blood pressure and rate-pressure product) (Fig. 1, Table 1).
Further comparisons between each of the experimental
conditions were analyzed using a one-way ANOVA with
Tukey’s studentized range test to correct for multiple

comparisons (Fig. 1, Table 1). Least squares analysis was
used to form the regression line for the plots of T-wave
alternans magnitude against the associated heart rates, and
lack of differences in the slopes of the regression lines was
determined by ANOVA (Fig. 2). Values are presented as
mean 6 SEM with significance at p , 0.05.

Figure 1. T-wave alternans magnitude increased significantly from base-
line (0.04 6 0.02 mV 3 ms) during induction of an angerlike behavioral
state alone (to 1.40 6 0.32, p , 0.05) and with simultaneous myocardial
ischemia and angerlike response (to 3.27 6 0.61, p , 0.05). The 3-min
periods of ischemia were insufficient to increase T-wave alternans signifi-
cantly from baseline (to 0.67 6 0.09 mV 3 ms, p 5 NS). Concurrent
provocation of the angerlike state and imposition of myocardial ischemia
increased T-wave alternans magnitude in excess of their additive effects
(p , 0.05). This amplification was blunted by beta-adrenergic blockade
with metoprolol (p , 0.0004 for all), which reduced T-wave alternans at
baseline (to 0.04 6 0.01) during the angerlike state (to 0.80 6 0.17) during
myocardial ischemia (to 0.55 6 0.11) and during simultaneous myocardial
ischemia and angerlike response (to 1.23 6 0.13). Open bars 5 no drug;
solid bars 5 metoprolol. *p , 0.05.

Table 1. Effect of Provocation of an Angerlike State on Heart Rate, Blood Pressure and Rate-Pressure Product

Heart Rate
(beats/min)

Mean Arterial Pressure
(mm Hg)

Rate-Pressure Product
(beats/min 3 mm Hg)

No Drug Metoprolol No Drug Metoprolol No Drug Metoprolol

Baseline 111 6 2 88 6 6 124 6 5 117 6 9 13,741 6 748 10,531 6 1,202
Angerlike state 181 6 7* 158 6 6* 162 6 8* 144 6 14 29,544 6 2,427* 22,437 6 2,123*
Occlusion 102 6 3 94 6 8 116 6 7 114 6 9 11,931 6 1,087 10,667 6 1,249
Angerlike state and occlusion 192 6 13* 164 6 5* 160 6 7* 141 6 10 30,940 6 2,548* 22,818 6 3,560*

p

*p , 0.05 with Tukey test correction for multiple comparisons with respect to baseline no drug, except where brackets indicate comparison. The results of the overall analysis
of variance are presented in the Results section.


p



p



p



p


Figure 2. There is a positive, statistically significant correlation (p , 0.01)
between increased heart rate and T-wave alternans level during induction
of the angerlike state before (upper left panel) and during left anterior
descending coronary artery occlusion (upper right panel). The slope of
each line is significantly elevated above the horizontal (p , 0.0003).
Beta-adrenergic blockade with metoprolol did not produce a significant
decrease in the slope of the heart rate/alternans relationship (middle
panels). Right atrial pacing did not increase T-wave alternans magnitude
in lead II over baseline in five anesthetized canines (0.129 6 0.026 mV 3
ms at spontaneous baseline rate of 107 6 6 beats/min vs. 0.158 6 0.023 mV 3
ms at 180 beats/min; slope vs. baseline, p , 0.47, lowest panel). The r2 values
are: upper right panel 5 0.739; upper left panel 5 0.628; middle left
panel 5 0.764; middle right panel 5 0.959; lowest panel 5 0.118. These
results suggest an association, but not necessarily a causal relationship, between
elevated rate and T-wave alternans, as discussed in the text.
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RESULTS

Heart rate and arterial blood pressure response to anger-
like state and myocardial ischemia. The angerlike behav-
ioral state and the superimposition of the angerlike response
during myocardial ischemia significantly increased heart rate
(p , 0.0001) and arterial blood pressure (p , 0.0001) and,
as a result, more than doubled the rate-pressure product
(p , 0.0001, Table 1). Heart rate and arterial blood pressure
did not increase significantly with 3 min of myocardial
ischemia (p 5 NS). Metoprolol administration blunted the
anger-induced increase in heart rate (p , 0.0003) and
rate-pressure product (p , 0.0002), both with and without
ischemia, and reduced the effect of arousal on blood pressure
(p , 0.03).
Effect of angerlike state and myocardial ischemia on
T-wave alternans magnitude. The angerlike response
alone significantly increased the magnitude of T-wave
alternans (Fig. 1). While alternation occurred across the
ST-segment and T-wave, as in previous studies (13,14),
the maximum changes in alternans level occurred during the
first half of the T-wave. Induction of 3 min of the angerlike
response alone increased the degree of alternans similarly to
a 3-min duration of myocardial ischemia produced by
coronary artery occlusion alone. The superimposition of an
intense angerlike response during a brief period of
occlusion-induced myocardial ischemia produced an in-
crease in T-wave alternans that was in excess of their
additive effects. These combined challenges increased alter-
nans magnitude by 130% over the angerlike state alone (p ,
0.05) and by 390% over occlusion alone (p , 0.05). The
increase in heart rate correlated with the increase in T-wave
alternans magnitude during arousal with and without cor-
onary artery occlusion (Fig. 2, top panels). Striking augmen-
tation in T-wave alternans preceded ventricular fibrillation
in one animal when the angerlike response was provoked
during occlusion-induced myocardial ischemia (Fig. 3). The
arrhythmia did not occur during either the angerlike state or
coronary artery occlusion alone or after beta-adrenergic
blockade in the same dog.

Administration of the beta1-selective adrenergic blocker
metoprolol significantly blunted the augmentation in
T-wave alternans resulting from the angerlike behavioral
state alone and from the superimposition of the angerlike
response on myocardial ischemia (Fig. 1). Metoprolol re-
sulted in a slight, but not statistically significant, decrease in
the slope of the relationship between heart rate and T-wave
alternans (Fig. 2, middle panels).

Right atrial pacing in five normal, anesthetized canines to
180 beats/min, approximating the mean heart rate change
observed during arousal, did not result in a significant
increase in T-wave alternans level (Fig. 2, lowest panel).

DISCUSSION

Retrospective clinical studies of ventricular arrhythmias and
sudden cardiac death have identified profound emotional
stress, especially anger, as a trigger of arrhythmic events
(1,7,8). We employed a standardized, reproducible experi-
mental paradigm of provocation of an intense angerlike
behavioral state (32) to simulate the effect of intense
behavioral arousal on T-wave alternans, a measure of cardiac
electrical instability. This angerlike response elicits signifi-
cant increases in the magnitude of T-wave alternans in the
normal canine heart, suggesting that intense behavioral
stress induces a significant increase in vulnerability to
ventricular arrhythmias even without underlying myocardial
ischemia. Elicitation of the angerlike state during myocar-
dial ischemia increased T-wave alternans magnitude by
390% over that observed during myocardial ischemia alone,
evidence that the angerlike state strongly potentiates the risk
of ventricular fibrillation elicited by myocardial ischemia.
The absolute levels of T-wave alternans observed in the
present investigation are lower than those reported in our
previous studies (13–15) because precordial, and not intra-
cavitary, ECGs were recorded. This lead placement atten-
uates the alternans signal magnitude in parallel to one sixth
(14).

The findings are in agreement with earlier studies of
cardiac electrical instability in animal models of stress that
showed a marked reduction in repetitive extrasystole thresh-
old, an invasive measure of cardiac vulnerability, during
induction of behavioral states simulating anger and fear in
dogs with either normal or ischemic hearts (35). The fact
that high-level alternans heralded the onset of ventricular
fibrillation triggered by the induction of anger during
myocardial ischemia in one of the six animals (Fig. 3) was
anticipated by our previous finding that T-wave alternans
magnitude correlates (r2 5 0.98) with the incidence of
ventricular tachyarrhythmias (14).
Role of heart rate. Given the significant sinus tachycardia
produced by aggressive arousal, it is reasonable to question
whether the heart rate elevation contributed to the observed
amplification in T-wave alternans magnitude (Fig. 1). A
positive, although not necessarily causal, relationship was
evident when alternans magnitude was plotted against heart

Figure 3. Segments of electrocardiogram tracings with measurements of
maximum T-wave alternans magnitude at baseline, during myocardial
ischemia, during angerlike state and with simultaneous angerlike state and
myocardial ischemia in one dog that experienced ventricular fibrillation at
42 s after provocation of angerlike response was superimposed at 1 min of
coronary artery occlusion.
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rate (Fig. 2). Several atrial-pacing studies suggest that the
elevation in heart rate produced by aggressive arousal in this
study is unlikely to be the sole factor responsible for the
sizeable increase in T-wave alternans in the normal heart.
We demonstrated that increasing heart rate from a sponta-
neous, baseline value of 107 6 6 beats/min to 180 beats/min
with right atrial pacing does not produce significant changes
in the level of T-wave alternans in normal, anesthetized
canines (Fig. 2, lowest panel). Adam et al. (11) determined
that rapid atrial pacing in normal, anesthetized animals to
the range of 200 beats/min, a level that is beyond the 181 6
7 beats/min average rate of the arousal-induced levels in this
study, did not produce any significant change in T-wave
alternans level in the surface ECG. Pastore and colleagues
(36) found in the Langendorff-perfused isolated guinea pig
heart that repolarization alternans could only be induced
above a critical threshold heart rate of 200 beats/min. Euler
et al. (37) demonstrated that alternans was induced in
normal, anesthetized canines only when the rate was ap-
proximately 200 beats/min or more and was associated with
mechanical pulsus alternans. The tachycardia-induced me-
chanical and electrical alternans were eliminated by sympa-
thetic nerve stimulation, presumably due to the positive
inotropic effect of neural release of catecholamines. Consis-
tent with this supposition is the finding that beta-adrenergic
blockade with timolol reversed the effect. In the present
study, the arterial blood pressure recordings did not indicate
the presence of mechanical alternans during aggressive
arousal.

During myocardial ischemia, rapid heart rates could play
a role in the increased T-wave alternans level and in cardiac
electrical instability because of compromised coronary dia-
stolic perfusion time and elevated cardiac metabolic require-
ments. In a prior study in anesthetized animals, we deter-
mined that rapid atrial pacing at 150 and 180 beats/min
increased the average T-wave alternans levels during
occlusion-induced myocardial ischemia by 68% and 148%,
respectively, over the level observed during spontaneous
rhythm, which ranged from 80 to 120 beats/min (14).

In humans, the presence of myocardial pathology results
in a heart rate dependence of T-wave alternans magnitude.
Hohnloser et al. (38) demonstrated that decreased pacing
cycle length produced a significant and comparable dose-
dependent increase in the T-wave alternans level in patients
with a history of ventricular tachyarrhythmias who were
referred for electrophysiologic study. They further demon-
strated a concordance between T-wave alternans magnitude
induced by invasive right atrial pacing and by noninvasive
bicycle ergometry for submaximal exercise testing. In pa-
tients referred for electrophysiologic testing or ICD implan-
tation, right atrial pacing (20,23,24,28) or bicycle ergometry
(21,22,25–27,29,30) carries predictive significance for
arrhythmia-free survival.

The effects of elevating heart rate on T-wave alternans in
definitively normal humans by right atrial pacing without

the confounding physiologic influences of exercise have not
been studied to our knowledge.
Role of beta-adrenergic receptors. This study implicates a
primary role for enhanced adrenergic input to the heart in
augmenting arousal-induced T-wave alternans and cardiac
electrical instability. The cardioselective beta1-adrenergic
antagonist metoprolol reduced the magnitude of T-wave
alternans during provocation of the angerlike response both
with and without concomitant myocardial ischemia by
62.4% and 42.9%, respectively. Only a 15% reduction in
heart rate accompanied this significant decrease in T-wave
alternans, suggesting that alternans magnitude is, at least in
part, attributable to influences other than heart rate. Partial
beta-adrenergic blockade with esmolol reduces the level of
T-wave alternans by 35% in individuals with inducible
sustained ventricular tachycardia during constant-rate atrial
pacing (39).

It is uncertain why metoprolol did not entirely eliminate
the augmentation in heart rate and T-wave alternans mag-
nitude that occurred with myocardial ischemia or with the
angerlike response, despite demonstration of completeness
of beta1-adrenergic receptor blockade by the absence of an
increase in heart rate in response to isoproterenol adminis-
tration. One possibility is that the dose of metoprolol given
did not completely block the effect of adrenergic influences
on T-wave alternans, and the absence of a heart rate
response to isoproterenol did not provide an accurate
measure of the incompleteness of beta1-adrenergic receptor
blockade. Since metoprolol is a competitive antagonist, the
pronounced release of norepinephrine at the beta-adrenergic
receptors during intense arousal may have overridden the
receptor blockade. An alternative explanation is that factors
in addition to sympathetic nerve activity contributed to the
development of T-wave alternans during the angerlike state.
One likely possibility is that aggressive arousal resulted in a
decrease in cardiac vagal tone. As vagus nerve activation has
been shown to suppress T-wave alternans in animals and
humans (18,40), reduction in vagal tone by behavioral stress
might conduce to T-wave alternans as well as to the residual
sinus tachycardia.

When sympathetic nerve stimulation is superimposed on
myocardial ischemia during fixed-rate atrial pacing at 150
beats/min, T-wave alternans magnitude and incidence of
myocardial ischemia-induced ventricular tachyarrhythmias
are increased beyond levels achieved by myocardial ischemia
alone (13–15). Similarly, the effects of sympathetic nerve
stimulation or behavioral arousal on the vulnerable period
threshold (41,42) and on the increased dispersion of repo-
larization (41) also appear to be independent of heart rate, as
they are manifest during fixed-rate pacing. Since there is
evidence that alternans provides a measure of temporospa-
tial heterogeneity of repolarization (31), it is reasonable to
anticipate that this phenomenon also exhibits a degree of
independence from rate in response to adrenergic influences
in both the normal and ischemic hearts (13,41). Recently,
covariance analysis disclosed that mental stress exerts an
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increase in T-wave alternans in humans with ICDs that is
partially independent of heart rate (17). This result differed
from the effects of exercise on alternans level (17), which
appeared to be largely rate-dependent, presumably due to
the fact that, until the exercise challenge exceeds rates of 120
beats/min, the release of catecholamines is relatively minor
(43).
Study limitations. Although the evidence provided indi-
cates that both enhanced adrenergic activity and sinus
tachycardia contribute to arousal-induced T-wave alternans
level, their relative contributions are unknown. The diffi-
culty in establishing the precise role of heart rate relates, in
part, to the inherent problem of heart block, which can
occur when the atrial-pacing rate is increased in the resting
animal to the high levels achieved during aggressive arousal.
There is also concern regarding the possibility of disrupting
the behavioral state due to hypotension and other somato-
sensory feedback mechanisms.

The electrophysiologic mechanisms responsible for
T-wave alternans and arrhythmias are complex and differ as
a function of the clinical conditions, ranging from ischemic
syndromes to heart failure, cardiomyopathy and chronic left
ventricular (LV) dysfunction (10,18,44,45). The present
experimental model does not incorporate chronic LV dys-
function which, when it occurs with or without ischemic
heart disease, is highly conducive to life-threatening ar-
rhythmias, a relationship that can be assessed by T-wave
alternans measurement (20–30). Because the electrophysi-
ologic basis for alternans in the context of chronic LV
dysfunction differs from that associated with acute myocar-
dial ischemia, the precise mechanisms involved probably
differ.
Conclusions and clinical implications. Provocation of an
intense angerlike state in canines increases the magnitude of
T-wave alternans to a greater degree than does a brief period
of myocardial ischemia. Superimposition of the angerlike
response during occlusion-induced myocardial ischemia po-
tentiates the increase in the magnitude of T-wave alternans
elicited by myocardial ischemia alone, further magnifying
the risk of ventricular arrhythmias in this setting. The
cardioselective beta1-adrenergic blocker metoprolol blunts
the magnitude of this increase in behavioral stress-induced
alternans, suggesting that adrenergic factors are, in part,
responsible for T-wave alternans during the angerlike re-
sponse. However, arousal-induced increases in heart rate are
likely to contribute in the setting of myocardial ischemia.

Noninvasive tracking of cardiac electrical instability using
T-wave alternans during behavioral stress testing or ambu-
latory monitoring may provide a means for screening or
monitoring individuals at risk for life-threatening arrhyth-
mias. This concept is supported by clinical literature indi-
cating that standardized clinical tasks including anger recall
and mental arithmetic, which exert profound influences
including myocardial ischemia and decreases in LV ejection
fraction in individuals with coronary artery disease
(3,4,46,47), also induce significant T-wave alternans in

patients with a history of tachyarrhythmias (17). T-wave
alternans testing could provide the additional dimension of
assessment of electrical instability in individuals known to
be at heightened risk for sudden cardiac death.
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