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Abstract
An increase in cardiac troponin I (cTnI) occurs often after aneurysmal subarachnoid hemorrhage
(SAH), but its significance is not well understood. One hundred three patients with SAH were
prospectively evaluated in the SAHMII Study to determine the relations of cTnI to clinical
severity, systolic and diastolic cardiac function, pulmonary congestion, and length of intensive
care unit stay. Echocardiographic ejection fraction, wall motion score, mitral inflow early diastolic
(E) and mitral annular early (E′) velocities were assessed. Thirty patients (29%) had mildly
positive cTnI (0.1 to 1.0 ng/ml), 24 (23%) had highly positive cTnI (>1.0 ng/ml), and 49 (48%)
had negative cTnI (<0.1 ng/ml). Highly positive cTnI was associated with worse neurologic
disease, longer intensive care unit stay, and slight depression of ejection fraction (51 ± 11% [p
<0.05] vs 59 ± 8% and 63 ± 6% in mildly positive or negative cTnI groups, respectively). Highly
positive cTnI was also associated with abnormal wall motion acutely (>1.31 ng/ml; 76%
sensitivity, 91% specificity), which typically resolved within 5 to 10 days. Both mildly or highly
positive cTnI were associated with acute diastolic dysfunction, with E/E′ of 17 ± 6 and 16 ± 6
(both p <0.05) vs 13 ± 4 in patients with negative cTnI. Prevalences of pulmonary congestion
were 79% (p <0.05) in patients with highly positive cTnI, 53% (p <0.05) in patients with mildly
positive cTnI, and 29% in cTnI-negative patients. In conclusion, highly positive cTnI with SAH
was associated with clinical neurologic severity, systolic and diastolic cardiac dysfunction,
pulmonary congestion, and longer intensive care unit stay. Even mild increases in cTnI were
associated with diastolic dysfunction and pulmonary congestion.

Aneurysmal subarachnoid hemorrhage (SAH) is a devastating neurologic disease associated
with variable degrees of acute cardiac dysfunction.1,2 Although not clearly understood, a
catecholamine-surge hypothesis was the most widely accepted theory for SAH-induced
cardiac injury.3 Patients with aneurysmal SAH had an increase in systematic and local
norepinephrine release4–7 that may have been related to myocardial injury deflected by
increased serum cardiac troponin I (cTnI).2,8,9 Cardiac troponin is the current standard
method of serologic detection of myocardial injury in patients with acute coronary
syndromes.10 In addition, increases in cTnI were associated with increased mortality in
critically ill patients,11 and even slight increases in cTnI (≥0.04 ng/ml) were associated with
increased mortality rates in patients with advanced chronic heart failure.12 Although the
cardiac injury associated with SAH was usually temporary and normalized over time, the
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degree of cardiac dysfunction was highly variable,2,7,13–16 and the clinical significance of
acutely increased cTnI after SAH, especially when mildly positive, was not well understood.
Accordingly, our objective was to test the hypothesis that increases in cTnI in patients with
aneurysmal SAH were related to severity of the clinical neurologic condition, cardiac
systolic and diastolic function, and occurrence of acute pulmonary congestion.

Methods
From May 2004 to January 2007, we prospectively enrolled consecutive patients admitted to
the University of Pittsburgh Medical Center NeuroVascular Intensive Care Unit (Pitts-
burgh, Pennsylvania) with a diagnosis of aneurysmal SAH documented using angiography
and computed tomography as part of the Subarachnoid Hemorrhage and Myocardial
Infarction and Ischemia (SAHMII) study. All patients were adults (age 18 to 75 years) with
Fisher score ≥2 and/or Hunt-Hess grade ≥3. Patients were excluded if they had preexisting
neurologic disease or traumatic or mycotic aneurysms. Patients were also excluded from this
analysis if they had severe renal insufficiency or disease. The study protocol was approved
by the Institutional Review Board at the University of Pittsburgh, and informed consent was
obtained from each patient or an appropriate designee before study entry.

Severity of neurologic injury on admission was graded using the Hunt-Hess score to classify
SAH severity using clinical symptoms, defined as 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 = stupor, moderate to severe
hemiparesis, or early decerebrate rigidity; and 5 = deep coma, decerebrate rigidity, or
moribund appearance.17

Clinical diagnosis, aneurysm site, and Hunt-Hess criteria were evaluated and graded by the
admitting physician. Aneurysms were secured in the operating room using surgical clip
placement or in the interventional radiology suite using endovascular coil and embolization.
All patients were managed according to the standard practice guidelines for patients with
SAH. Early routine care included prophylactic nimodipine (generally 60 mg every 4 hours)
and magnesium replacement. Blood pressure management consisted of antihypertensives
(labetolol, nicardipine, or nitroprusside) or vasopressor or inotropic therapy (phenylephrine,
norepinephrine, dopamine, or dobutamine). Normovolemia was maintained using
crystalloids and albumin guided by central venous pressure monitoring. cTnI was measured
using a standard chemiluminescence immunoassay (Bayer Heath Care, Tarrytown, New
York) on admission and daily for the first 5 days after SAH, and maximum daily cTnI was
used as a marker of myocardial injury.

Transthoracic echocardiography was performed <72 hours after SAH and repeated 5 to 10
days after SAH onset in a subset of patients (Vivid; GE-Vingmed, Horton, Norway). Left
ventricular ejection fraction was assessed using biplane Simpson’s rule with manual tracing
of apical 4- and 2-chamber views in a blinded manner.18 Wall motion score was calculated
using a standard 16-segment model. Segment scores were 1 = normal, 2 = hypokinesis, 3 =
akinesis, and 4 = dyskinesis. Wall motion score index was calculated as the sum of all
segment scores divided by the number of segments visualized.18 Pulse-wave Doppler–
derived transmitral velocity and digital color tissue Doppler images were also obtained from
apical views in a subset of patients.19 Early diastolic (E) and atrial (A) wave velocities and E
wave deceleration time were measured using pulse-wave Doppler recording. Septal and
lateral mitral annular early diastolic velocities (E′) were measured from an apical 4-chamber
view using off-line color tissue Doppler images.20 E′ velocities from 2 sites (lateral and
septal annulus) were averaged (E′), and E/E′ was calculated for assessment of left
ventricular filling pressure (Figure 1).21

Tanabe et al. Page 2

Am J Cardiol. Author manuscript; available in PMC 2013 May 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Chest radiographs were completed on admission and through day 5 (or as long as clinically
indicated). Interpretation of chest radiographs by a radiologist was used for assessment of
pulmonary congestion. A positive finding of pulmonary congestion was radiographically
defined as the presence of any of hilar edema, hilar fullness, interstitial edema, pulmonary
congestion, or pulmonary edema on the radiology report. The presence of any of these
findings on any of the first 5 days was defined as a positive chest radiograph for pulmonary
congestion.

All group data were presented as mean ± SD and compared using 2-tailed Student’s t test for
unpaired data. Analysis of variance and Bonferroni’s correction for post hoc tests were used
for 3-group comparison. Proportional differences were evaluated using Fisher’s exact test or
chi-square test as appropriate. The 95% confidence intervals (CIs) were calculated using
Fisher’s r to z transformation. Receiver-operating characteristic curves were analyzed to
determine the optimal cut-off values for cTnI to predict regional wall motion abnormality
and pulmonary congestion. Statistical significance was p <0.05.

Results
One hundred three patients who were enrolled had complete baseline data sets, including
complete clinical evaluation, cTnI, echocardiogram, and chest radiographs. Ninety-five
(92%) also had complete Doppler measurements performed at baseline, and 88 (85%) had
follow-up echocardiograms performed at 5 to 10 days. The group was predominately women
(73%) with a mean age of 53 ± 10 years and mean Hunt-Hess grade of 2.6 ± 1.1 (Table 1).
Only 7 patients (7%) had a history of coronary artery disease. Serum cTnI was undetectable
(<0.1 ng/ml) in 49 patients (48%). In 54 patients (52%) with positive cTnI, mean levels were
2.7 ± 6.6 ng/ml, with a wide range of 0.1 to 42.7. Thirty patients (29%) were classified as
having mildly positive cTnI (0.1 to 1.0 ng/ml), and 24 patients (23%), highly positive cTnI
(>1.0 ng/ml). Highly positive cTnI was associated with worse SAH clinical severity (higher
mean Hunt-Hess grade) than negative cTnI (p <0.05). Specifically, cTnI >1.31 ng/ml was
associated with a significantly higher mean Hunt-Hess grade (3.4 ± 1.1) compared with
patients with lower cTnI (2.5 ± 1.0; p <0.05; Figures 2 and 3).

Overall, positive cTnI was not associated with abnormal ejection fraction in patients with
SAH (Table 2). Only highly positive cTnI was associated with relatively depressed ejection
fraction at 51 ± 11% (p <0.05 vs other groups) compared with 59 ± 8% and 63 ± 6% in the
mildly positive or negative cTnI groups, respectively. Specifically, no patient with negative
cTnI had an abnormal ejection fraction, and only 1 patient with mildly positive cTnI had an
abnormal ejection fraction of 40%. Of patients with highly positive cTnI, only 4 had
abnormal ejection fractions of 27%, 30%, 40%, and 41%. The overall degree of left
ventricular systolic dysfunction was modest, and inotropic or vasopressor support was
infrequent and administered only briefly. No patient had cardiogenic shock. Only 17 patients
(17%) had acute wall motion abnormalities, and they tended to be modest. They were
observed in several left ventricular anatomic regions, but appeared to be more frequent in
the basal anterior and anteroseptal segments (Figure 4). All patients with an abnormal wall
motion score at baseline had a follow-up study at 5 to 10 days after SAH onset; 8 patients
(47%) improved and 4 patients (24%) normalized their wall motion scores, whereas 5 (29%)
had persistence or worsening of their baseline wall motion scores (including 1 patient with a
history of coronary artery disease). No patient with a normal wall motion score at baseline
showed abnormal wall motion at follow-up. There was a higher prevalence of left
ventricular wall motion abnormalities in patients with highly positive cTnI (54%; p <0.05 vs
other groups) compared with the mildly positive (10%) or negative cTnI groups (2%),
respectively. Using receiver-operating characteristic curve analysis, cTnI >1.31 ng/ml
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predicted wall motion score abnormalities with 76% sensitivity and 91% specificity (Figure
5).

Left ventricular diastolic function evaluation is listed in Table 3. In the 3 groups classified
using cTnI, E/A ratio was not statistically significant, but the group mean E wave
deceleration time in the highly positive cTnI group was significantly shorter than that in the
mildly positive group (170 vs 194 ms; p <0.05), indicating a relative decrease in diastolic
function. Significant differences in mitral annular velocity were observed between groups,
and patients in both the mildly positive and highly positive cTnI groups had lower E′ (7.0 ±
1.9 and 6.7 ± 1.4 [both p <0.05] vs 8.8 ± 2.2 cm/s in the cTnI negative group), consistent
with modest diastolic dysfunction. E/E′ as an indicator of left ventricular filling pressure
was significantly increased at 17 ± 6 (p<0.05) in the mildly cTnI positive group to 16 ± 6
(p<0.05) in the highly cTnI positive group compared with 13 ± 4 in the cTnI-negative group.
Patients with positive cTnI (≥0.1 ng/ml) showed significantly lower E′ than patients with
negative cTnI (6.9 ± 1.7 vs 8.8 ± 1.7 cm/s; p <0.05). Similarly, patients with positive cTnI
(≥0.1 ng/ml) showed significantly higher E/E′ than patients with negative cTnI (17 ± 0.6 vs
13 ± 4; p <0.05).

Patients in the highly positive cTnI group had a high prevalence of pulmonary congestion
using chest radiographs at 79% (95% CI 60 to 91). Furthermore, 53% (95% CI 36 to 70) of
patients with mildly positive cTnI had pulmonary congestion, which was significantly more
than observed in the cTnI-negative group at 29% (95% CI 17 to 43, p <0.05; Figure 5). A
cut-off value for positive cTnI (≥0.1 ng/ml) predicted the occurrence of pulmonary
congestion with 71% sensitivity and 65% specificity using receiver-operating characteristic
curve analysis (Figure 5). Intensive care unit stay was significantly longer in the highly
positive cTnI group at 14.0 ± 7.3 days compared with 11.6 ± 5.8 in patients with negative or
mildly positive cTnI (p <0.05).

Discussion
This study was a prospective evaluation of the clinical significance of cTnI in a large series
of consecutive patients with acute aneurysmal SAH. It showed the relation of cTnI to
clinical severity of neurologic condition, systolic and diastolic cardiac dysfunction,
occurrence of pulmonary congestion, and length of intensive care unit stay. It added to
existing reports by showing associations of increases in cTnI with diastolic function
assessed using E/E′ and cut-off values predictive of acute cardiac dysfunction and
pulmonary congestion. A highly positive cTnI was associated with severity of neurologic
damage and longer intensive care unit stay, as well as evidence of global and regional left
ventricular systolic dysfunction, although degrees of ejection fraction depression and wall
motion abnormalities were typically modest and transient. Mild increases in cTnI were
associated with diastolic dysfunction, and importantly, the occurrence of pulmonary
congestion increased with cTnI. Even mild increases in cTnI were associated with an
increased incidence of pulmonary congestion. These data support the relation between
severity of SAH and clinical manifestations of acute cardiac injury reflected by cTnI.

Myocardial injury and increased troponin after aneurysmal SAH have been previously
reported.1,3,14 Hypotheses regarding the cause of myocardial injury have included supply-
demand mismatch, epicardial coronary vasospasm, and coronary thrombosis.7 However,
growing evidence supported a catecholamine hypothesis in which SAH led to an acute surge
in catecholamine release at the time of rupture and subsequent myocardial injury and
dysfunction. The proposed mechanism included increased autonomic output in response to
SAH, increased systemic catecholamine release, increased blood pressure, vascular wall
stress, and coronary vasospasm.5,6 A central component of the catecholamine hypothesis of
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myocardial injury included increased local norepinephrine release resulting in a cascade of
cellular events ultimately leading to myocardial necrosis.4,7 In this study, patients presenting
with severe neurologic damage and systolic dysfunction were more often seen in the highly
positive cTnI group, consistent with previous observations.2,22 These observations
suggested that severe neurologic damage may cause an increase in systematic and local
norepinephrine release that induces myocardial injury, represented as systolic dysfunction
and increased cTnI.

The catecholamine hypothesis has been used to describe the unusual patterns and modest
distribution of wall motion abnormalities observed in patients with SAH, which were not
consistent with epicardial coronary atherosclerosis.1,7,23 Khush et al23 found wall motion
abnormalities in patients with SAH more frequently in anterior-anteroseptal walls of mid to
basal segments with relative sparing of apical segments. Apical ballooning syndrome, also
known as Takotsubo cardiomyopathy, shared the same hypothesized mechanism of massive
catecholamine release, although this appeared to be a different disease than myocardial
dysfunction associated with SAH.3,24 In the present study, 71% of patients with SAH with
abnormal wall motion improved 5 to 10 days after SAH. Only 5 patients did not recover
acutely, and 1 of these patients had a possible preexisting wall motion abnormality because
of a history of coronary artery disease. Ejection fraction depression was an uncommon
observation, and the potential long-term clinical consequence of persistence of depressed
ejection fraction was not known in these patients.

Although left ventricular systolic dysfunction was either absent or only modest in the group
with highly positive cTnI, diastolic function was detected in many patients with SAH, even
when only mildly positive. The finding of positive cTnI was often associated with
pulmonary congestion. Heart failure often occurred with preserved systolic function, termed
diastolic heart failure or heart failure with preserved ejection fraction.25 Recent results from
the Candesartan in Heart failure: Assessment of Reduction in Mortality and morbidity
(CHARM)-Preserved study showed diastolic dysfunction in ⅔of patients with heart failure
with preserved systolic function.26 Although the acute diastolic dysfunction observed in
patients with SAH may likely result from a different mechanism, its association with
pulmonary congestion indicated that these echocardiographic Doppler measures may be
more sensitive markers of myocardial injury than global ejection fraction or wall motion
scores. These observations suggest that patients with even mild cTnI increases had a degree
of myocardial injury important enough to result in diastolic dysfunction and pulmonary
congestion.

There were several limitations to this study. Diastolic function assessed using Doppler
echocardiography had its potential limitations.27 Left ventricular diastolic velocities using
tissue Doppler of the mitral annulus were less dependent on preload than transmitral flow
velocities, but not completely load independent.28 Another limitation was that E′ used
directly and for E/E′ was measured using color tissue Doppler in the present study, which
was technically different from that measured using pulse tissue Doppler.29,30 McCulloch et
al21 directly compared tissue velocities measured using color tissue Doppler with pulse
tissue Doppler and reported significant correlations, but that myocardial velocities measured
using color tissue Doppler significantly underestimated velocities using pulse tissue
Doppler. Consequently, E/E′ using color tissue Doppler may have overestimated E/E′. E′
and E/E′ values in this study cannot be compared with previous reports using pulse tissue
Doppler. However, comparisons between groups remain valid as a surrogate marker of left
ventricular filling pressure. Another limitation was the use of chest radiographs to evaluate
pulmonary congestion. However, a positive chest radiograph did not denote clinical heart
failure conclusively. Many clinical trials of patients with heart failure previously used acute
pulmonary congestion on chest radiographs as a marker for heart failure, although we
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acknowledge that patients with SAH represent a different patient population. Finally, we did
not have long-term outcome data in the present study, and the clinical significance of our
observations was limited to the acute in-hospital course.
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Figure 1.
Examples of echocardiographic data obtained. (A) Transmitral velocities with pulse-wave
Doppler in an apical 4-chamber view at the mitral leaflet tips for E and A wave velocity and
E wave deceleration time. (B) Mitral annular velocities of septal and lateral mitral annulus
(E′) using color tissue Doppler images. Septal and lateral annular velocities were averaged,
with E/E′ used as an estimate of left ventricular filling pressure.
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Figure 2.
An illustrative case example of a patient with highly increased cTnI (10 ng/ml) and left
ventricular wall motion abnormalities after SAH. Hunt-Hess score on admission was 3, and
brain computed tomography showed Fisher score of 3 (left). SAH shown by arrows.
Echocardiogram on admission (right) showed midventricular wall motion abnormalities
(arrows) in the apical 2-chamber view. Wall motion score was 1.9, and ejection fraction was
30%.
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Figure 3.
A illustrative case example of a patient with mildly increased cTnI (0.2 ng/ml) and
pulmonary congestion using chest X-ray after SAH (left). E/A ratio was 1.2, and E
deceleration time was 160 ms using transmitral velocity (right upper). Mitral annular
velocity was 7 cm/s, and E/E′ was 16 (right lower). Wall motion score was normal (1.0),
and ejection fraction was 58%.
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Figure 4.
Distribution of abnormal segments in patients with wall motion abnormalities after SAH
using a 16-segment model showing outer, middle, and inner represent basal, midventricular,
and apical segments of the left ventricle. Numbers in the segment show percentages of
patients with segmental wall motion (n = 17).
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Figure 5.
Receiver-operating characteristic (ROC) curves to determine cut-off values for cTnI to
predict (A) regional wall motion abnormalities and (B) pulmonary congestion. ROC areas,
cut-off cTnI values, sensitivities, and specificities are shown.
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Table 1

Patient characteristics in groups classified by peak cardiac troponin I (cTnI)

Peak cTnI (ng/ml) p Value

Negative <0.1 (n = 49) Mildly Positive 0.1–1.0 (n = 30) Highly Positive >1.0 (n = 24)

Age (yrs) 51 ± 10 55 ± 9 56 ± 11 NS

Women 35 (71%) 23 (77%) 17 (71%) NS

Hunt-Hess grade

 Mean 2.4 ± 1.0 2.6 ± 0.9 3.2 ± 1.2* <0.01

 1 12 (24%) 4 (13%) 2 (8%)† <0.05

 2 13 (27%) 8 (27%) 4 (17%) NS

 3 18 (37%) 13 (43%) 9 (38%) NS

 4 6 (12%) 5 (17%) 5 (21%) NS

 5 0 (0%) 0 (0%) 4 (17%) NS

Data expressed as mean ± SD or number (percent).

*
p <0.01 versus negative and mildly positive cTnI group.

†
p <0.01 versus negative cTnI group.
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Table 2

Association of cardiac troponin I (cTnI) with systolic function

Peak cTnI (ng/ml) p Value

Negative <0.1 (n = 49) Mildly Positive 0.1–1.0 (n = 30) Highly Positive >1.0 (n = 24)

Wall motion score 1.0 ± 0.0 1.0 ± 0.1 1.3 ± 0.3* <0.001

Abnormal wall motion 1 (2%) 3 (10%) 13 (54%)* <0.001

Ejection fraction (%) 63 ± 6 59 ± 8 51 ± 11* 0.001

Data presented as mean ± SD or number (percent).

*
p <0.01 versus negative and mildly positive cTnI groups.
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Table 3

Association of cardiac troponin I (cTnI) with diastolic function and pulmonary congestion

Peak cTnI (ng/ml) p Value

Negative <0.1 (n = 49) Mildly Positive 0.1–1.0 (n = 30) Highly Positive >1.0 (n = 24)

Transmitral velocity (n = 97)

 E/A ratio 1.4 ± 0.4 1.3 ± 0.5 1.4 ± 0.5 NS

 E deceleration time 181 ± 25 194 ± 46 170 ± 35* <0.05

Annular velocity (n = 95)

 E′ velocity (cm/s) 8.8 ± 2.2 7.0 ± 1.9† 6.7 ± 1.4† <0.001

Left ventricular filling pressure (n = 95)

 E/E′ ratio 13 ± 4 17 ± 6† 16 ± 6† 0.001

Chest X-ray (n = 103)

 Pulmonary congestion (%) 14 (29%) 16 (53%)† 19 (79%)* <0.001

Data presented as mean ± SD or number (percent).

*
p <0.01 versus negative and mildly positive cTnI groups.

†
p <0.05 versus negative cTnI group.
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