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Subarachnoid hemorrhage:
A model for heart-brain interactions

esearch on the brain-heart connection has
traditionally focused on intentionally altering
the brain and observing the effect on the
heart, but natural brain injury also confers a
specific signal to the heart and causes observable
effects. Subarachnoid hemorrhage serves as a good
model for how brain injury affects the heart because it
causes characteristic cardiac responses, including
arrthythmias, contraction band necrosis, and ischemia-
like changes.

This article summarizes research relating to the car-
diac effects of subarachnoid hemorrhage, proposes a
physiologic model of how brain injury leads to cardiac
damage, and suggests future directions for research.

M POSSIBLE BRAIN-HEART MODELS

Epilepsy. The seminal study of brain-heart interac-
tion was done by Oppenheimer et al,' who found that
stimulating the insula in patients with epilepsy pro-
duced cardiovascular changes. Other authors have
investigated the phenomenon of sudden unexpected
death in epilepsy for possible cardiac involvement,
but evidence is lacking. In the absence of death, car-
diac arrhythmias during epilepsy are uncommon,
making this a poor model of heart-brain interaction.
Stroke. Patients with strokes, especially strokes
involving the insula, tend to have cardiac conduction
abnormalities. Eckardt et al* found that QT disper-
sion was present in 82.6% of patients who had a
stroke involving the insula vs 40.7% of those without
insular involvement. Because the origin of stroke is
diverse (ie, lesions can exist in many areas of the
brain), requiring evaluation of many patients to find
an adequate study sample, stroke does not serve as a
good human model for heart-brain interactions.
Traumatic brain injury is associated with cardiac
injury, but because trauma usually involves systemic
injury, a resultant cardiac abnormality rarely can be
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attributed directly to the brain. Traumatic brain
injury serves as a good model, therefore, only when a
specific injury can be induced in an animal model.

Neurodegenerative disease frequently involves
autonomic dysfunction but causes a low incidence of
cardiac problems. Typical autonomic sequelae of neu-
rodegenerative diseases are hypotension and gastric
abnormalites. Direct conduction or myocardial
involvement is far less likely.

M SUBARACHNOID HEMORRHAGE: A GOOD MODEL

Subarachnoid hemorrhage serves as a good model to
study heart-brain interactions for two major rea-
sons—its association with a high incidence of
arrhythmias and a low prevalence of coronary artery
disease. The occurrence of heart abnormalities in
patients with subarachnoid hemorrhage has been rec-
ognized since the 1950s: much of the initial work cen-
tered on classifying the associated arrhythmias. More
recently, Lanzino et al’ reviewed five major retrospec-
tive studies involving interventions for nontraumatic
subarachnoid hemorrhage and found that 91% of
patients had evidence of cardiac abnormalities (atrial
and ventricular arrhythmias) observed on electrocar-
diography (ECG). At the same time, in a prospective
study involving 223 patients with subarachnoid hem-
orrhage, Tung et al* found a low prevalence of cardiac
disease (5%), an ideal situation that limits confound-
ing of the data.

Il CARDIAC ARRHYTHMIAS

Cardiac arrhythmias associated with subarachnoid
hemorrhage are common and have been well classi-
fied by Sakr et al.’ Sinus bradycardia occurs most fre-
quently, at nearly twice the rate of sinus tachycardia.
Multifocal ventricular tachycardia (torsades de
pointes) is associated with a high mortality rate and is
a feared complication of subarachnoid hemorrhage.
The importance of torsades de pointes has been called
into question recently. Although Machado et al,’ in a
retrospective review of the literature, found that tor-
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sades de pointes occurred in 5 of 1,139 patients
(0.4%) with subarachnoid hemorrhage, they were
unable to rule out confounding factors (ie, hypo-
kalemia and hypomagnesemia) as the cause of the
arrhythmia. In support of this, van den Bergh et al’
found that QT intervals are actually shorter with
lower serum magnesium levels (prolonged intervals
are thought to be indicative of patients at risk for
multifocal ventricular tachycardia).

Current research: Long-term cardiac outcome

after subarachnoid hemorrhage

Current clinical research at the Cleveland Clinic
involves assessing patients at the time of hospitaliza-
tion for subarachnoid hemorrhage with a battery of
tests, including computed tomography, angiography,
prolonged inpatient Holter monitoring, and bio-
chemical tests. Further comprehensive testing is also
performed at 3 months and 6 months following dis-
charge to discover whether cardiac changes persist
past the acute stage, when most studies that evaluate
patients with subarachnoid hemorrhage end. It is too
early in the study to report results.

M CARDIAC CHANGES THAT RESEMBLE ISCHEMIA

Certain ECG changes are referred to as ischemic
changes, although no evidence exists that ischemia is
actually present. The myocardial changes associated
with subarachnoid hemorrhage do not appear to be
due to coronary artery disease. Repolarization abnor-
malities are common in subarachnoid hemorrhage.
Sakr et al’ found that 83% of patients with subarach-
noid hemorrhage developed repolarization abnormal-
ities, with most being T-wave changes (39%) or the
presence of U waves (26%). Deep, symmetric invert-
ed T waves, usually without much ST-segment eleva-
tion or depression, are the typical abnormality.
Prolonged QT intervals were found in 34% of
patients. Left bundle branch block, which is some-
times considered a marker of acute, large-vessel
ischemia, was present in only 2%.

Contraction band necrosis, a pathological pattern
indicating that injury to the heart has occurred from
muscles that have been energy-deprived from pro-
longed contraction, is a classic finding in subarach-
noid hemorrhage. Transient low ejection fraction is
the physiologic parameter that correlates with the
pathologic finding. Despite the pattern of ECG
changes commonly seen in patients with subarach-
noid hemorrhage, until recently there was little evi-
dence that they are independently associated with
poor neurologic outcomes. Naidech and colleagues
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found in a retrospective analysis that cardiac abnor-
malities were associated with worsened outcome in
subarachnoid hemorrhage patients.® Owing to the
retrospective nature of the study, causal relationships
could not be established.

At the Cleveland Clinic, we typically see approxi-
mately five patients each month with subarachnoid
hemorrhage. We evaluate almost all of them with
echocardiography, and typically find one patient each
month with an ejection fraction in the range of 20%
to 25%, which is much lower than we would expect
in a relatively young, healthy population. On cardiac
catheterization, which is performed infrequently in
this population, the typical finding is normal coro-
nary arteries. In almost all cases, the ejection fraction
returns to almost normal in 1 week to 3 months.

In older patients, ECG changes occur with more
severe events. In a retrospective study, Zaroff et al’
identified 439 patients with subarachnoid hemor-
rthage, 58 of whom had ECG findings indicative of
ischemia or myocardial infarction within 3 days of
presentation and before surgery to correct an
aneurysm. The mean age of patients with ECG find-
ings was higher than that of patients without ECG
abnormalities (62 vs 53 years, respectively), indicat-
ing that heart disease was more likely to be present
and could contribute to a confounding effect. The
Hunt and Hess grade—a clinical scale for evaluating
subarachnoid hemorrhage, which ranges from 1 (mild
headache, alert, and oriented) to 5 (comatose, signs
of severe neurologic damage)—was also higher in
patients with ECG abnormalities than in those with-
out (3.1 vs 2.5, respectively). Surprisingly, the loca-
tion of the aneurysm did not differ significantly
between the two groups.

Based on the findings of Oppenheimer, we would
expect that posterior communicating artery aneur-
ysms, which originate between the middle cerebral
artery and the posterior communicating artery which
is in close proximity to the insular cortex and hypo-
thalamus, would be more likely to be associated with
ECG abnormalities.

The importance of cardiac troponin levels in sub-
arachnoid hemorrhage is controversial. Some argue
that high levels are proof that cardiac damage origi-
nates in the heart and not from the brain. Deibert et
al found that the troponin level is routinely elevat-
ed in patients with subarachnoid hemorrhage.
Troponin levels do not correlate well with the
amount of cardiac damage as measured by ejection
fraction or contractility.'! Among 39 patients with
aneurysmal subarachnoid hemorrhage, the mean
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FIGURE 1. Schematic diagram of the possible mechanism of
myocardial injury after acute brain injury. The theory suggests that
catecholamine excess leads to myocardial death through a cascade
of cellular damage. Insular cortical dysfunction likely contributes to
arrhythmias. Adapted from reference 12.

ejection fraction was lower among patients who had
elevated troponin I levels relative to normal troponin
[ levels (53% vs 72%), but the range of ejection frac-
tions was wide (< 30% to > 80%) in patients with
raised levels of troponin."

B HOW MIGHT SUBARACHNOID HEMORRHAGE
LEAD TO CARDIAC DAMAGE?

A model of how subarachnoid hemorrhage can cause
cardiac damage has been proposed.”” Brain injury can
damage the insula or cause hypothalamic pressure,
either of which causes catecholamine release, either
systemically or at the nerve terminal at the heart. The
heart contracts, leading to adenosine triphosphate
depletion, mitochondrial dysfunction, and myocar-
dial cell death (Figure 1).

Arrhythmias appear to be more likely to occur
from insular involvement rather than generalized
damage caused by hypothalamic pressure, although
differentiating between effects caused by specific areas
of aneurysm involvement requires further study.

Il PARASYMPATHETIC ACTIVITY
AND INFLAMMATION ALSO INCREASE

The above model, however, is likely too simplistic. In
the body, the sympathetic system and the parasympa-
thetic system work as the yin and yang in controlling
many bodily functions. Inflammation and cardiac con-
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trol are importantly modulated by both the sympa-
thetic and parasympathetic systems. [ believe that the
parasympathetic system may play an important role in
cardiac injury from acute subarachnoid hemorrhage.

Evidence of parasympathetic dysfunction in sub-
arachnoid hemorrhage is now becoming more abun-
dant. Kawahara et al” measured heart rate variability
in patients with an acute subarachnoid hemorrhage
and determined that enhanced parasympathetic
activity occurs acutely. This acute activation could
potentially contribute to ECG abnormalities and car-
diac injury.

The parasympathetic response may also affect the
inflammatory response. The “neuroinflammatory
reflex” (a term coined by Tracey'") is a vagally mediat-
ed phenomenon that relates to parasympathetic nerv-
ous system activation that suppresses inflammation.
Thus, parasympathetic dysfunction resulting from sub-
arachnoid hemorrhage could result in enhanced
inflammation.

Previous theories (as depicted in Figure 1) specu-
late that norepinephrine is the sole cause of heart
injury in acute brain injury, but this notion is doubt-
ful. In fact, patients given large doses of intravenous
norepinephrine for the treatment of sepsis or hypo-
volemic shock typically do not develop cardiomyopa-
thy. Cardiomyopathies of the type seen in patients
with subarachnoid hemorrhage only develop from an
excess of catecholamines when exposure occurs over
weeks or months, such as in patients with pheochro-
mocytoma. The cardiac abnormalities seen in sub-
arachnoid hemorrhage develop in a matter of hours,
which is unheard of in other disease processes involv-
ing only sympathetic activation.

Evidence of inflammation at transplant

Data indicate that the cause of death in an organ
donor has an impact on the organ recipient’s course of
transplantation. Tsai et al” compared outcomes
among 251 transplant recipients who received hearts
either from donors who died of atraumatic intracra-
nial bleeding (group 1; n = 80) or from donors who
died from other causes (group 2; n = 171). Mortality
among transplant recipients was higher in group 1
(14%) than in group 2 (5%).

Yamani et al'® performed cardiac biopsies 1 week
after transplantation and then performed serial coro-
nary intravascular ultrasonography over 1 year in 40
patients, half of whom received hearts from donors
who died from intracerebral hemorrhage (ICH) and
half from donors who died of trauma. At 1 week, heart
biopsies from the ICH group had greater expression of
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matrix metalloproteinases, enzymes that are responsi-
ble for matrix remodeling and associated with proin-
flammatory states, compared with biopsies from the
trauma group. The injury in the ICH group translated
into an increase in vasculopathy and myocardial fibro-
sis. At 1 year, hearts from donors who died of trauma
had much less fibrosis and less progression of coronary
vasculopathy (as measured by the change in maximal
intimal thickness on intravascular ultrasonography)
compared with hearts from donors who died from ICH,
even after correcting for differences in age.

Yamani et al'” also found that mRNA expression of
angiotensin II type 1 receptor (AT1R), a receptor that
becomes upregulated during acute inflammation, was
elevated 4.7-fold in biopsies of transplanted hearts
from donors who had ICH compared with those from
donors who died of trauma. A 2.6-fold increase was
also found in AT1R mRNA expression in spleen lym-
phocytes from donors who died of ICH compared with
donors who died from trauma, indicating that systemic
activation of inflammation occurred before transplan-
tation. ATIR mRNA expression has also been found
to be seven times greater in the cerebrospinal fluid of
patients with subarachnoid hemorrhage than in a con-
trol population (unpublished data).

M INSIGHTS FROM ANIMAL RESEARCH

Animal research of subarachnoid hemorrhage has tra-
ditionally been difficult because of a lack of suitable
models. Recently, a successful mouse model was devel-
oped at the University of Virginia using injected blood
from a genetically identical sibling into the cisterna
magna following microsurgery to mimic a subarach-
noid hemorrhage.”® A study done by the same group
found that suppressing brain inflammation by injecting
an antibody to E-selectin (a necessary protein for
inflammatory cell traffic into the brain) into the blood
of mice diminished the inflammatory side effects of
subarachnoid hemorrhage, especially a condition of
delayed stroke after subarachnoid hemorrhage called
vasospasm."’ In preliminary data from our laboratory,
we have found that another anti-inflammatory anti-
body can also diminish the cardiac pathology seen after
subarachnoid hemorrhage (unpublished work).

These recent data have caused us to rethink the
previous model of the mechanisms of cardiac injury
from subarachnoid hemorrhage. We believe that
parasympathetic dysfunction also plays an important
role and, coupled with catecholamine release, allows
unchecked inflammation, which leads to myocardial
dysfunction and cell death (Figure 2).

We hope that with better understanding of these
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FIGURE 2. A new model of heart-brain interaction based on com-
bined sympathetic hyperactivity and parasympathetic dysfunction
(shaded area).

two processes—parasympathetic dysfunction and cat-
echolamine release—we will be able to mitigate harm
to the heart. If agents can be found that can suppress
sympathetic activation or heighten parasympathetic
activation, it might be possible to improve outcomes
in this patient population. This line of research will
likely shape our future efforts to understand the system
further and look for targets for clinical intervention.
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