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Predictors of Neurocardiogenic Injury After
Subarachnoid Hemorrhage
Poyee Tung, MD; Alexander Kopelnik, MD; Nader Banki, MD; Ken Ong, MD; Nerissa Ko, MD;

Michael T. Lawton, MD; Daryl Gress, MD; Barbara Drew, RN, PhD; Elyse Foster, MD;
William Parmley, MD; Jonathan Zaroff, MD

Background and Purpose—Subarachnoid hemorrhage (SAH) frequently results in myocardial necrosis with release of
cardiac enzymes. Historically, this necrosis has been attributed to coronary artery disease, coronary vasospasm, or
oxygen supply-demand mismatch. Experimental evidence, however, indicates that excessive release of norepinephrine
from the myocardia sympathetic nerves is the most likely cause. We hypothesized that myocardial necrosis after SAH
is a neurally mediated process that is dependent on the severity of neurological injury.

Methods—Consecutive patients admitted with SAH were enrolled prospectively. Predictor variables reflecting demo-
graphic (age, sex, body surface area), hemodynamic (heart rate, systolic blood pressure), treatment (phenylephrine
dose), and neurological (Hunt-Hess score) factors were recorded. Serial cardiac troponin | measurements and
echocardiography were performed on days 1, 3, and 6 after enrollment. Troponin level was treated as a dichotomous
outcome variable. We performed univariate and multivariate analyses on the relationships between the predictor

variables and troponin level.

Results—The study included 223 patients with an average age of 54 years. Twenty percent of the subjects had troponin
| levels >1.0 ug/L (range, 0.3to 50 ng/L). By multivariate logistic regression, a Hunt-Hess score >2, female sex, larger
body surface area and |eft ventricular mass, lower systolic blood pressure, and higher heart rate and phenylephrine dose

were independent predictors of troponin elevation.

Conclusions—The degree of neurological injury as measured by the Hunt-Hess grade is a strong, independent predictor
of myocardial necrosis after SAH. This finding supports the hypothesis that cardiac injury after SAH is a neurally

mediated process. (Stroke. 2004;35:548-553.)
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ardiac injury and dysfunction after subarachnoid hemor-
rhage (SAH) is a well-recognized phenomenon. ECG
changes®2 and arrhythmias such astorsade de pointes? have been
described in SAH patients. Left ventricular (LV) systolic dys-
function occurs in ~10% of patients with SAH.4-6 Serum
elevations of cardiac enzymes”2 and pathologica evidence of
contraction band necrosisin heart autopsies provide evidence for
the development of myocardia necrosis in SAH patients.® One
prior study showed that 17% of SAH patients develop elevated
serum levels of cardiac troponin | (cTI).1©
The pathophysiology of cardiac injury after SAH remains
controversial. Historically, coronary artery disease (CAD)
and coronary vasospasm have been proposed as possible
mechanisms.1112 However, some SAH patients have ECG
and echocardiographic findings suggestive of myocardial
infarction without angiographic evidence of CAD or vaso-
spasm.1314 Another possible cause is myocardial ischemia
secondary to excessive tachycardia and/or hypertension.

See Editorial Comment, page 552

The most likely cause of cardiac dysfunction after SAH,
however, is excessive catecholamine release within the myo-
cardium.’> The “catecholamine hypothesis’ is supported by
extensive research in anima models that demonstrated that
experimental SAH or stimulation of cortical areas may result
in excessive myocardia catecholamine release, ECG abnor-
malities, and contraction band necrosis.216-18 The catechol-
amine hypothesis is also supported by the finding of patterns
of LV wall motion abnormalities in SAH patients that are
atypical of CAD but may correlate with the distribution of
myocardial sympathetic nerve terminals.1®

The hypothesis of the present study isthat cardiac injury after
SAH isaneuraly mediated process that can be predicted by the
severity of neurologica injury, independent of hemodynamic
and other clinical factors. In a prospective cohort study of SAH
patients, we sought to determine the clinica predictors of
myocardial necrosis as measured by serum levels of cTl.
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Materials and Methods
From January 2000 to March 2002, the study enrolled consecutive
patients admitted to the Neurological Intensive Care Unit. Inclusion
criteriafor the study were age >21 years and confirmed diagnosis of
SAH by CT of the head or lumbar puncture. Patients were excluded
if they had history of myocardial infarction, cardiomyopathy, or
congestive heart failure.

The study protocol was approved by the UCSF Committee on
Human Research, and informed consent was obtained from each
patient or an appropriate designee. Study procedures were in accor-
dance with institutional guidelines.

After enrollment, demographic and clinical data were collected
from patient and family interviews and inspection of medical
records. These data included age, sex, body surface area, history of
CAD, and risk factors for CAD. The severity of neurological injury
was graded using each subject’s admission Hunt-Hess score, defined
as follows: 1=asymptomatic or mild headache and slight nuchal
rigidity, 2=cranial nerve palsy, moderate to severe headache, or
nuchal rigidity, 3=mild focal deficit, lethargy, or confusion, 4=stu-
por, moderate to severe hemiparesis, or early decerebrate rigidity,
and 5=deep coma, decerebrate rigidity, or moribund appearance.

Each subject was assessed on 3 study days: the day of enrollment
and 2 and 6 days after enrollment. On each study day, serum
specimens were collected for measurement of ¢TI, and echocardiog-
raphy was performed. The time in days from SAH symptom onset to
measurement of cT| was recorded. Heart rate, systolic blood pressure
(SBP), and dose of phenylephrine infused during echocardiography
were recorded. Phenylephrine is frequently used at UCSF Medical
Center to help prevent and treat cerebral vasospasm after SAH. In a
subgroup of 50 study subjects, serum was collected as soon as
possible after enrollment, and these banked specimens were later
used for measurement of epinephrine and norepinephrine levels.

Two-dimensional transthoracic echocardiography was performed
with an Acuson Sequoia 6.0 ultrasound system. The following
echocardiographic images were obtained: parasternal long axis;
parasternal short axis at the level of the mitral valve, papillary
muscles, and apex; apical 2, 3, and 4-chamber views, subcostal long
axis; and subcostal short axis at the level of the mitral valve,
papillary muscles, and apex. For suboptimal studies, intravenous
Optison contrast was administered to enhance visualization of the
LV endocardium. LV ejection fraction (LVEF) and LV mass index
(LVMI) were measured offline by a blinded observer using the
biplane Simpson’s method of discs and the truncated ellipse method,
respectively,20 and commercially available software (ProSolv).

cTl was measured with a fluorescent enzyme immunoassay
(Abbot Diagnostics). The lowest detectable level was 0.3 ug/L. The
distribution of peak cTl levels was markedly skewed to the right
(mean, 2.3 ng/L; median, 0.3 ng/L) with 66% of subjects having
only normal levels (0.3 pg/L) and the remaining subjects having
peak cTI levels ranging from 0.4 to 50 wg/L. For this reason, the
level of cTI was treated as a dichotomous outcome variable with a
value >1.0 ug/L considered abnormal for the primary analysis. An
secondary analysis was performed with a cTl cutoff value of >0.3
wg/L. Serum levels of norepinephrine and epinephrine were mea-
sured with a competitive enzyme-linked immunosorbent assay (Al-
pco Diagnostics).

Univariate and multivariate logistic regression was performed to
quantify the relationships between the clinical and hemodynamic
predictor variables and the level of cTl (STATA Software). Longi-
tudinal data analysiswas used to account for repeated measurements.
A significant probability value was defined as P=0.05.

Results
The study included 223 subjects. As shown in Table 1, the
mean age of the 223 study subjects was 54 years, and 68%
were women, a typical sex distribution for SAH. Hyperten-
sion and smoking were more common relative to other risk
factors for CAD. The study group consisted of the full range

Neurocardiogenic Injury After Subarachnoid Hemorrhage 549

TABLE 1. Clinical Characteristics

Patients, n 223
Age (mean=SD), y 54+14
Female sex, n (%) 151 (68)
Body surface area (mean+SD), m? 1.8+0.2
Admission Hunt-Hess grade, n (%)
| 80 (36)
Il 33 (15)
1] 60 (27)
v 35 (16)
v 14.(6)
Risk factors for CAD, n (%)
History of hypertension 92 (41)
History of diabetes 20(9)
History of hyperlipidemia 26 (12)
History of smoking 96 (43)
Family history of CAD 29 (13)
History of amphetamine/cocaine use 26 (12)
History of CAD, n (%) 12 (5)

of SAH severity, with a mean=SD Hunt-Hess grade of
24+1.3.

Hemodynamic and echocardiographic data are summarized
in Table 2. The mean peak SBP over the 3 study days was
167 mm Hg, consistent with moderate systolic hypertension.
The subjects LVEF ranged from 17% to 92%. The mean
initial LVMI was 95 g/m? (92 g/m? for women, 99 g/m? for
men), consistent with mild LV hypertrophy. Forty-nine per-
cent of patients were receiving a phenylephrine infusion
during at least 1 of the study echocardiograms with a mean
peak dose of 107 ug/L. In the 50 subjects with banked serum
available for catecholamine measurement, the mean level of
norepinephrine was 694 pg/mL (SD, 698 pg/mL; median, 371
pg/mL; range, 50 to 3892 pg/mL) and the mean level of
epinephrine was 85 pg/mL (SD, 63 pg/mL; median, 64
pa/mL; range, 9 to 291 pg/mL).

The peak cTI level was >1.0 ug/L in 43 of the 223 study
subjects (20%). Repeated cTl measurements from all study
days were used in the longitudinal analysis, and the mean cT]
level was 1.2 ug/L (SD, 4.7 ng/L), with amedian of 0.3 ug/L
and a range of 0.3 to 50 wg/L. An inverse relationship was
observed between the mean level of cTl among subjects and
the time after onset of SAH symptoms (Figure 1).

The univariate relationships between the predictor vari-
ables and cTI release, as determined by logistic regression

TABLE 2. Hemodynamic and Echocardiographic Data

Variable Mean=+SD Median
Peak SBP, mm Hg 16726 166
Peak heart rate, bpm 9020 86
Peak phenyephrine dose, 107+164 0
ug - kg - min~?

Lowest LVEF, % 62+13 64
Initial LVMI, g/m? 94+23 94
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Figure 1. Mean level of cTl for study subjects grouped by num-
ber of days between onset of SAH symptoms and cTl measure-
ment. Error bars indicate SD of cTl levels.

with longitudinal data analysis, are shown in Table 3. A
Hunt-Hess grade of =3, female sex, higher heart rates, lower
SBPs, higher doses of phenylephrine, and shorter time from
SAH symptom onset were al significant predictors of cTlI
release. A history of CAD and risk factors for CAD were not
predictive of cTl release (data not shown). A lower LVEF
was strongly associated with cTl release (P<<0.001; odds
ratio [OR], 1.07 per single-point decrease in LVEF; 95%
confidence interval [Cl], 1.04 to 1.09). There was no signif-
icant association between serum levels of either norepineph-
rine (OR, 1.00; P=0.653) or epinephrine (OR, 0.99;
P=0.505) and cTI release.

After statistical adjustment by multivariate logistic regres-
sion with longitudinal data analysis, a Hunt-Hess grade of =3
was highly predictive of cTl release (Table 3). A strong
relationship was observed between increasing Hunt-Hess
grade and cTI release (Figure 2). Other independent predic-
tors of cTI release included female sex, larger body surface
area and LVMI, higher heart rate and phenylephrine dose,
lower SBP, and a shorter time from SAH symptom onset. A
multivariate model that defined a cTl level of >0.3 ug/L as
abnormal produced similar results with 2 exceptions: age was
a significant predictor (OR, 1.73 per 10-year increase
P=0.012), and LVMI was not (OR, 1.17; P=0.384).

As shown in Table 3, female sex was associated with an
adjusted OR of 35.0 (P=0.009) for cTI release. As shown in
Table 4, the observed sex effect was due primarily to lower
risk of ¢TI release in older men because O of the 32 men >50
years of age had cTI release as opposed to 6 of the 39 men

TABLE 3. Determinants of Myocardial Necrosis
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Figure 2. Percentage of subjects with cTl release for study sub-
jects grouped by admission Hunt-Hess grade.

=50 years old (x%, P=0.031). There was no significant
difference in the probability of cTI release in women >50
compared with those =50 years of age (%, P=0.25).

As shown in Table 3, there was a 48% decrease in the risk
of cTl release for every 20—mm Hg increase in SBP. The
relationship between lower SBP and cTI release was mini-
mally affected by the addition of LVEF to the multivariate
model (adjusted OR, 0.60 per 20—mm Hg increase in SBP,
P=0.073). There were no interactions in the multivariate
model of statistical significance that affected the predictor
variables.

Discussion

The present study demonstrates that 20% of patients with
SAH develop cTl >1.0 ug/L, aresult that is consistent with
prior reports.2122 The larger sample size of the present study
(223 subjects) allowed unique exploration of the risk factors
for the development of myocardial necrosis after SAH.

Anincremental and independent relationship was observed
between the Hunt-Hess grade, which is widely used in
assessing the severity of neurological injury after SAH, and
the probability of cTI release. This finding is consistent with
a previous study by Parekh et al22 that showed that patients
with more severe grades of SAH had a higher incidence of
CTl release. The results of these studies indicate that the
severity of neurological injury is strongly related to myocar-
dial necrosis and support the hypothesis that SAH-associated
heart damage is a form of neurocardiogenic injury.

It is well-recognized that high sympathetic tone and ele-
vated circulating levels of catecholamines may occur after

Univariate Multivariate
Predictors OR P 95% Cl OR P 95% Cl
Age (per 10-y increase) 1.16 0.262  0.90-1.49 154 0.112  0.90-2.62
Female (vs male) sex 2.98 0.019  1.20-7.43 3496 0.009  2.47-495.01
Body surface area (per 0.2-m? increase) 1.03 0.847  0.78-1.36 220 0.025 1.11-4.39
Hunt-Hess >2 (vs 1-2) 8.47 <0.001  3.43-20.92 6.62 0.026  1.25-34.82
SBP (per 20-mm Hg increase) 0.78 0.019  0.64-0.96 0.52 0.007 0.32-0.83
Heart rate (per 10-bpm increase) 1.26 0.001 1.10-1.43 1.61  0.005 1.16-2.25
Phenylephrine dose (per 50 ug - kg~" - min~" increase) 117 <0.001 1.07-1.28 1.47 0.010 1.10-1.98
LVMI (per 20-g/m? increase) 1.23 0.083  0.97-1.55 1.74 0.032  1.05-2.89
SAH to cTI* (per 1-d increase) 0.86 0.001  0.78-0.94 0.70  0.008  0.54-0.91

*Time from SAH symptom onset to measurement of CTI.
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TABLE 4. Age, Sex, and CTI Release
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Subjects with CTI Release, n (%)

Age <30y Age 31-40y Age41-50y Age51-60y Age61-70y Age >70y

Women (n=149) 1(33.3) 3(23.9)
Men (n=71) 2(25.0) 1(12.5)

3(11.5) 13 (25.5)
3(13.0 0 0 0

12 (35.3) 5(22.7)

head injury and particularly after SAH.2324 Previous studies
indicate that serum levels of catecholamines correlate with
the severity of neurological injury and neurological out-
come.’® However, animal models indicate that the direct
release of toxic levels of catecholaminesinto the myocardium
by the cardiac sympathetic nerve terminals is a more likely
cause of neurocardiogenic injury than is adrena release of
catecholamines into the systemic circulation.2s Higher Hunt-
Hess gradesindicate greater neurological injury and thus may
be associated with a greater degree of sympathetic outflow to
the heart. Such an association would explain the finding in the
present study that higher Hunt-Hess grades, as opposed to
serum levels of catecholamines, predict myocardial necrosis.

In the present study, higher phenylephrine doses, lower
SBP, and higher heart rate were independent predictors of cTI
release. These data were minimally affected by the addition
of LVEF to the multivariate model, suggesting that the results
are only partially confounded by worsening systolic function
of the LV, which was associated with ¢TI release and could
conceivably result in a lower SBP and/or a need for greater
pressor doses to maintain SBP. An elevated LVMI was a
multivariate predictor of cTl release, possibly because of
increased myocardial oxygen demand in patients with LV
hypertrophy. Taken together, the hemodynamic and echocar-
diographic data suggest that cTI release may, in some cases,
be due to the combination of LV hypertrophy and hemody-
namic factors. The multifactorial nature of cTl releaseis aso
illustrated by the increase in ORs after statistical adjustment
(negative confounding) that was observed for some of the
predictor variables, most notably sex and body surface area.

The multivariate model indicates that the higher risk of cTI
release observed in patients treated with higher doses of
phenylephrine is not mediated by higher SBP. Coronary
vasospasm represents a possible mechanism for phenyleph-
rine-induced myocardial necrosis athough epicardial coro-
nary vasospasm has not been reported in humans. Further-
more, experimental evidence suggests that microvascular
ischemia is not required for SAH-induced cardiac injury.26
The results of the present study are in contrast with previous
data demonstrating that high-dose phenylephrine use in SAH
patients was associated with a low incidence of creatine
phosphokinase-MB fraction elevation and no change in car-
diac index despite increased afterload.?” These differences
may be due to the higher sensitivity of cTI than creatine
phosphokinase-MB for detecting myocardial necrosis. In
addition, the larger sample size of the present study increased
the power to detect a smaller effect of phenylephrine dose on
CTI release.

The reduced incidence of myocardial necrosis among older
men in the present study was an unexpected finding. Al-
though it has been reported that younger women have higher

short-term mortality after acute myocardia infarction and
after coronary artery bypass grafting,28-3! sex effects have not
previously been observed in experimental or clinical models
of neurocardiogenic injury. Estrogen status in the pathogen-
esis of CAD is a subject of much controversy, given that
hormonal replacement may have both adverse proinflamma-
tory properties’2 and beneficial sympathetic inhibitory ef-
fects.33 However, in the present study, the incidence of cTI
release did not vary significantly by age among women.
Further research is required to explore sex differences after
neurocardiogenic injury.

In conclusion, the present study demonstrates that the
degree of neurological injury is a strong predictor of myo-
cardia necrosis after SAH, even after adjustment for clinical
and hemodynamic factors. These findings support a neuro-
cardiogenic cause of cardiac injury and dysfunction after
SAH.
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Editorial Comment

Myocardial Damage in Patients With Subarachnoid Hemorrhage

Cardiac effects of intracrania hemorrhage were initialy
described in 1903 by Cushing, who noted aterationsin blood
pressure and cardiac rhythm in such patients.t However, since
ECG was not available at that time, it was not until 1947 that
Byer et a described ECG changes in a patient with subarach-
noid hemorrhage (SAH).2 Later, a series of experiments
described the effect of hypothalamic stimulation on ECG
morphology and rhythm indicating that myocardial damage
need not be present for ECG changes to occur.34 Indeed,
some form of ECG changes are noted in almost all patients
with SAH.5 Up to 10% of the patients with SAH are noted to
have a potentialy letha arrhythmia such as ventricular
tachycardia and fibrillation, and it has been suggested that
this may account for some of the mortality in patients not
reaching medical care with SAH.

A series of autopsy studies in patients with SAH demon-
strated petechial subendocardial hemorrhage, and histologi-
cally, myocardia cell cytoplasm with dense eosinophilic
transverse bands.®” This occurred not only in patients with
SAH with ECG changes but aso in those without such

changes. Similar lesions could be created in experimental
animals by stimulation of the stellate ganglion and infusion of
catecholamines, and clinically this was seen in patients with
a pheochromocytoma.8-1° Such evidence suggests that myo-
cardial damage in patients with SAH is likely an effect of
increased catecholamines on the myocardia cells rather than
due to preexisting coronary artery disease. Increase in cate-
cholamine level can be significant, and experimentally up to
a 30-fold increase in plasma concentration is noted within 5
minutes after SAH induction in dogs.t* However, it is not
clear if it isincreased plasma catecholamine, locally released
catecholamine, or both that lead to the pattern of myocardial
necrosis seen in SAH patients.

In our patients, myocardial necrosisis reflected by enzyme
release such as CPK-MB and troponin |. Recent studies
indicate that ~40% of patients with SAH demonstrate in-
creased serum markers for myocardial necrosis. Presumably,
these are the patients in whom characteristic histological
lesions are seen. However, since ECG changes in SAH are
largely neurally mediated and myocardial lesions tend to be
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small and patchy, elevated enzymes can occur in the absence
of ECG changes. On the other hand, functional testing of the
heart, such as by echocardiogram, is a more accurate method
to assess the effect of SAH on ventricular function, and using
this method approximately 10% of patients with SAH dem-
onstrate left ventricular (LV) wall motion abnormalities; a
subset of these patients will have irreversible myocardia
damage, but most regain LV function in several weeks.

The article by Tung et al*2 confirms that a commonly and
widely used neurological grade on admission predicts myo-
cardial damage as measured by cardiac enzyme release. This
study is notable in that it consists of a large number of
consecutive patients from a single center, minimizing poten-
tial bias seen in multicenter studies. Unlike some of the
previous reports, this report did not demonstrate catechol-
amine level to be related to the degree of cardiac enzyme
release. However, the number of subjects considered for this
analysis was small (50 of 233), and sample collection took
place at aconsiderable time interval after the onset of a bleed,
which will affect the catecholamine levels.

Tung et a aso confirm the importance of gender in
myocardial injury seen in patients with SAH. This was
suggested by Mayer et a, who showed abnormal LV function
to be more common in women with SAH, and by Sato et d,
who demonstrated that women tended to have LV wall
motion abnormalities more frequently compared with
men.’314 The reasons for this are unclear. Lambert et a
demonstrated higher catecholamine spillover from cerebro-
spinal fluid to plasmain women after SAH, indicating that the
catecholamine release may be different for men and women.1s
There are also known to be differences between the auto-
nomic nervous systems of men and women, possibly contrib-
uting to a difference in sympathetic nervous activation in
women with SAH compared to men.16.17

Tung et a noted that increased heart rate and ventricular
mass were independent predictors of myocardial enzyme
release, suggesting that increased oxygen demand in patients
with SAH is associated with myocardia damage. Addition-
aly, phenylephrine dose was independently associated with
myocardial enzyme release, suggesting that it either caused
reduced oxygen delivery to the myocardia tissue or acted
synergistically with existing catecholamines to increase the
myocardial damage.

As indicated by Tung et al, the causal factors for myocar-
dial damage in patients with SAH are many and include not
only aspects of autonomic nervous function and the effect of
catecholamines but also factors affecting myocardial oxygen
demand and the effect of medications administered in the
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course of treatment. It iswith studies such as this one by Tung
et a that we hope to gain knowledge to potentially reduce
mortality from cardiac causes in patients with SAH.

Shunichi Homma, MD, Guest Editor

Cairistine Grahame-Clarke, MRCP, PhD, Guest Editor
Division of Cardiology

Columbia University College of Physicians & Surgeons
New York, NY
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