The NEW ENGLAND
JOURNAL of MEDICINE

ESTABLISHED IN 1812 FEBRUARY 10, 2005 VOL.352 NO.6

Neurohumoral Features of Myocardial Stunning
Due to Sudden Emotional Stress
llan S. Wittstein, M.D., David R. Thiemann, M.D., Joao A.C. Lima, M.D., Kenneth L. Baughman, M.D.,

Steven P. Schulman, M.D., Gary Gerstenblith, M.D., Katherine C. Wu, M.D., Jeffrey J. Rade, M.D.,
Trinity J. Bivalacqua, M.D., Ph.D., and Hunter C. Champion, M.D., Ph.D.

ABSTRACT

BACKGROUND
Reversible left ventricular dysfunction precipitated by emotional stress has been re- From the Division of Cardiology, Depart-

ported, but the mechanism remains unknown. ment of Medicine (1.S.W, DRT, JACL,
S.PS. G.G, KCW, JJR, H.C.C), and the

Brady Urological Institute (T.J.B.), Johns

METHODS Hopkins University School of Medicine,
We evaluated 19 patients who presented with left ventricular dysfunction after sudden Baltimore; the Department of Epidemiol-
emotional stress. All patients underwent coronary angiography and serial echocardi- ©8% Johns Hopkins University School of
. . . . Public Health, Baltimore (D.R.T.); and the

ography; five underwent endomyocardial biopsy. Plasma catecholamine levels in 13 ¢, giovascular Division, Department of
patients with stress-related myocardial dysfunction were compared with those in Medicine, Brigham and Women'’s Hospi-
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and cardiogenic shock. Diffuse T-wave inversion and a prolonged QT interval occurred  cypyight © 2005 Massachusetss Medical Society.
in most patients. Seventeen patients had mildly elevated serum troponin I levels, but

only 1 0f19 had angiographic evidence of clinically significant coronary disease. Severe

left ventricular dysfunction was present on admission (median ejection fraction, 0.20;

interquartile range, 0.15 to 0.30) and rapidly resolved in all patients (ejection fraction

attwo to four weeks, 0.60; interquartile range, 0.55 to 0.65; P<0.001). Endomyocardial

biopsy showed mononuclear infiltrates and contraction-band necrosis. Plasma cate-

cholamine levels at presentation were markedly higher among patients with stress-

induced cardiomyopathy than among those with Killip class III myocardial infarction

(median epinephrine level, 1264 pg per milliliter [interquartile range, 916 to 1374] vs.

376 pg per milliliter [interquartile range, 275 to 476]; norepinephrine level, 2284 pg

per milliliter [interquartile range, 1709 to 2910] vs. 1100 pg per milliliter [interquartile

range, 914 to 1320]; and dopamine level, 111 pg per milliliter [interquartile range, 106 to

146] vs. 61 pg per milliliter [interquartile range, 46 to 771; P<0.005 for all comparisons).

CONCLUSIONS
Emotional stress can precipitate severe, reversible left ventricular dysfunction in patients
without coronary disease. Exaggerated sympathetic stimulation is probably central to
the cause of this syndrome.
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HE POTENTIALLY LETHAL CONSE-

quences of emotional stress are deeply

rooted in folk wisdom, as reflected by
phrases such as “scared to death” and “a broken
heart.” In the past decade, cardiac contractile ab-
normalities and heart failure have been reported
after acute emotional stress,*® but the mechanism
remains unknown. We evaluated 19 patients with
“stress cardiomyopathy,” a syndrome of profound
myocardial stunning precipitated by acute emotion-
al stress, in an effort to identify the clinical features
that distinguish this syndrome from acute myocar-
dial infarction and the cause of transient stress-
induced myocardial dysfunction.

METHODS

STUDY PATIENTS

Nineteen previously healthy patients were admit-
ted to the coronary care unit at Johns Hopkins Hos-
pital or Johns Hopkins Bayview Medical Center in
Baltimore with chest pain or symptomatic heart
failure precipitated by acute emotional stress. Pa-
tients were evaluated by means of serial electro-
cardiography and serial measurement of cardiac
isoenzymes, including creatine kinase, creatine ki-
nase MB fraction, and troponin L. All 19 patients
underwent coronary angiography; 16 also under-
went concomitant left ventriculography. Five pa-
tients underwent right-heart catheterization and
endomyocardial biopsy, and five underwent con-
trast-enhanced cardiac magnetic resonance imag-
ing (MRI) to identify myocardial necrosis. All pa-
tients underwent two-dimensional transthoracic
echocardiography within 24 hours after the onset
of symptoms and again on hospital day 3, 4, 5, 6, or
7 (median, day 4); 17 patients underwent outpatient
echocardiography a median of 21 days after pre-
sentation. Wall-motion abnormalities on echocar-
diography were assessed by means of a standard
16-segment model,” with numerical scoring of con-
tractile function (a score of 1 indicates normal con-
traction, a score of 2 mild hypokinesis, a score of
3 severe hypokinesis, a score of 4 akinesis, and a
score of 5 dyskinesis).

NEUROHUMORAL ASSESSMENT

Plasma levels of catecholamines, metabolites, and
neuropeptides were measured on hospital day 1 or
2; day 3, 4, or 5; and day 7, 8, or 9 in 13 patients
with stress cardiomyopathy and a convenience sam-
ple of 7 female patients hospitalized with Killip

class III myocardial infarction. The latter patients
were chosen for comparison because they had sim-
ilar clinical presentations and were expected to have
high sympathetic tone. Patients remained supine
for at least 60 minutes before undergoing phlebot-
omy. Blood samples were placed on ice and im-
mediately centrifuged, and the plasma was flash-
frozen. Plasma levels of catecholamines and their
metabolites were measured by high-performance
liquid chromatography?®; brain natriuretic peptide
and neuropeptide Y were measured by enzyme im-
munoassay or radioimmunoassay.**°

STATISTICAL ANALYSIS

Continuous variables are presented as medians and
interquartile ranges; ordinal variables are presented
as means +SD. The Mann-Whitney test (SAS soft-
ware, version 8.0; SAS Institute) was used to com-
pare plasma catecholamine levels in patients with
stress cardiomyopathy with those in patients with
Killip class III myocardial infarction. For plasma
catecholamine levels, P values of less than 0.005 re-
mained significant after Bonferroni correction for
multiple comparisons. The Wilcoxon signed-rank
test was used to compare ejection fractions and
echocardiographic scores at various times in the
group of patients with stress cardiomyopathy. A
two-tailed P value of less than 0.05 was considered
to indicate statistical significance.

The study was conducted between November
1999 and September 2003. All authors participated
in data collection. Oral informed consent was ob-
tained from all patients, and the protocol was ap-
proved by the institutional review board of Johns
Hopkins University School of Medicine.

RESULTS

CLINICAL CHARACTERISTICS

The median age of patients with stress cardiomy-
opathy was 63 years (interquartile range, 52 to 71).
Eighteen patients (95 percent) were women, of
whom all but two were postmenopausal (Table 1).
News of an unexpected death precipitated cardiac
dysfunction in about half the patients. The remain-
der experienced a variety of causes of emotional
stress (Table 1). All patients had severe chest pain,
dyspnea, or both during emotional stress and pre-
sented to the emergency department a median of
two hours (interquartile range, one to five) after
the onset of symptoms. Three patients required
intraaortic balloon counterpulsation for hemody-
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Table 1. Clinical Characteristics of 19 Patients with Stress Cardiomyopathy on Admission.*
Patient Race or Coronary
No. Age Sex EthnicOrigin Risk Factors Emotional Stressor Clinical Presentation
Time after
Symptom  Heart
Onsety Rate MAP  Symptoms
yr hr beats/min mm Hg
1 62 F B HTN, Mother’s death 12 71 96  Chest pain
smoking
2 63 F AA HTN, Chol Car accident 1 86 52 Heart failure;
hypotension
3 48 F w HTN, Chol,  Surprise reunion 4 85 88  Chest pain
smoking
4 60 F W HTN Surprise party 2 109 53 Chest pain;
hypotension
(IABP)
5 66 F w HTN, FH Father’s death 5 65 91  Chest pain
6 77 F w HTN, FH Husband’s death 6 106 98  Chest pain
7 52 F w Smoking Friend’s death 2 92 50  Chest pain;
hypotension
(IABP)
8 52 F w HTN Father’s death 5 88 93  Chest pain
9 32 F w Chol, FH Mother’s death 1 74 90  Chest pain
10 61 F w Chol Fear of procedure 1 108 45  Chest pain;
shock (IABP)
11 66 F w Smoking Fierce argument 2 66 109  Chest pain
12 87 F w HTN, Chol, Friend’s death 1 99 75 Chest pain
DM
13 69 M w HTN, Chol  Court appearance 2 81 73 Chest pain
14 50 F w None Fear of choking 2 84 100  Chest pain;
heart failure
15 71 F w None Public speaking 1 67 108  Chest pain
16 76 F w HTN, DM,  Husband’s death 2 109 101  Chest pain
smoking
17 65 F w HTN, Chol, Armed robbery 2 95 91  Chest pain
smoking
18 71 F w HTN Son’s death 6 70 66 Chest pain; VF
19 27 F A None Tragic news 3 64 52 Chest pain;
hypotension

* MAP denotes mean arterial pressure, B Bermudan, HTN hypertension, AA African American, Chol hypercholesterolemia,
W white, IABP intraaortic balloon pump, FH family history, DM diabetes mellitus, VF ventricular fibrillation, and A African.
T Values are times from the onset of symptoms to presentation at the emergency department.

namic support, and one patient had ventricular fi-
brillation.

ELECTROCARDIOGRAPHY

The initial electrocardiogram showed sinus rhythm
in all patients with stress cardiomyopathy, with a
median heart rate of 85 beats per minute. Five pa-
tients (26 percent) had a prolonged PR interval,
and five (26 percent) had a prolonged QT interval

corrected for heart rate (QTc). Two patients (11
percent) had ST-segment elevation of atleast 1 mm,
and three patients (16 percent) had diffuse T-wave
inversion. Pathologic Q waves were seen in leads
V3, V,, and V; in seven patients (37 percent) and in
lead aVL in five (26 percent). Within 48 hours after
the onset of symptoms, all 19 patients had marked
prolongation of the QT interval (median QTc, 542
msec; interquartile range, 490 to 592) and all but
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1 had deep, symmetric, T-wave inversion (Fig. 1).
In most patients, the QTc normalized within one or
two days, whereas the T-wave inversion resolved
more slowly and often only partially. Pathologic pre-
cordial Q waves typically resolved before hospital
discharge, with restoration of normal R-wave pro-
gression.

CARDIAC ENZYMES

Peak troponin I levels were only mildly elevated, with
amedian value of 0.18 ng per milliliter (interquartile
range, 0.08 to 0.69; normal value, <0.06). Tropo-
nin I was undetectable in two patients. The peak
creatine kinase level was 133 IU per liter (interquar-
tile range, 114 to 273; normal value, <170), and the
peak creatine kinase MB level was 10 ng per millili-
ter (interquartile range, 5 to 14; normal value, <7).

ECHOCARDIOGRAPHY

The median left ventricular ejection fraction on the
initial echocardiogram (hospital day 1) was 0.20
(interquartile range, 0.15 to 0.30) (Fig. 2). All pa-
tients had a similar contractile pattern, with pre-
served basal function, moderate-to-severe dys-
function in the midventricle, and apical akinesis
or dyskinesis (mean echocardiographic scores,
1.2+0.2, 3.2+0.5, and 3.7+0.5, respectively). By
hospital day 3, 4, 5, 6, or 7 (a median of four days

after presentation), the left ventricular ejection
fraction had improved to 0.45 and the midventricu-
lar and apical segments were only mildly hypoki-
netic, with echocardiographic scores of 1.0£0.0 at
the base, 1.9£0.7 at the midventricle, and 2.3£1.2
atthe apex. Atoutpatient follow-up (a median of 21
days after presentation), the left ventricular ejec-
tion fraction was 0.60 (interquartile range, 0.55 to
0.65; P<0.001 for the comparison with values at
presentation and during inpatient follow-up), and
all segments had normal contractility.

MAGNETIC RESONANCE IMAGING

In the five patients who underwent cardiac MRI,
cine studies confirmed the pattern and degree of
left ventricular dysfunction seen on echocardiog-
raphy. None of the patients had evidence of myo-
cardial necrosis on contrast-enhanced imaging
(Fig. 3C).

CARDIAC CATHETERIZATION

Thirteen patients underwent emergency angiogra-
phy on admission, and six underwent angiography
on hospital day 3, 4, 5, or 6. Eighteen patients (95
percent) had normal coronary arteries or mild lu-
minal irregularities; one patient had a luminal nar-
rowing of 70 percent in the proximal left anterior
descending coronary artery. No patient had an-
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Figure 1. Typical Electrocardiograms Obtained 24 to 48 Hours after Presentation in Four Patients with Stress Cardio-

Marked prolongation of the QT interval and diffuse symmetric T-wave inversion are present in all four electrocardiograms.
Loss of R-wave progression in leads V;, V,, and V; is also evident in Panels C and D.
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giographic evidence of epicardial spasm. Patients
undergoing catheterization on hospital day 1 had
a median left ventricular end-diastolic pressure of
30 mm Hg (interquartile range, 25 to 31). Contrast-
enhanced left ventriculography revealed apical and
midventricular akinesis or dyskinesis with normal
contractility of the base (Fig. 3A and 3B) and an
gjection fraction of 0.25 (interquartile range, 0.15
to 0.30). Patients undergoing ventriculography on
day 3, 4, 5, or 6 had a significant improvement in
the left ventricular end-diastolic pressure (median,
16 mm Hg; interquartile range, 15 to 24; P=0.005)
and the ejection fraction (0.43; interquartile range,
0.40 to 0.50; P=0.007), as compared with values
on day 1.

ENDOMYOCARDIAL BIOPSY

Of the five patients who underwent endomyocar-
dial biopsy, four had interstitial infiltrates consist-
ing primarily of mononuclear lymphocytes and
macrophages and contraction bands without myo-
cyte necrosis. The other patient had an extensive

0.60+

0.40

Ejection Fraction

0.20+

2-4 Weeks
(outpatient)

Admission Day 3-7
(inpatient)

Figure 2. Serial Echocardiographic Assessment

of the Ejection Fraction in 19 Patients with Stress
Cardiomyopathy.

Echocardiography was performed on admission; on
hospital day 3, 4, 5, 6, or 7 (median, day 4); and at out-
patient follow-up (a median of 21 days after the onset
of symptoms). Gray lines illustrate values for individual
patients. The black bar represents the median ejection
fraction at each time; error bars show the interquartile
range. P<0.001 for the comparison between admission
and inpatient values, and P<0.001 for the comparisons
between admission and outpatient values and between
inpatient and outpatient values.

inflammatory lymphocytic infiltrate and multiple
foci of contraction-band myocyte necrosis.

PLASMA CATECHOLAMINES AND NEUROPEPTIDES
All subgroups had similar demographic character-
istics. The median age was 66 years among the 13
patients who underwent neurohumoral assess-
ment, 63 years among the 6 patients who did not
undergo neurohumoral assessment, and 60 years
among the 7 control patients with myocardial in-
farction. On hospital day 1 or 2, plasma levels of
catecholamines (i.e., epinephrine, norepinephrine,
and dopamine) among patients with stress cardio-
myopathy were 2 to 3 times the values among pa-
tients with Killip class IIl myocardial infarction and
7 to 34 times published normal values?? (Table 2).
Initial levels of plasma dihydroxyphenylalanine,
dihydroxyphenylglycol, and dihydroxyphenylacetic
acid among patients with stress cardiomyopathy
were approximately two times the values among pa-
tients with myocardial infarction and two to three
times normal values, consistent with the presence
of enhanced catecholamine synthesis, neuronal re-
uptake, and neuronal metabolism, respectively.

Plasma levels of metanephrine and normeta-
nephrine, which are extraneuronal catecholamine
metabolites, were also proportionately increased
among patients with stress cardiomyopathy. Plasma
levels of neuropeptide Y, which is stored with cate-
cholamines in postganglionic sympathetic nerves
and adrenal chromaffin cells and released during
stress, were markedly increased among patients
with stress cardiomyopathy, as were plasma levels
of brain natriuretic peptide and serotonin.

By hospital day 7, 8, or 9, plasma levels of most
catecholamines, neuronal metabolites, and neuro-
peptides in patients with stress cardiomyopathy
were one third to one half of the peak values but
remained substantially higher than those in patients
with myocardial infarction. In contrast, plasma
brain natriuretic peptide levels declined rapidly in
the patients with stress cardiomyopathy (correlat-
ing with rapidly improving left ventricular systolic
function) and by day 7, 8, or 9 were lower than
those in patients with myocardial infarction.

DISCUSSION

There have been several reports of patients with
profound, reversible left ventricular dysfunction
after sudden emotional stress.'"® Some reports are
from Japan, where the pattern of left ventricular
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A Diastole

B Systole

B

in a Patient with Stress Cardiomyopathy.

Figure 3. Ventriculographic Assessment of Cardiac Function and MRI Assessment of Myocardial Viability at Admission

Contrast-enhanced ventriculography during diastole, in Panel A, and systole, in Panel B, demonstrates apical and mid-
ventricular akinesis, with relative sparing of the base of the heart (arrow). In Panel C, MRI in the long-axis view reveals
that the akinetic regions seen on ventriculography are dark and hypoenhanced, consistent with the presence of viable
myocardium. Panel D, which is presented for purposes of comparison, shows hyperenhancement (arrow), indicative
of necrosis and decreased viability, after an acute anterior myocardial infarction.

dysfunction has been referred to as “takotsubo car-
diomyopathy,”® named for the fishing pot with a
narrow neck and wide base that is used to trap oc-
topus. More recently, the term “transient left ven-
tricular apical ballooning” has been used to describe
similar cardiac contractile abnormalities in patients
after emotional or physical stress.>* Despite the
increasing awareness of acute stress-induced myo-
cardial dysfunction, the mechanism remains un-
known.

Our patients with stress cardiomyopathy had
supraphysiologic levels of plasma catecholamines
and stress-related neuropeptides. Initial plasma lev-

els were several times those of patients with myo-
cardial infarction and remained markedly elevated
even a week after the onset of symptoms. Our data
suggest the activation of the adrenomedullary hor-
monal system, with marked elevation in plasma
epinephrine and metanephrine levels. Enhanced
sympathoneural activity is also suggested by the in-
creased plasma levels of dihydroxyphenylalanine,
dihydroxyphenylglycol, norepinephrine, and nor-
metanephrine, reflecting increased synthesis of
norepinephrine, neuronal reuptake and metabo-
lism, spillover, and extraneuronal metabolism, re-
spectively.
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The mechanism underlying the association be-
tween sympathetic stimulation and myocardial
stunning is unknown. One possibility is ischemia
resulting from epicardial coronary arterial spasm.
Increased sympathetic tone from mental stress can
cause vasoconstriction in patients without coronary
disease. In an angiographic study of patients with
takotsubo cardiomyopathy, 70 percent had coronary
spasm in response to provocative maneuvers, and
electrocardiographic evidence of ST-segment ele-
vation was common at presentation.® Our patients,
however, had no angiographic evidence of epicar-
dial spasm, and ST-segment elevation was rarely
seen. The patients did initially have contractile ab-
normalities in multiple vascular territories, but mul-
tivessel epicardial spasm as an explanation for this
finding seems unlikely, given the relative absence
of ST-segment elevation and minimal enzymatic
evidence of myocardial necrosis.

An alternative mechanism is microvascular
spasm. Abnormal coronary flow in the absence of
obstructive disease has recently been reported in
patients with stress-related myocardial dysfunc-
tion.*® Others have demonstrated reduced coro-
nary-flow reserve and regional defects on cardiac
[*23[Imetaiodobenzyl-guanidine—enhanced imag-
ing in such patients,’” suggesting the presence
of sympathetically mediated microcirculatory dys-
function.

A third possible mechanism of catecholamine-
mediated myocardial stunning is direct myocyte
injury. Elevated catecholamine levels decrease the
viability of myocytes through cyclic AMP-mediated
calcium overload.*® Catecholamines are also a po-
tential source of oxygen-derived free radicals and,
in animal models, cause myocyte injury that is at-
tenuated by antioxidants.*® Free radicals can in-
terfere with sodium and calcium transporters,
possibly resulting in myocyte dysfunction through
increased transsarcolemmal calcium influx and
cellular calcium overload.?° Histologically, catecho-
lamines have been associated with contraction-
band necrosis, a unique form of myocyte injury
characterized by hypercontracted sarcomeres, dense
eosinophilic transverse bands, and an interstitial
mononuclear inflammatory response that is distinct
from the polymorphonuclear inflammation seen
with infarction. Contraction-band necrosis has been
described in clinical states of catecholamine excess
such as pheochromocytoma?! and subarachnoid
hemorrhage.?? It has also been observed post mor-
tem in people who died under terrifying circum-

stances such as fatal asthma®® and violent as-
sault,®* suggesting that catecholamines may be an
important link between emotional stress and car-
diac injury. The biopsy findings in our patients are
consistent with the presence of an elevated cate-
cholamine state: four of five patients had mononu-
clear inflammatory infiltrates, while the fifth had
extensive contraction-band necrosis.

In earlier reports>®** and in our series, stress-
related myocardial stunning was characterized by
contractile abnormalities of the apex and midpor-
tion of the left ventricle with relative sparing of the
basal segments (Fig. 3A and 3B). The reason for
this distinctive contractile pattern is unknown. Lo-
cal release of catecholamines from cardiac sympa-
thetic efferent neurons is an unlikely explanation,
given the higher norepinephrine content*® and
greater density of sympathetic nerves®® at the base
of the heart than in the apex. There is evidence that
apical myocardium has enhanced responsiveness
to sympathetic stimulation,?” potentially making
the apex more vulnerable to sudden surges in cir-
culating catecholamine levels. Alternatively, a base-
to-apex perfusion gradient, similar to that described
in patients with coronary risk factors,® could re-
sult in regional differences in myocardial blood
flow in the setting of catecholamine-mediated epi-
cardial or microvascular vasoconstriction.

Although the striking preponderance of women
in our study and in other reports>%**+1°¢ suggests a
biologic susceptibility to stress-related myocardial
dysfunction, the basis of this predisposition is un-
known. Sex hormones exert important influences
on the sympathetic neurohormonal axis®® as well
as on coronary vasoreactivity,3° but sex-related dif-
ferences in catecholamine metabolism and respon-
siveness are complex and remain poorly under-
stood. Men have higher levels of basal sympathetic
activity than women,?® produce higher levels of
plasma catecholamines in response to emotional
stress,3! and are more sensitive to catecholamine-
mediated vasoconstriction.3? However, women
appear to be more vulnerable to sympathetically
mediated myocardial stunning, as evidenced by in-
creased catecholamine production®? and transient
left ventricular dysfunction®* after subarachnoid
hemorrhage.

Although the incidence of stress cardiomyopa-
thy is unknown, it is likely to be more common
than generally thought. Though we reported on
only patients with emotional sources of stress, we
have observed identical presentations in patients
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after a wide variety of neurologic injuries (unpub-
lished data); others have previously reported a sim-
ilar pattern of transient myocardial dysfunction in
patients after numerous types of nonemotional
stress.>®*3> The overlapping clinical features in
all these presentations suggest that myocardial
stunning resulting from emotional stress may share
a common mechanism with “neurogenic stunned
myocardium,” which has been described after sub-
arachnoid hemorrhage3® and stroke3” and which is
believed to be mediated by catecholamines.
Because patients with stress cardiomyopathy
typically present with clinical features resembling
those of acute myocardial infarction, coronary
angiography is indicated in most cases. In the ab-
sence of critical coronary arterial disease, the di-
agnosis of stress cardiomyopathy should be con-
sidered when the history taking reveals that cardiac
symptoms were precipitated by intense emotional
stress, when there is a unique pattern of left ven-
tricular dysfunction characterized by apical and
midventricular contractile abnormalities with spar-
ing of the basal segments, and when there is min-
imal elevation of cardiac enzymes despite the
presence of large regions of focal akinesis in the
myocardium. The clinical diagnosis is reinforced
by the development of a markedly prolonged QT
interval with deep precordial or global T-wave in-
version on electrocardiography during the first 48
hours in the hospital, as well as rapidly improving
cardiac contractility on serial echocardiography.
The treatment of stress cardiomyopathy, beyond
standard supportive care for congestive heart fail-
ure with diuretics and vasodilators, remains largely
empirical. Because our data implicate massive cat-
echolamine release in stress-induced myocardial
stunning, we avoid using pressors and beta-ago-
nists whenever possible and instead rely on me-
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