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ECG signatures of psychological stress
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Introduction

Acute psychological stress can lead to atrial and ventricular arrhythmias, but the
physiological pathways have not been fully elucidated. Signal processing techniques can
provide insight into electrophysiological mechanisms of stress-induced arrhythmia. T-wave
alternans, as well as other ECG measures of heterogeneity of repolarization, increases with
emotional and cognitive stress in the laboratory setting, and may also increase with stress in
“real life” settings. In the atrium, stress impacts components of the signal-averaged ECG.
These changes suggest mechanisms by which everyday stressors can lead to arrhythmia.

I. ECG Signatures of Psychological Stress in the Ventricle

Epidemiological and clinical studies demonstrate that psychological distress, defined as a
consciously experienced mismatch between expectations and the perceived environment
associated with aversiveness, [1] can trigger both ventricular and atrial arrhythmias. The
first epidemiological evidence linking acute stress and ventricular arrhythmias comes from
data showing increases in sudden cardiac death (SCD) during stress-inducing population
disasters such as earthquake or war. For example, increases in cardiovascular and sudden
death were reported during the Iraqui missile war in Israel in 1981, [2] as well during air
raids in Zagreb. [3] On the day of the earthquake in Northridge, CA, in 1994, there was a 6-
fold increase in SCD compared to days prior to and following the disaster. [4] These
reported sudden deaths during each of these population disasters were not related to physical
injury or other direct physical involvement, implying a role of psychological rather than
physical stress. SCD can be precipitated by ischemic or arrhythmic events, and the effects of
stress on ischemia have been long understood. However, data from ICD patients showing an
increase in ventricular arrhythmia after the World Trade Center attacks of 9/11/2001,
suggest that autonomic changes related to stress may directly modulate arrhythmogenesis.[5]

Clinical studies also show a link between stress and arrhythmia. We looked more directly at
the question of whether anger or other emotions can trigger ventricular arrhythmias using a
case-control study of ICD patients. In this study, patients were asked, whenever they
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received a shock from the ICD, to record in a diary their activities and emotions in the 15
minutes and 2 hours prior to ICD shock. They were then asked to fill out a similar diary one
week later at the same time of day to serve as controls. Anger levels were greater prior to
appropriate shock for ventricular arrhythmia than during control periods, demonstrating that
anger can trigger ventricular arrhythmias. [6] Overall, anger-triggered arrhythmias were
more likely to be polymorphic, PVC-initiated, and pause-dependent, characteristics
associated with lethality (see Figure 1). [7] Because this diary study relied on self-report of
anger, and because many individuals (one-third in some studies) [8] suppress the expression
of anger, which is associated with physiological changes, [8] it is possible that the impact of
anger on arrhythmia is even greater than seen here.

Signal processing techniques can provide insight into electrophysiological mechanisms of
stress-induced arrhythmia. Toivonen et al [9] used a human model of stress—the on-call
medical house officer—to look at QT changes during stress. QT intervals during periods of
arousal due to a page were compared to periods of rest with identical heart rates. They found
hysteresis of the QT interval during periods of stress, with longer QT during stress than rest,
similar to the QT hysteresis found during exercise. [10] Exaggerations of QT hysteresis with
exercise are thought to be one mechanism underlying sudden death in exercise, and could
similarly be a mechanism of stress-related SCD.

We looked directly at effects of stress on heterogeneity of repolarization, long-recognized to
be an important factor in arrhythmogenesis, by measuring T-wave alternans (TWA) during a
laboratory mental stress protocol. Similar to a creating physical stress on a treadmill exercise
test, we can create mental stress in the laboratory through a variety of methods. These
include asking the patient to do arithmetic in his head, such as serial subtraction of 7 from a
3-digit number, or can involve a speaking task with emotional content. In our lab, we do a
stressor called “anger recall”. We ask subjects to tell us about a recent incident in which they
were irritated or angry, as if they were telling a friend later in the day.

We evaluated effects of mental stress on three surface measures of heterogeneity which can
be determined from Holter monitoring, T-wave alternans (TWA,) T-wave amplitude
(Tamp,) and T-wave area (Tarea,) calculating TWA in the time domain using the Interbeat
Average technique. [11] In this study, 33 patients with ICDs and a history of ventricular
arrhythmias underwent a mental stress protocol including mental arithmetic and anger recall.
TWA increased from 22 at baseline to 29 uV during mental stress (p<0.001.) All other
measures of heterogeneity also increased with stress. [12] (See Figure 2) Broad-range
repolarization instability, which includes non-alternans frequencies, also increased during
stress. [13] In a similar study by Kop et al, mental stress was also seen to increase TWA.
[14]

Pathways through which mental stress may increase TWA are unknown. Kop et al
performed simultaneous SPECT-perfusion imaging, and so were able to confirm that the
effect of anger on TWA was independent of ischemia.[14] Increasing heart rate alone (eg,
through atrial pacing) can increase TWA, but in our study,(as is usual with mental stress)
there was minimal increase in heart rate with mental stress. We did see that the increase in
TWA correlated with increases in catecholamines, suggesting a direct sympathetic effect on
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cellular repolarization. Prior studies have also suggested that sympathetic activation may
increase TWA beyond the effects of heart rate. Experimentally, stellectomy abolishes, while
stellate ganglion stimulation increases, TWA.[15] In clinical studies, intravenous beta-
blockade[16] decreased the magnitude of TWA, and TWA induced with exercise is greater
than that with atrial pacing at the same heart rate.[17]

The effect of anger on TWA in the laboratory was predictive of arrhythmias in real life. In a
follow-up of our study of anger and TWA,[18] we found that anger-induced TWA was a
significant predictor of arrhythmia, with likelihood of ICD-treated ventricular arrhythmia for
those in the top quartile of anger-induced in the lab of over 10 times that of other patients
(C11.6-113, p<0.05.) (Figure 4) Anger-induced TWA remained predictive after controlling
for standard predictors of arrhythmia such as ejection fraction, prior clinical arrhythmia, and
wide QRS. Many studies, particularly those using time-domain methodology, such as the
Modified Moving Average technique, to which our Interbeat Average is similar [11]have
shown that TWA predicts future arrhythmia, [19] and a recent consensus statement supports
its use, based on studies including over 12,000 patients: “Overall, our assessment is that it is
reasonable to consider TWA evaluation whenever there is suspicion of vulnerability to lethal
cardiac arrhythmias. However, there is as yet no definitive evidence from interventional
trials that it can guide therapy.”[19] A particular advantage of time-domain methods is the
absence of requirement for increased heart rate (as with spectral methods), which permits
studies to be done on prescribed beta-blockers. Holding beta-blockers significantly
decreases the predictive power of the test. [17] This finding is consistent with the impact of
autonomic factors on TWA which our studies have shown: performance of TWA testing
during an autonomic state similar to the patients’ usual (ie, on beta-blockers if patient is
taking them) will be more predictive of future outcome. Our study was limited by size,
inclusion of mainly men, and using treated arrhythmias as an outcome in an era prior to
current evidence-based programming. However, the high predictive value seen here raises
an intriguing possibility-- Laboratory mental stress-invoked TWA may be an even better
probe of arrhythmia-risk, as this modality measures the interaction of trigger and substrate
which may lead to arrhythmogenesis (rather than substrate alone).

Il. ECG Signatures of Psychological Stress in the Atrium

Small case-series have suggested that stressful stimuli may trigger AF. In two series
reported in 1968 and 1999, [20, 21] 2-30% of AF events occurred “emotional or physical
exhaustion”, with specific triggers reported of death in the family, or awakening to an alarm.
[22] We have recently reported the first prospective study of emotional triggering of AF.
[23] In this year-long, prospective, electronic-diary (eDiary)-based study, 95 patients with
intermittent AF recorded their heart rhythm on event-monitor at the time of symptoms, and
completed an eDiary query of their emotions (e.g., anger, anxiety, sadness, stress,
happiness), 1) for the preceding (proximal) 30 minutes, (Figure 7) and 2) at the end of each
day, summarizing their emotions for that day. Patients also underwent monthly 24-hour
Holter-monitoring, completing an eDiary twice per waking hour. Emotions reported on
eDiary for the 30 minutes proximal to AF were compared to those reported during 24-hr
Holter monitoring during sinus rhythm. Similarly, end-of-day emotion summaries for days
preceding a day with AF were compared to the end-of-day emotion summaries preceding a
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day without AF. Overall 228 symptomatic AF episodes were reported by 40 subjects. There
were 163 episodes (34 subjects) with associated proximal emotion reports on eDiary, 11,563
emotion reports during Holter-confirmed sinus rhythm, 112 end-of-day summary emotion
reports preceding days with episodes of AF (31 subjects), and 14663 end-of-day summary
emotion reports preceding days without AF . Negative emotions (sadness, anxiety, anger,
stress) increased the likelihood of an AF episode 2-5 fold (all p<0.01.) Happiness decreased
AF likelihood by 85% (p<0.001). Anger and stress reported on end-of-day emotion
summaries similarly increased the likelihood of AF the following day (HRs 1.69 and 1.82,
p<0.05). (See Figure 3).

Potential mechanisms of the arrhythomogenic effects of stress on AF are less well-
understood. Repolarization as measured in invasive experiments by the atrial effective
refractory period shortens with sympathetic stimulation in most[24] although not all[25]
studies. Further, sympathetic stimulation acts synergistically when combined with vagal
stimuli. [24]

Conduction in the atria can be measured noninvasively using the signal-averaged P wave,
and a prolonged SA-P duration has been associated with recurrent AF.[26] In the normal
atrium, sympathetic stimulation with isoproterenol shortens SA-P duration; conversely, beta-
blockers slow conduction. Atropine given after beta-blockade shortened SA-P duration,
suggesting that vagal activation slowed conduction.[27] In addition, P-wave duration
measured from 24-hour Holter monitoring is shorter in daytime, further suggesting that
changes in sympathovagal balance alter conduction through the atria. [28]

We have looked preliminarily at the effect of stress in individuals with AF, in whom atrial
conduction overall is abnormal.[29] In this study, 97 AF patients and 25 control subjects
underwent mental stress testing in the laboratory similar to that described above. Overall, P-
wave duration was longer at both baseline and during anger than in controls, but decreased
with anger similarly in both groups. However, late potentials, as indicated by RMS40 (root
mean square voltage of last 40 ms) increased in the AF patients but decreased in controls.
Among AF patients, there was inverse association between the change in p-wave duration
and change in RMS40 (preliminary analyses, unpublished data). The electrophysiological
mechanisms of this finding have not been elucidated. It is possible that anger-related
autonomic changes accentuated the underlying heterogeneity of conduction in patients with
known substrate for AF, for example, by shortening conduction times in normal tissue
without change in abnormal tissue, leading to vulnerability to AF.

Clinical implications

Based on our and others’ findings that stress can trigger atrial and ventricular arrhythmias, it
seems highly likely that interventions aimed at decreasing stress, or decreasing the
physiological impact of stress on the body, can decrease arrhythmia frequency in susceptible
patients. Use of ECG markers of psychological stress as described above can serve as
surrogate endpoints, as well as provide mechanistic information. We are currently evaluating
whether an eight-week stress reduction program aimed at reducing negative emotion can
reduce arrhythmia frequency in patients with 1CDs. [30] To better understand mechanisms
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of effect, this study is also evaluating whether stress reduction can attenuate the increases in
TWA with laboratory stress described above. Complementary therapies such as yoga have
been shown to decrease both atrial[31] and ventricular[32] arrhythmia symptoms. Further
research is needed into both traditional psychoeducational and complimentary approaches to
decreasing stress-induced arrhythmias.

Stress can trigger both atrial and ventricular arrhythmias. Evaluating ECG signatures of
stress can provide mechanistic information, as well as serving as surrogate endpoints for
studies investigating therapeutic approaches. While there are a number of approaches to
evaluating repolarization and repolarization heterogeneity in the ventricle, options for
looking noninvasively at atrial electrophysiology are fewer and this would be a valuable area
of future research.
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Figure 1. Electrograms of anger-triggered and non-anger-triggered ventricular arrhythmias
Legend: A: monomorphic sudden-onset arrhythmia (non-anger-triggered); B: Monomorphic

PVC-initiated pause-dependent arrhythmia (anger-triggered); C: Polymorphic PVC-initiated
pause-dependent arrhythmia (anger-triggered). From Stopper, et al, Heart Rhythm 2007 (ref
6) with permission
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Figure 2. Changes in repolarization heterogeneity with mental stress

Legend: Repolarization changes with mental stress. Box plots represent median and
interquartile range. Tamp = T-wave amplitude; TWA = T-wave alternans; Tarea = T-wave
area. Reprinted from Lampert, et al, J Cardiovasc Electrophys 2005, (ref 9) with permission
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Figure 3. Emotion and atrial fibrillation

Legend: Reprinted from Lampert, et al, J Am Coll Cardiol 2014 (ref 20) with permission
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