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Stress-Induced Cardiomyopathy
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Objectives: Reversible stress-induced cardiac dysfunction is
frequently seen as a complication of a multitude of acute stress
states, in particular neurologic injuries. This dysfunction may be
difficult to distinguish between that caused by myocardial isch-
emia and may impact both the treatment strategies and prognosis
of the underlying condition. Critical care practitioners should have
an understanding of the epidemiology, pathophysiology, clinical
characteristics, precipitating conditions, differential diagnosis,
and proposed treatments for stress-induced cardiomyopathy.
Data Sources: MEDLINE database search conducted from incep-
tion to August 2014, including the search terms “tako-tsubo,’
“stress-induced cardiomyopathy,’ “neurogenic cardiomyopathy,’
“neurogenic stress cardiomyopathy,’ and “transient left ventricular
apical ballooning syndrome”. In addition, references from pertinent
articles were used for a secondary search.

Study Selection and Data Extraction: After review of peer-reviewed
original scientific articles, guidelines, and reviews resulting from the lit-
erature search described above, we made final selections for included
references and data based on relevance and author consensus.
Data Synthesis: Stress-induced cardiomyopathy occurs most com-
monly in postmenopausal women. It can be precipitated by emo-
tional stress, neurologic injury, and numerous other stress states.
Patients may present with symptoms indistinguishable from acute
coronary syndrome or with electrocardiogram changes and wall
motion abnormalities on echocardiogram following neurologic injury.
Nearly all patients will have an elevated cardiac troponin. The under-
lying etiology is likely related to release of catecholamines, both
locally in the myocardium and in the circulation. Differential diagno-
sis includes myocardial infarction, myocarditis, neurogenic pulmo-
nary edema, and nonischemic cardiomyopathy. Although the natural
course of stress-induced cardiomyopathy is resolution, treatment
strategies include sympathetic blockade and supportive care.
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Conclusions: Stress-induced cardiomyopathy may mimic myo-
cardial infarction and is an important condition to recognize in
patients with underlying stress states, particularly neurologic
injuries. (Crit Care Med 2015; 43:686-693)
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ardiac dysfunction is often seen following neurologic

injuries, in particular subarachnoid hemorrhage (SAH)

and traumatic brain injury (TBI), and is associated with
increased mortality and poor outcome (1-3). Transient electro-
cardiogram (ECG) changes, in particular ST elevations and T
wave inversions, in patients with intracerebral hemorrhages
(ICH) without subsequent evidence of myocardial ischemia
on autopsy have been well described (4-6). Often, these ECG
changes are accompanied by left ventricular (LV) dysfunction
(7). In many patients, this cardiomyopathy is also reversible,
further suggesting that the cardiac changes seen in neurologic
injury are not mediated by ischemia (8). This phenomenon is
not unique to patients with SAH; a similar condition has been
well described in patients without coronary artery disease who
are exposed to significant emotional stress, and other cases
have been described in instances of elevated catecholamine
release (9) as well as in various acute medical conditions. This
syndrome has gone by many names in the literature, includ-
ing “broken heart syndrome” (10), tako-tsubo cardiomyopathy
(11), transient LV apical ballooning syndrome (12), neurogenic
stunned myocardium, and neurogenic stress cardiomyopathy
(13). Each of these syndromes shares a common pathophysi-
ology and clinical findings, which we will refer to collectively
in this review as stress-induced cardiomyopathy. Here, we will
review the history, epidemiology, pathophysiology, clinical
characteristics, precipitating conditions, differential diagnosis,
and proposed management of stress-induced cardiomyopathy.
Throughout, we highlight the distinctive elements that help
to differentiate this self-resolving cardiomyopathy from other
conditions, most specifically ischemia-induced disorders.

HISTORY

Tako-tsubo cardiomyopathy, or apical ballooning syndrome,
was initially described in the Japanese population in the early
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Figure 1. Japanese tako-tsubo pot. Photograph by Sarah H. Lee.

1990s, as a transient cardiomyopathy frequently following
stressful events, with the absence of coronary artery disease
(12, 14). The name “tako-tsubo” is derived from the term for
the Japanese octopus catcher pot, which resembles the appear-
ance of the left ventricle during systole on echocardiogram
(15) (Fig. 1). The syndrome typically results in dysfunction
of the LV apex although variations on this pattern have also
been described (12, 16). Ako et al (17) were among the first to
note similarities in the pattern of LV dysfunction in patients
with neurologic conditions such as brain death and SAH with
those patients diagnosed with tako-tsubo cardiomyopathy.
In both traditional tako-tsubo cardiomyopathy without neu-
rologic injury and in patients with LV dysfunction following
neurologic injury, the syndrome is nearly always reversible, and
coronary angiography is normal. Earlier definitions of tako-
tsubo cardiomyopathy excluded patients with conditions such
as head trauma, intracranial hemorrhage, and pheochromo-
cytoma (12). Since 2003, many authors have suggested that
tako-tsubo cardiomyopathy and the neurogenic stress cardio-
myopathy seen in SAH and brain death are the same disease,
with the shared mechanism of excessive catecholamine release
(7, 9). We maintain that these entities are likely the same dis-
ease: stress-induced cardiomyopathy.

EPIDEMIOLOGY

The epidemiology of stress-induced cardiomyopathy in the
absence of neurologic injury is well described. The majority of
patients (80-90%) are women, predominantly postmenopausal
women (11, 12). Many cases (14-70%) are preceded by a stressor,
either emotional or physical. Although the majority of patients
without neurologic injury present with chest pain or dyspnea,
cardiogenic shock and ventricular fibrillation at presentation
have been described in less than 5% of patients (11). The fre-
quency of patients presenting with acute coronary syndrome
who are found to have stress-induced cardiomyopathy is 1-2%
(16), although the condition may be higher among postmeno-
pausal women presenting with acute coronary syndrome (18).
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Stress-induced cardiomyopathy is relatively common in
patients with severe neurologic injury. ECG abnormalities
occur in 25-75% of patients with SAH (6, 13), in particular
prolongation of the corrected QT (QTc), T-wave inversions,
and ST segment changes. LV dysfunction occurs in 10-20% of
patients with SAH (3, 19). Known risk factors for the develop-
ment of stress-induced cardiomyopathy include female gender,
poor-grade SAH, elevated troponin levels, and prior stimulant
drug use (7, 19, 20).

PATHOPHYSIOLOGY
The presumed etiology of stress-induced cardiomyopathy is
excessive sympathetic stimulation of the myocardium, likely
mediated by the brain. Even in patients without neurologic
injury who present with stress-induced cardiomyopathy, there
is evidence of abnormal cerebral blood flow to the hippocam-
pus, brain stem, and basal ganglia, suggesting activation of
these areas as part of the cascade of events that begins the cat-
echolamine release (21). In the acute phase of SAH, there are
profound increases in catecholamines both in the plasma and
the cerebrospinal fluid (22), which have been associated with
the subsequent development of cardiac dysfunction in several
studies (23, 24). Some contradictory studies have found no
association between the levels of circulating catecholamines
and myocardial dysfunction (19, 20). However, in addition to
excessive circulating catecholamines, substantial local release
of norepinephrine occurs from myocardial nerve endings fol-
lowing neurologic injury (25). Further supporting an adren-
ergic mechanism, iatrogenic catecholamine excess alone can
induce transient LV dysfunction without evidence of ischemic
heart disease (10). Sympathectomy, but not adrenalectomy,
prevents cardiac dysfunction in animal studies of SAH, further
supporting the role of local catecholamines in the pathogenesis
of this disease (26). Aside from SAH, reversible LV dysfunction
has been described in other situations where catecholamines
are clearly elevated, such as in the setting of a pheochromo-
cytoma (27). Catecholamines may lead to cardiac dysfunction
via microvascular dysfunction or direct toxicity. Although
several investigators have demonstrated normal perfusion in
neurogenic stress cardiomyopathy (28, 29), other reports sug-
gest decreased perfusion (30, 31) as well as impaired glucose
uptake (16), suggesting impaired microvascular blood flow.
Cardiac metabolism may be altered in the absence of abnormal
perfusion as well (32). Finally, the coronary microvasculature
may demonstrate impaired reactivity, leading to microvascu-
lar dysfunction (33). Direct catecholamine toxicity to cardiac
myocytes is an alternative mechanism for cardiac dysfunction.
Structural cardiac changes have been described in patients
with significant neurologic injury as well as in other states of
excessive catecholamine release, including pheochromocytoma
and tetanus (27, 28, 34, 35). These changes are consistently
described as focal myocytolysis or myofibrillary degeneration,
also termed “contraction band necrosis.” The pathologic stud-
ies consistently report a lack of findings suggestive of infarc-
tion, such as coagulative necrosis or the presence of neutrophils
687
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(36), and similar pathological results have been described in
animals following administration of catecholamines (34). The
direct damage to myocytes by catecholamines may be mediated
by cyclic adenosine monophosphate—driven calcium overload
(1, 35, 37). The preferential distribution of adrenergic recep-
tors in the apex of the heart may explain the fact that apical
dysfunction of the left ventricle is the predominant pattern in
stress-induced cardiomyopathy although other patterns may
be seen as well (9, 38). Patients with polymorphisms result-
ing in greater catecholamine sensitivity are also at an increased
risk for developing cardiac abnormalities following neurologic
injury (39). There may also be a selection bias in the noted
variations between neurologicly mediated stress-induced car-
diomyopathy and traditionally described tako-tsubo cardiomy-
opathy without neurologic injury, as apical ballooning is more
often associated with ST elevations on ECG; these patients may
be more likely to undergo diagnostic testing including cardiac
catheterization and echocardiogram (9).

Hormones may play a role in the pathogenesis of stress-
induced cardiomyopathy. Estrogen may attenuate the cardiac
response to catecholamines, offering an explanation for the
higher frequency of stress-induced cardiomyopathy in post-
menopausal women (40). In addition, stress-induced cardiomy-
opathy has been described in the postpartum period as an entity
distinct from a peripartum myopathy. One proposed mechanism
for this is the abrupt drop in estrogen levels following delivery,
combined with a high physical and emotional stress state (41).
However, this attenuation by estrogen fails to explain the overall
predilection for females to be affected by stress-induced cardio-
myopathy. There may be gender-related differences in the auto-
nomic nervous system that may partially explain the higher rates
of this condition in women (42). Thyroid hormones may also
affect the pathophysiology of SIC, although further research is
needed to elucidate the exact mechanism. Thyrotoxicosis can
precipitate stress-induced cardiomyopathy, and proposed mech-
anisms suggest that hyperthyroidism can mimic a state of hyper-
adrenergic activity (43). However, other studies have found a
correlation between lower T3 levels and myocardial contractility
in patients with SIC (44). It is unclear if this association is sim-
ply a manifestation of the physiological stress state or whether
there exists a causal relationship. Recent reports of increased
serotonin levels in patients with stress-induced cardiomyopathy
are of uncertain significance (45).

CLINICAL CHARACTERISTICS

Clinically, patients with isolated stress-induced cardiomy-
opathy may come to medical attention primarily because of
their cardiac symptoms, presenting with chest pain, dyspnea,
or syncope (12). In patients with severe neurologic injury or
other medical conditions, the first signs of cardiac dysfunc-
tion may be cardiogenic shock or, in less severe cases, mild
elevation in cardiac enzymes accompanied by ECG changes
(13). A wide variety of abnormalities may be noted on ECG,
including sinus tachycardia, sinus bradycardia, ST-segment
elevations or depressions, T-wave inversions, and prolonged
QTc intervals (Fig. 2). These changes have been consistently
688
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Figure 2. Electrocardiogram of patient admitted with subarachnoid hem-
orrhage showing ST elevations, prolongation of corrected QT, and T-wave
inversions. Coronary angiography demonstrated no evidence of coronary
artery disease.

described in patients with SAH or with LV dysfunction fol-
lowing emotional stress as well as in cases of iatrogenic cate-
cholamine-induced cardiomyopathy (10, 13, 31). In addition
to abnormalities on ECG, patients often have an increase in
cardiac enzymes. Creatine kinase MB fraction is not as sen-
sitive as cardiac troponin, which has been reported to have
a sensitivity approaching 100% in the diagnosis of patients
with a stress-induced cardiomyopathy (31, 46, 47). The peak
elevation in troponin level is typically at the time of presenta-
tion although there are rare reports of patients with delayed
peaks in troponin level (31, 47). The peak troponin levels are
typically less than one would see in a true myocardial infarc-
tion (48). In addition, elevation of B-type natriuretic peptide
is predictive of regional wall motion abnormalities in SAH
(49) and has also been reported in iatrogenic catecholamine-
induced cardiomyopathy (10).

Figure 3. Echocardiogram (four-chamber apical view) of patient with sub-
arachnoid hemorrhage and stress-induced cardiomyopathy showing apical
ballooning.
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The classic pattern of wall motion abnormalities seen on
echocardiogram in stress-induced cardiomyopathy is one
of apical ballooning or hypokinesia of the apex of the heart
with hypercontractility of the basal segments (50) (Fig. 3).
Many previously described diagnostic criteria have included
this pattern in their definitions, which may cause some bias
in the true frequency of this pattern. The dysfunction always
involves the left ventricle and may be described as hypokinesis,
akinesis, or dyskinesis of the mid segments with or without
apical involvement, extending beyond a single epicardial vas-
cular distribution (15, 16). There have also been reports of an
inverted pattern of cardiomyopathy with hypokinesis of the
basal and midventricular segments of the myocardium with
sparing of the apex, which may be more common in patients
with an underlying neurologic etiology (27, 51). It is unclear
if this variation is the result of different pathophysiology or
represents a selection bias in the patients without underlying
critical illness, who are more likely to undergo extensive car-
diac workup in the setting of ST elevations on ECG, which is
more commonly associated with apical ballooning (9). Right
ventricular involvement has also been described in anywhere
from 26% to 32% of patients with LV apical ballooning. These
patients are more likely to have a lower LV ejection fraction,
pleural effusions, and a longer hospital stay (52, 53).

PRECIPITATING CONDITIONS

Stress-induced cardiomyopathy, although commonly described
in the SAH population, occurs in many other situations associ-
ated with catecholamine excess. It has been described in associa-
tion with epileptic seizures (54), and pathological studies from
patients who have died during status epilepticus show contrac-
tion band necrosis, similar to that described above (55). Among
patients with neurologic injuries, stress-induced cardiomyopa-
thy has also been described in patients with the Guillain-Barré
syndrome, acute myelitis, brain tumors, reversible posterior
leukoencephalopathy syndrome, subdural hematomas, TBI,
encephalitis, hydrocephalus, neuroleptic malignant syndrome,
ischemic strokes, opiate withdrawal, and tetanus (9, 35, 56-58).
In addition, there have been reports of the same syndrome in
patients with pheochromocytoma (27), sepsis (35, 56), systemic
lupus erythematosus (59), anorexia nervosa (60), thyrotoxicosis
(43), following liver transplantation (61), and diabetic ketoacido-
sis (62). In patients without another identifiable cause, a recent
acute emotional stress frequently precedes the syndrome (51).

DIFFERENTIAL DIAGNOSIS

The differential diagnosis for stress-induced cardiomyopathy
includes acute myocardial infarction, myocarditis, neurogenic
pulmonary edema, and preexisting nonischemic cardiomy-
opathies. In patients presenting with clinical signs of acute
coronary syndrome, coronary angiography is typically war-
ranted. The time course of ECG changes and resolution of
echocardiogram changes may be indistinguishable from that
of a reperfused acute myocardial infarction or a minimal enzy-
matic release acute myocardial infarction (63). Myocarditis
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may present in a similar manner, and in high-risk patients who
undergo angiography, coronary arteries will be normal. If clin-
ical suspicion is high for myocarditis, endomyocardial biopsy
may be considered for diagnosis, typically if the symptoms
remain for several weeks. Cardiac MRI (CMRI), if available,
may also help differentiate between a stress-induced cardiomy-
opathy and myocarditis (64). Patients with severe neurologic
injury are also at risk for development of neurogenic pulmo-
nary edema, which is likely similarly mediated by sympathetic
stimulation, and may coexist with stress-induced cardiomy-
opathy or cause pulmonary edema in the absence of cardiac
dysfunction (65). Elevated troponin levels following SAH is a
risk factor for both stress-induced cardiomyopathy and acute
lung injury, which may be caused by neurogenic pulmonary
edema (66). Hemodynamic augmentation by vasoactive agents
in the setting of SAH may also lead to diastolic dysfunction in
patients with underlying hypertension, and subsequent devel-
opment of pulmonary edema may be confused with stress-
induced cardiomyopathy (67). Finally, patients with symptoms
of heart failure in the setting of normal coronary angiography
may have an underlying nonischemic cardiomyopathy.

MANAGEMENT AND PROGNOSIS
The natural course of the stress-induced cardiomyopathy syn-
drome is near-complete resolution over several days to weeks
(68). A large study of patients presenting with acute coronary
syndrome and a pattern of apical ballooning on echocardiogram
with normal coronary angiography found no increase in 4-year
mortality compared with matched controls and a 1-2% annual
recurrence rate (69). A large meta-analysis found an in-hospital
mortality rate of 1.1% and a recurrence rate of 3.5% in patients
with transient LV apical ballooning syndrome, although this
study excluded patients with SAH (11). Male patients have a
higher mortality rate but also were found to have significantly
higher rates of underlying critical illness (70). Overall, the pri-
mary predictor of mortality in stress-induced cardiomyopathy
is related to the underlying condition (71). Complications such
as LV thrombus, cerebral infarct, and life-threatening arrhyth-
mias have been described infrequently, with prolongation of the
QTc noted as a risk factor for the development of life-threaten-
ing arrhythmias (59, 60, 72—74). Elevated WBC count and brain
natriuretic peptide are associated with worse clinical outcome
in patients without neurologic disease with stress-induced car-
diomyopathy (75). In patients with neurologic injury, the pres-
ence of cardiomyopathy is associated with pulmonary edema,
prolonged intubation, and cerebral vasospasm (7) as well as
poor neurologic outcome and increased mortality (2, 3, 76).
The role of elevated troponin alone in predicting outcome in
patients with neurologic injury remains uncertain (77, 78).
Stress-induced cardiomyopathy is frequently seen in patients
developing brain death and may not be a contraindication to
heart donation (79, 80). Repeat evaluation is reasonable in the
short term as cardiac function in this setting may improve over
hours to days (81).

Coronary angiography demonstrating a lack of obstruc-
tive coronary disease or acute plaque rupture is part of the
689
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proposed Mayo Clinic diagnostic criteria for stress-induced
cardiomyopathy (12), and as such, any patient presenting with
ECG and clinical data suggestive of either an ST-elevation
myocardial infarction or a high-risk non-ST-segment eleva-
tion myocardial infarction should be evaluated with coronary
angiography to assess the need for percutaneous coronary
intervention (PCI). In patients with absolute or relative con-
traindications to coronary angiogram and/or anticoagulation,
the clinician should attempt to use additional data to further
risk stratify the patient. Pending workup, it is reasonable to ini-
tiate aspirin in these patients, barring a contraindication such
as ICH. CMRI at the time of presentation may assist in distin-
guishing SIC from true myocardial ischemia as well as aid in
distinguishing it from myocarditis, as mentioned earlier (64,
82). Echocardiography with a typical apical ballooning pattern
can also be helpful in further distinguishing between obstruc-
tive coronary disease and SIC. Finally, novel tools are being
developed that may help predict SIC using the product of the
troponin and ejection fraction, although these tools need fur-
ther validation (83). In patients demonstrating patterns more
consistent with obstructive coronary disease, the risk-benefit
ratio may shift in the setting of a relative contraindication and
may push the clinician to accept the risk of anticoagulation
and/or PCI. See Figure 4 for guidelines in the evaluation and
management of patients with suspected SIC.

Although the natural course of the cardiomyopathy is res-
olution, there is some evidence to support administration of
pharmacological o- and P-blockade as therapy, and this is a
reasonable treatment option to consider. Previous reports

demonstrated improvements in the ECGs in patients with SAH
after administration of propanolol (84). The same authors
went on to perform a randomized placebo controlled study
in which they found necrotic myocardial lesions on autopsy
in all of the patients administered placebo and in none of the
patients receiving propanolol and phentolamine (85). Animal
models further support the prevention of myocardial lesions
with a- and (3-blockade in neurologic injury and stress (86,
87). However, other studies have found no significant effect in
severity of cardiomyopathy in patients receiving [3-blockade
prior to injury (88). B-blockade should be avoided in the set-
ting of acute heart failure with hemodynamic instability as this
may worsen hypotension. Patients with SAH are unique in that
they are at risk for vasospasm and often have a need for aug-
mentation of blood pressure, limiting the ability to administer
these agents even in the setting of normotension. Although
B-blockade has not been reported to have adverse effects due
to unopposed a-adrenergic effects from elevated levels of cat-
echolamines in the setting of stress-induced cardiomyopathy,
it is reasonable to consider a [3-blocker with some a-blocking
properties, such as labetalol.

In the setting of refractory hypotension, antihyperten-
sive medications such as 3-blockers should be held. In these
patients, focus should remain on prevention of further dam-
age, and although additional studies are needed in this field, it is
reasonable to limit further catecholamine toxicity by avoiding
sympathetic vasopressors and favoring inotropic agents with-
out catecholamine activity, such as milrinone in the setting of
cardiogenic shock (13, 89). Evidence for avoiding sympathetic

Clinical suspicion for
cardiac dysfunction; ECG,
troponin abnormal

Concern for STEMI or
high risk NSTEMI

Administer aspirin, beta
blockade® if no

Concern for low risk NSTEMI

contraindications
Proceed with PCI

or contraindication for PC

Check echocardiogram
Administer aspirin, beta

Proceed with
treatment per
AHA guidelines

Obstructive
coronary lesion

No coronary
occlusion

Check
echocardiogram

Apical ballooning pattern or
wall motion abnormalities in
>1 vascular territory

blockade™® if no
contraindications

Atypical pattern or wall
motion abnormalities
in vascular territory

| |
. Consider CMRI for further
Consider stress-induced diagnostic testing
cardiomyopathy as -
diagnosis Assess for alternative
etiologies

Consider milrinone

Limit catecholamines as
able

Hemodynamic
instability

Consider beta blockade*
Avoid catecholamines

Hemodynamically
stable

Consider ECMO or intra-
aortic ballon pum

Obtain follow up
echocardiegram in > 1
month to show resolution

Figure 4. Evaluation and management of stress-induced cardiomyopathy. *Avoid f3-blockade if hypotension is present. AHA = American Heart Association,
CMRI = cardiac MRI, ECG = electrocardiogram, ECMO = extracorporeal membrane oxygenation, NSTEMI = non—ST-elevation myocardial infarction,
PCI = percutaneous coronary intervention, STEMI = ST-elevation myocardial infarction.
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agents comes from reports of SIC induced by iatrogenic doses
of epinephrine (10) as well as cases reported in the setting of
pheochromocytoma (27). In patients with substantial need for
hemodynamic support, aortic balloon pump counterpulsation
is also a reasonable strategy and may improve neurologic out-
come in patients with SAH (90-92). In the setting of refractory
heart failure, extracorporeal life support has been described
as a bridge to recovery as well (93), although this approach
should be reserved for the most severely ill patients, and may
not be appropriate in patients with intracranial hemorrhages
who cannot be anticoagulated.

CONCLUSIONS

Stress-induced cardiomyopathy is a self-resolving syndrome that
may present as a mimic to ischemic heart disease or as a compli-
cation during critical illness, particularly those diseases involving
the neurohumoral axis. It is more common in postmenopausal
women; however, in atypical populations, it may herald a greater
mortality related to the underlying illness. The pathophysiology
is mediated through catecholamine activity, and early recogni-
tion of the disease with supportive care is critical. Limiting fur-
ther exposure to adrenergic stimulation and considering o.- and
[-blockade are appropriate treatment strategies.

REFERENCES
1. Samuels MA: The brain-heart connection. Circulation 2007,
116:77-84

2. Prathep S, Sharma D, Hallman M, et al: Preliminary report on cardiac
dysfunction after isolated traumatic brain injury. Crit Care Med 2014;
42:142-147

3. van der Bilt |, Hasan D, van den Brink R, et al; SEASAH (Serial
Echocardiography After Subarachnoid Hemorrhage) Investigators:
Cardiac dysfunction after aneurysmal subarachnoid hemorrhage:
Relationship with outcome. Neurology 2014; 82:351-358

4. Levine HD: Non-specificity of the electrocardiogram associated with
coronary artery disease. Am J Med 1953; 15:344-355

5. Cropp GJ, Manning GW: Electrocardiographic changes simulating
myocardial ischemia and infarction associated with spontaneous
intracranial hemorrhage. Circulation 1960; 22:25-38

6. Hunt D, McRae C, Zapf P: Electrocardiographic and serum enzyme
change in subarachnoid hemorrhage. Am Heart J1969; 77:479-488

7. Lee VH, Connolly HM, Fulgham JR, et al: Tako-tsubo cardiomyopathy
in aneurysmal subarachnoid hemorrhage: An underappreciated ven-
tricular dysfunction. J Neurosurg 2006; 105:264-270

8. Handlin LR, Kindred LH, Beauchamp GD, et al: Reversible left ven-
tricular dysfunction after subarachnoid hemorrhage. Am Heart J
1998; 126:235-240

9. Guglin M, Novotorova I: Neurogenic stunned myocardium and takot-
subo cardiomyopathy are the same syndrome: A pooled analysis.
Congest Heart Fail 2011;17:127-132

10. Litvinov IV, Kotowycz MA, Wassmann S: latrogenic epinephrine-
induced reverse Takotsubo cardiomyopathy: Direct evidence support-
ing the role of catecholamines in the pathophysiology of the “broken
heart syndrome”. Clin Res Cardiol 2009; 98:457-462

11. Gianni M, Dentali F, Grandi AM, et al: Apical ballooning syndrome or
takotsubo cardiomyopathy: A systematic review. Eur Heart J 2006;
27:1523-1529

12. Bybee KA, Kara T, Prasad A, et al: Systematic review: Transient left
ventricular apical ballooning: A syndrome that mimics ST-segment
elevation myocardial infarction. Ann Intern Med 2004; 141:858-865

13. Lee VH, Oh JK, Mulvagh SL, et al: Mechanisms in neurogenic
stress cardiomyopathy after aneurysmal subarachnoid hemorrhage.
Neurocrit Care 2006; 5:243-249

Critical Care Medicine

19.

20.

21.

22.

283.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Concise Definitive Review

. Dote K, Sato H, Tateishi H, et al: [Myocardial stunning due to simulta-

neous multivessel coronary spasms: A review of 5 cases]. J Cardiol
1991; 21:203-214

. Madhavan M, Prasad A: Proposed Mayo Clinic criteria for the diag-

nosis of Tako-Tsubo cardiomyopathy and long-term prognosis. Herz
2010; 35:240-243

. Kurowski V, Kaiser A, von Hof K, et al: Apical and midventricular

transient left ventricular dysfunction syndrome (tako-tsubo cardio-
myopathy): Frequency, mechanisms, and prognosis. Chest 2007;
132:809-816

. Ako J, Honda Y, Fitzgerald PJ: Tako-tsubo-like left ventricular dysfunc-

tion. Circulation 2003; 108:e158; author reply e158

. Sy F, Basraon J, Zheng H, et al: Frequency of Takotsubo cardiomy-

opathy in postmenopausal women presenting with an acute coronary
syndrome. Am J Cardiol 2013; 112:479-482

Tung P, Kopelnik A, Banki N, et al: Predictors of neurocardiogenic
injury after subarachnoid hemorrhage. Stroke 2004; 35:548-551
Kothavale A, Banki NM, Kopelnik A, et al: Predictors of left ventricular
regional wall motion abnormalities after subarachnoid hemorrhage.
Neurocrit Care 2006; 4:199-205

Suzuki H, Matsumoto Y, Kaneta T, et al: Evidence for brain activation
in patients with takotsubo cardiomyopathy. Circ J2014; 78:256-258
Dilraj A, Botha JH, Rambiritch V, et al: Levels of catecholamine in
plasma and cerebrospinal fluid in aneurysmal subarachnoid hemor-
rhage. Neurosurgery 1992; 31:42-50; discussion 50-51

Masuda T, Sato K, Yamamoto S, et al: Sympathetic nervous activity
and myocardial damage immediately after subarachnoid hemorrhage
in a unique animal model. Stroke 2002; 33:1671-1676

Naredi S, Lambert G, Edén E, et al: Increased sympathetic nervous
activity in patients with nontraumatic subarachnoid hemorrhage.
Stroke 2000; 31:901-906

Mertes PM, Carteaux JP, Jaboin Y, et al: Estimation of myocardial
interstitial norepinephrine release after brain death using cardiac
microdialysis. Transplantation 1994; 57:371-377

Novitzky D, Wicomb WN, Cooper DK, et al: Prevention of myocar-
dial injury during brain death by total cardiac sympathectomy in the
Chacma baboon. Ann Thorac Surg 1986; 41:520-524

lio K, Sakurai S, Kato T, et al: Endomyocardial biopsy in a patient with
hemorrhagic pheochromocytoma presenting as inverted Takotsubo
cardiomyopathy. Heart Vessels 2013; 28:255-263

Zaroff JG, Rordorf GA, Titus JS, et al: Regional myocardial perfu-
sion after experimental subarachnoid hemorrhage. Stroke 2000;
31:1136-1143

Chang PC, Lee SH, Hung HF, et al: Transient ST elevation and left
ventricular asynergy associated with normal coronary artery and
Tc-99m PYP Myocardial Infarct Scan in subarachnoid hemorrhage.
Int J Cardiol 1998; 63:189-192

De Caterina AR, Leone AM, Galiuto L, et al: Angiographic assess-
ment of myocardial perfusion in Tako-Tsubo syndrome. Int J Cardiol
2013; 168:4717-4722

Bybee KA, Prasad A, Barsness GW, et al: Clinical characteristics
and thrombolysis in myocardial infarction frame counts in women with
transient left ventricular apical ballooning syndrome. Am J Cardiol
2004; 94:343-346

Prunet B, Basely M, D’Aranda E, et al: Impairment of cardiac metab-
olism and sympathetic innervation after aneurysmal subarachnoid
hemorrhage: A nuclear medicine imaging study. Crit Care 2014;
18:R131

Patel SM, Lerman A, Lennon RJ, et al: Impaired coronary microvascu-
lar reactivity in women with apical ballooning syndrome (Takotsubo/
stress cardiomyopathy). Eur Heart J Acute Cardiovasc Care 2013;
2:147-152

Greenhoot JH, Reichenbach DD: Cardiac injury and subarachnoid
hemorrhage. A clinical, pathological, and physiological correlation.
J Neurosurg 1969; 30:521-531

Rose AG: Catecholamine-induced myocardial damage associ-
ated with phaeochromocytomas and tetanus. S Afr Med J 1974,
48:1285-1289

Connor RC: Myocardial damage secondary to brain lesions. Am
Heart J 1969; 78:145-148

691

www.ccmjournal.org



Boland et al

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

692

Mann DL, Kent RL, Parsons B, et al: Adrenergic effects on the biology
of the adult mammalian cardiocyte. Circulation 1992; 85:790-804

Mori H, Ishikawa S, Kojima S, et al: Increased responsiveness of left
ventricular apical myocardium to adrenergic stimuli. Cardiovasc Res
1993; 27:192-198

Zaroff JG, Pawlikowska L, Miss JC, et al: Adrenoceptor polymor-
phisms and the risk of cardiac injury and dysfunction after subarach-
noid hemorrhage. Stroke 2006; 37:1680-1685

Ueyama T, Hano T, Kasamatsu K, et al: Estrogen attenuates the emo-
tional stress-induced cardiac responses in the animal model of Tako-
tsubo (Ampulla) cardiomyopathy. J Cardiovasc Pharmacol 2003;
42(Suppl 1):S117-S119

Citro R, Giudice R, Mirra M, et al: Is Tako-tsubo syndrome in the post-
partum period a clinical entity different from peripartum cardiomyopa-
thy? J Cardiovasc Med (Hagerstown) 2013; 14:568-575

Dart AM, Du XJ, Kingwell BA: Gender, sex hormones and autonomic
nervous control of the cardiovascular system. Cardiovasc Res 2002;
53:678-687

Eliades M, El-Maouche D, Choudhary C, et al: Takotsubo cardiomy-
opathy associated with thyrotoxicosis: A case report and review of the
literature. Thyroid 2014; 24:383-389

Lee SJ, Kang JG, Ryu OH, et al: The relationship of thyroid hormone
status with myocardial function in stress cardiomyopathy. Eur J
Endocrinol 2009; 160:799-806

Rouzaud Laborde C, Delmas C, Mialet-Perez J, et al: First evidence
of increased plasma serotonin levels in Tako-Tsubo cardiomyopathy.
Biomed Res Int 2013; 2013:847069

Desmet WJ, Adriaenssens BF, Dens JA: Apical ballooning of the left
ventricle: First series in white patients. Heart 2003; 89:1027-1031

Parekh N, Venkatesh B, Cross D, et al: Cardiac troponin | predicts
myocardial dysfunction in aneurysmal subarachnoid hemorrhage.
J Am Coll Cardiol 2000; 36:1328-1335

Bulsara KR, McGirt MJ, Liao L, et al: Use of the peak troponin value to
differentiate myocardial infarction from reversible neurogenic left ven-
tricular dysfunction associated with aneurysmal subarachnoid hemor-
rhage. J Neurosurg 2003; 98:524-528

Tung PP, Olmsted E, Kopelnik A, et al: Plasma B-type natriuretic pep-
tide levels are associated with early cardiac dysfunction after sub-
arachnoid hemorrhage. Stroke 2005; 36:1567-1569

Akashi YJ, Goldstein DS, Barbaro G, et al: Takotsubo cardiomyopa-
thy: A new form of acute, reversible heart failure. Circulation 2008;
118:2754-2762

Porto |, Della Bona R, Leo A, et al: Stress cardiomyopathy (tako-
tsubo) triggered by nervous system diseases: A systematic review of
the reported cases. Int J Cardiol 2013; 167:2441-2448

Elesber AA, Prasad A, Bybee KA, et al: Transient cardiac apical bal-
looning syndrome: Prevalence and clinical implications of right ven-
tricular involvement. J Am Coll Cardiol 2006; 47:1082-1083

Haghi D, Athanasiadis A, Papavassiliu T, et al: Right ventricu-
lar involvement in Takotsubo cardiomyopathy. Eur Heart J 2006;
27:2433-2439

Sakuragi S, Tokunaga N, Okawa K, et al: A case of takotsubo cardio-
myopathy associated with epileptic seizure: Reversible left ventricu-
lar wall motion abnormality and ST-segment elevation. Heart Vessels
2007; 22:59-63

Manno EM, Pfeifer EA, Cascino GD, et al: Cardiac pathology in status
epilepticus. Ann Neurol 2005; 58:954-957

Lee YP, Poh KK, Lee CH, et al: Diverse clinical spectrum of stress-
induced cardiomyopathy. Int J Cardiol 2009; 133:272-275

Sarcon A, Ghadri JR, Wong G, et al: Takotsubo cardiomyopathy asso-
ciated with opiate withdrawal. QJM 2014; 107:301-302

Spadotto V, Zorzi A, ElImaghawry M, et al: Heart failure due to ‘stress
cardiomyopathy’: A severe manifestation of the opioid withdrawal syn-
drome. Eur Heart J Acute Cardiovasc Care 2013; 2:84-87

Shim IK, Kim BJ, Kim H, et al: A case of persistent apical ballooning compli-
cated by apical thrombus in takotsubo cardiomyopathy of systemic lupus
erythematosus patient. J Cardiovasc Ultrasound 2013; 21:137-139
Rotondi F, Manganelli F, Lanzillo T, et al: Tako-tsubo cardiomyopathy
complicated by recurrent torsade de pointes in a patient with anorexia
nervosa. Intern Med 2010; 49:1133-1137

www.ccmjournal.org

61.

62.

63.

64.

65.

66.

67

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Tachotti Pires LJ, Cardoso Curiati MN, Vissoci Reiche F, et al:
Stress-induced cardiomyopathy (takotsubo cardiomyopathy) after
liver transplantation—Report of two cases. Transplant Proc 2012;
44:2497-2500

Katayama Y, Hifumi T, Inoue J, et al: A case of Takotsubo cardiomy-
opathy induced by accidental hypothermia and diabetic ketoacidosis.
BMJ Case Rep 2013; 2013:pii: bcr2012008143

Kurisu S, Inoue |, Kawagoe T, et al: Time course of electrocardio-
graphic changes in patients with tako-tsubo syndrome: Comparison
with acute myocardial infarction with minimal enzymatic release. Circ
J2004; 68:77-81

Jorge C, Sargento L, Gato Varela M, et al: [Takotsubo syndrome or

acute myocarditis? The role of cardiac magnetic resonance imaging].
Rev Port Cardiol 2012; 31:609-613

Baumann A, Audibert G, McDonnell J, et al: Neurogenic pulmonary
edema. Acta Anaesthesiol Scand 2007; 51:447-455

Naidech AM, Bassin SL, Garg RK, et al: Cardiac troponin | and acute
lung injury after subarachnoid hemorrhage. Neurocrit Care 2009;
11:177-182

Kopelnik A, Fisher L, Miss JC, et al: Prevalence and implications of
diastolic dysfunction after subarachnoid hemorrhage. Neurocrit Care
2005; 3:132-138

Sharkey SW, Lesser JR, Zenovich AG, et al: Acute and reversible
cardiomyopathy provoked by stress in women from the United States.
Circulation 2005; 111:472-479

Elesber AA, Prasad A, Lennon RJ, et al: Four-year recurrence rate
and prognosis of the apical ballooning syndrome. J Am Coll Cardiol
2007; 50:448-452

Brinjikji W, EI-Sayed AM, Salka S: In-hospital mortality among patients
with takotsubo cardiomyopathy: A study of the National Inpatient
Sample 2008 to 2009. Am Heart J 2012; 164:215-221

Joe BH, Jo U, Kim HS, et al: APACHE Il score, rather than cardiac
function, may predict poor prognosis in patients with stress-induced
cardiomyopathy. J Korean Med Sci 2012; 27:52-57

Matsuzono K, Ikeda Y, Deguchi S, et al: Cerebral embolic stroke after
disappearing takotsubo cardiomyopathy. J Stroke Cerebrovasc Dis
2013; 22:¢682-¢683

Sugiura T, Dohi Y, Yamashita S, et al: Midventricular ballooning
Takotsubo cardiomyopathy complicated by transient complete atrio-
ventricular block. Intern Med 2013; 52:1919-1921

Pant S, Deshmukh A, Mehta K, et al: Burden of arrhythmias in patients
with Takotsubo cardiomyopathy (apical ballooning syndrome). Int J
Cardiol 2013; 170:64-68

Murakami T, Yoshikawa T, Maekawa Y, et al: Characterization of pre-
dictors of in-hospital cardiac complications of takotsubo cardiomyop-
athy: Multi-center registry from Tokyo CCU Network. J Cardiol 2014;
63:269-273

Kumar PV, Vannemreddy P, Kumar D, et al: Cardiac troponin | levels
are a marker of myocardial dysfunction in subarachnoid hemorrhage
and predicts poor neurologic outcome. J La State Med Soc 2011;
163:257-260

Naidech AM, Kreiter KT, Janjua N, et al: Cardiac troponin elevation,
cardiovascular morbidity, and outcome after subarachnoid hemor-
rhage. Circulation 2005; 112:2851-2856

Gupte M, John S, Prabhakaran S, et al: Troponin elevation in sub-
arachnoid hemorrhage does not impact in-hospital mortality. Neurocrit
Care 2013; 18:368-373

Mohamedali B, Bhat G, Tatooles A, et al: Neurogenic stress cardiomy-
opathy in heart donors. J Card Fail 2014; 20:207-211

Deibert E, Aiyagari V, Diringer MN: Reversible left ventricular dys-
function associated with raised troponin | after subarachnoid haem-
orrhage does not preclude successful heart transplantation. Heart
2000; 84:205-207

Mohamedali B, Bhat G, Zelinger A: Frequency and pattern of left ven-
tricular dysfunction in potential heart donors: Implications regarding
use of dysfunctional hearts for successful transplantation. J Am Coll
Cardiol 2012; 60:235-236

Eitel I, von Knobelsdorff-Brenkenhoff F, Bernhardt P, et al: Clinical
characteristics and cardiovascular magnetic resonance findings in
stress (takotsubo) cardiomyopathy. JAMA 2011; 306:277-286

March 2015 ¢ Volume 43 * Number 3



83.

84.

85.

86.

87.

88.

Nascimento FO, Yang S, Larrauri-Reyes M, et al: Usefulness of the
troponin-ejection fraction product to differentiate stress cardiomyopa-
thy from ST-segment elevation myocardial infarction. Am J Cardiol
2014; 113:429-433

Cruickshank JM, Neil-Dwyer G, Lane J: The effect of oral proprano-
lol upon the ECG changes occurring in subarachnoid haemorrhage.
Cardiovasc Res 1975; 9:236-245

Neil-Dwyer G, Walter P, Cruickshank JM, et al: Effect of propranolol
and phentolamine on myocardial necrosis after subarachnoid haemor-
rhage. Br Med J 1978; 2:990-992

Hunt D, Gore I: Myocardial lesions following experimental intracranial
hemorrhage: Prevention with propranolol. Am Heart J 1972; 83:232-236
Ueyama T: Emotional stress-induced Tako-tsubo cardiomyopathy:
Animal model and molecular mechanism. Ann N Y Acad Sci 2004;
1018:437-444

Palla AR, Dande AS, Petrini J, et al: Pretreatment with low-dose
B-adrenergic antagonist therapy does not affect severity of Takotsubo
cardiomyopathy. Clin Cardiol 2012; 35:478-481

Critical Care Medicine

89.

90.

91.

92.

93.

Concise Definitive Review

Doyen D, Dellamonica J, Moceri P, et al: Tako-Tsubo cardiomyopathy
presenting with cardiogenic shock successfully treated with milri-
none: A case report. Heart Lung 2014; 43:331-333

Lazaridis C, Pradilla G, Nyquist PA, et al: Intra-aortic balloon pump
counterpulsation in the setting of subarachnoid hemorrhage, cerebral
vasospasm, and neurogenic stress cardiomyopathy. Case report and
review of the literature. Neurocrit Care 2010; 13:101-108

Ducruet AF, Albuquerque FC, Crowley RW, et al: Balloon-pump
counterpulsation for management of severe cardiac dysfunction
after aneurysmal subarachnoid hemorrhage. World Neurosurg 2013;
80:6347-e352

Rahal JP, Malek AM, Heilman CB: Intra-aortic balloon pump counter-
pulsation in aneurysmal subarachnoid hemorrhage. World Neurosurg
2013; 80:e203-e207

Kaese S, Schillke C, Fischer D, et al: Pheochromocytoma-
induced takotsubo-like cardiomyopathy and global heart failure with
need for extracorporeal life support. Intensive Care Med 20183;
39:1473-1474

693

www.ccmjournal.org



