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Abstract

Purpose: To investigate the connection between sympathetic function and neurogenic car-
diomyopathy (NC), and to determine whether NC is mediated primarily by circulating adrenal
epinephrine (EPI) or neuronally transmitted norepinephrine (NE), following subarachnoid
hemorrhage (SAH). Methods: This is a prospective observational investigation of consecutive
severe-grade SAH patients. All participants had transthoracic echocardiography and sero-
logical assays for catecholamine levels — dopamine (DA), NE and EPI — within 48 h of hemor-
rhage onset. Clinical and serological independent predictors of NC were determined using
multivariate logistic regression analyses, and the accuracy of predictors was assessed by re-
ceiver operating characteristic (ROC) curves. Multivariate linear regression analyses were used
to evaluate correlations among the catecholamines. Results: The investigation included a to-
tal of 94 subjects: the mean age was 55 years, 81% were female and 57% were Caucasian. NC
was identified in approximately 10% (9/94) of cases. Univariate analyses revealed associations
between NC and worse clinical severity (p = 0.019), plasma DA (p = 0.018) and NE levels (p =
0.024). Plasma NE correlated with DA levels (p = 0.206, p = 0.046) and EPI levels (p = 0.392,
p < 0.001), but was predicted only by plasma EPI in bivariate [parameter estimate (PE) = 1.95,
p < 0.001] and multivariate (PE = 1.89, p < 0.001) linear regression models. Multivariate logis-
tic regression analyses consistently demonstrated the predictive value of clinical grade for NC
(p < 0.05 for all analyses) except in models incorporating plasma NE, where NC was indepen-
dently predicted by NE level (OR 1.25, 95% CI 1.01-1.55) over clinical grade (OR 4.19, 95% CI
0.874-20.1). ROC curves similarly revealed the greater accuracy of plasma NE [area under the
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curve (AUC) 0.727,95% CI0.56-0.90, p = 0.02] over clinical grade (AUC 0.704, 95% CI 0.55-0.86,
p = 0.05) for identifying the presence or absence of NC. Conclusions: Following SAH, the de-
velopment of NC is primarily related to elevated plasma NE levels. Findings implicate a pre-
dominantly neurogenic process mediated by neuronal NE (and not adrenal EPI), but cannot
exclude synergy between the catecholamines. © 2015 S. Karger AG, Basel

Introduction

Subarachnoid hemorrhage (SAH) occurs in approximately 9.1/100,000 persons per year,
and is associated with a 30% mortality rate [1]. Risk factors for mortality from SAH include
age [2, 3], clinical grade [2, 3] and neurogenic cardiomyopathy (NC) [4]. SAH is associated
with a marked acute increase in sympathetic activity [5], which is related to clinical severity
[6], and which has been linked to the development of NC [7] and to disability/mortality [4].

NCis believed to result from fulminant catecholamine activation, causing excessive influx
of calcium into myocytes, hypercontraction of myofibrils, myocytolysis from energy deple-
tion, and myocardial dysfunction [8]. Uncertainty exists as to whether the process is pri-
marily mediated by adrenal epinephrine (EPI) release into the systemic circulation, or by
direct neuronal norepinephrine (NE) innervation of myocardial fibers [9, 10].

The purpose of this projectis to investigate the connection between sympathetic function
and the occurrence of NC, and specifically to determine which catecholamine hormone/trans-
mitter is primarily responsible for the development of NC in patients with severe-grade SAH.

Methods

Inclusion/Exclusion Criteria

This is a prospective observational study of consecutive, primary/spontaneous, nonre-
current, Hunt-Hess (H/H) grades 3-5 SAH patients. Patients with severe preexisting medical
or cardiopulmonary disease, those requiring cardiovascular or hemodynamic resuscitation
with vasopressors or inotropes, and those experiencing SAH due to secondary causes (arte-
riovenous malformation, trauma, intracerebral hemorrhage, dissection, infection or
neoplasm) were excluded. Cases with a severe clinical grade were selected due to the greater
probability of identifying patients with NC and/or catecholamine elevations [11, 12].

Investigative Overview

Demographic, clinical, radiological and angiographic data were abstracted from the
medical record or obtained from family interviews. During the first 48 h following the ictus,
all patients had serological samples collected for analysis of catecholamine levels, and all
patients underwent transthoracic echocardiography (TTE). Eligible and enrolled patients
were admitted to the Neurological Intensive Care Unit at the Hospital for Neurosciences
between May 27, 2010 and June 13, 2012. The study was approved by the Institutional
Research Review Board at the Thomas Jefferson Medical Center and was performed in accor-
dance with the standards laid down by the 1964 Declaration of Helsinki and later amend-
ments. Consent for participation was obtained from all patients or family representatives.

Sample Collection

Prior to endovascular or surgical intervention, serological samples (3 ml) were collected
in lavender EDTA-containing tubes, and immediately centrifuged at 2,000 rpm for 5 min at

KARGER

58



////,,//,,E//,,/X/,,//L/,BW,///\,,WZ Cerebrovasc Dis Extra 2015;5:57-67
Cerebrovascular DOI: 10.1159/000431155 © 2015 S. Karger AG, Basel
Diseases . www.karger.com/cee

Moussouttas et al.: Plasma Catecholamine Profile of Subarachnoid Hemorrhage
Patients with Neurogenic Cardiomyopathy

4°C. Supernatant was aspirated by a pipette and injected into an unused red-top tube for
storage at -80°C, and the precipitant was discarded. After defrosting and mixing, the super-
natant was assayed by high-performance liquid chromatography for catecholamine levels -
dopamine (DA), NE and EPI - using standard techniques [13]. Assays were performed by an
experienced scientist unfamiliar with the patients or details of the clinical scenario, and
unaware of the TTE findings.

Cardiac Evaluation

TTE examinations were performed using the Phillips iE33 ultrasound system by experi-
enced echocardiographers, and reviewed by a cardiologist certified in the interpretation of
echocardiograms (M.D.). The reviewer was unfamiliar with the patients or details of the
clinical scenario, and was unaware of any cerebrospinal fluid (CSF) assay results. NC was
defined as regional or global mural cardiac dysfunction whose distribution was considered
characteristic for NC (and not characteristic of cardiac ischemic disease), and which was
explainable only by the inciting SAH.

Variable Categorization

Due to the low number of H/H grade 5 patients, H/H grades 4 and 5 were combined, and
the clinical variable was dichotomized between grade 3 and grades 4/5 for all calculations.
Admission CT scans were scored using the system proposed by Frontera et al. [14], which
allows for improved linear quantification of the hemorrhage extent. Given an uneven distri-
bution in CT scores, scores 1 and 2 and scores 3 and 4 were combined, and the radiological
variable dichotomized between scores 1/2 and 3 /4 for all calculations. The outcome measure
evaluated was the presence or absence of NC.

Statistical Analysis

For univariate analyses, categorical proportions were compared using Fisher’s exact or
x? tests, continuous values were correlated using Pearson’s coefficient, and comparisons of
continuous values were performed using the rank-sum or (two-sided) t test. For the outcome
of NC, variables indicating a possible association in univariate analysis (p < 0.1) were reeval-
uated by bivariate logistic regression testing. Predictor variables from the bivariate analyses
(p < 0.05) were cumulatively entered into multivariate logistic regression models using the
backward stepwise elimination technique. For any catecholamine variable emerging as an
independent predictor of NC, associations evident from correlation analyses (p < 0.1) were
reassessed bybivariatelinearregressiontesting. Catecholamine(s) demonstratingapredictive
value in bivariate analyses (p < 0.05) were entered into multivariate linear regression models.
Based on the results of multivariate logistic regression analyses, receiver operating charac-
teristic (ROC) curves were created for every individual independent predictor of NC, and for
combined models incorporating all independent predictors cumulatively. For all analyses, a
p value <0.05 was considered statistically meaningful. The SPSS program v.12 was used for
all computations.

Results

Patient Selection

To obtain the study group, a total of 312 patients were screened. Of these patients, 134
were excluded due to low clinical severity (H/H grades 1/2), leaving a candidate study popu-
lation of 178 patients. From these, 80 were excluded due to discontinuation of support
(22/80), late presentation (21/80), delayed enrollment (10/80), lack of patient or family
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NC(n=9) NoNC(n=85) pvalue

Demographics
Age, years 49+17 55+14 0.348
Female 79 81 0.547
Caucasian 67 57 0.730
Medical history
Hypertension 38 62 0.260
Tobacco use 44 49 1.00
EtOH use 22 18 0.664
Drug use 0 7 0.537
CAD 0 5 0.693
SAH features
H/H grade 4/5 67 26 0.019
CT score 3/4 56 41 0.490
Aneurysm location
A1-ACom/MCA 50/17 40/7 0.690/0.920
Posterior/VA 0/0 15/9 0.590/1.00
Treatment modality
Endovascular 100 93 0.537

Data reveal the association between clinical severity (H/H grade)
and the presence of NC. For age, values represent means * SD; the
remaining values represent percentages. Drug use refers to
sympathomimetic agents of abuse. EtOH use = Ethanol use; CAD =
coronary artery disease; A1-ACom = proximal anterior cerebral/
communicating artery complex; MCA = middle cerebral artery;
posterior = posterior circulation; VA = vertebral artery.

NC(n=9) No NC (n=85) pvalue

Sample acquisition

Collection time, h 2310 21+9 0.580
Catecholamine level, pg/ul

DA 7.93+£22.5 4.03+36.4 0.018

NE 7.91+11.3 1.82+2.36 0.024

EPI 0.645+0.986 0.428+0.878 0.289

Data reveal the association between plasma NE levels and NC. For
all variables, values represent means + SD. p values <0.1 are bolded.

consent (9/80), cerebral circulatory arrest (5/80), early rehemorrhage (4/80), cardiopul-
monary arrest (3/80), SAH secondary to trauma (2/80) or infectious endocarditis (2/80), a
previous history of SAH (1/80), and serious medical illness of metastatic carcinoma (1/80).

Subject Characteristics

Ofthe 98 originally enrolled subjects, 3 did not undergo TTE due to anticipated mortality,
and in 1 patient TTE imaging quality was inadequate for interpretation. Therefore, the final
study group consisted of 94 patients: the mean age was 55 years, 81% were female and 57%
were Caucasian. NC was identified in approximately 10% (9/94) of cases. Demographic,
clinical, radiological and laboratory details for the two groups are listed in tables 1 and 2.
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Table 3. Correlation analyses and bivariate/multivariate linear regression analyses for plasma NE levels

Correlation analyses Bivariate analyses Multivariate analyses
coefficient (p) p value PE p value BE p value
H/H grade NA 1.83 0.06 NA
EPI level 0.392 <0.001 1.95 <0.001 1.89 <0.001
DA level 0.206 0.046 n.s. NA

Data from correlation analyses and linear regressions reveal the association between/predictive value of
plasma EPI and/for plasma NE levels. p values <0.05 are bolded. NA = Not applicable; n.s. = not significant.

Table 4. Bivariate and multivariate logistic regression analyses for the main outcome measure NC

Bivariate analyses Multivariate analyses

OR (95% CI) p value OR (95% CI) p value
H/H grade 5.73 (1.32-24.9) 0.020 4.19 (0.874-20.1) 0.0732
NE level 1.28 (1.04-1.56) 0.017 1.25(1.01-1.55) 0.039
DA level 0.998 (0.983-1.01) 0.730 NA

Data from bivariate analyses reveal the predictive value of clinical severity (H/H grade) and plasma NE
levels for the occurrence of NC. Data also reveal NE as an independent predictor of NC, over and above H/H
grade in multivariate analyses. p values <0.05 are bolded. NA = Not applicable.

@ Alternate models including H/H grade, CT score, gender and age consistently validate the independent
predictive value of H/H grade for NC (p < 0.05 for all analyses).

Univariate and Logistic Regression Analyses

From the univariate analyses (tables 1, 2), NC was associated with a worse H/H grade
(p=0.019), plasma NE levels (p = 0.024) and plasma DA levels (p = 0.018). Correlation analyses
(table 3) demonstrated a positive association between plasma NE and EPI levels
(p=0.392, p <0.001), and between plasma NE and DA levels (p = 0.206, p = 0.046). Bivariate
logistic regression (table 4) identified H/H grade (OR 5.73, 95% CI 1.32-24.9) and plasma NE
levels (OR 1.28,95% CI 1.04-1.56), but not plasma DA levels (p = 0.730), as predictors of NC.
In the multivariate logistic regression analysis (table 4), NC was independently predicted by
plasma NE level (OR 1.25,95% CI 1.01-1.55), more so and to the exclusion of H/H grade (OR
4.19,95% C10.874-20.1). Alternate models (including H/H grade, gender and age) consistently
confirmed the independent predictive value of H/H grade for NC (p < 0.05 for all analyses).

Linear Regression and ROC Curve Analyses

In the bivariate linear regression analyses (table 3), plasma EPI was a predictor of NE
level (p < 0.001), and multivariate linear regression models (variably including H/H grade,
gender and age) identified plasma EPI as an independent predictor of the NE level (p < 0.001
for all analyses). ROC curves for the variables H/H grade and NE level, individually and in
combination, were constructed for the primary outcome of NC (fig. 1). Moderate accuracy was
observed for H/H grade [area under the curve (AUC) 0.704, 95% CI 0.55-0.86, p = 0.05] and
for plasma NE level (AUC 0.727, 95% CI 0.56-0.90, p = 0.02), as well as for the combined
model (AUC 0.77,95% CI 0.62-0.92, p = 0.01).
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Fig. 1. ROC curves for the accuracy of clinical H/H grade and plasma NE levels in predicting NC. The graphs
illustrate the accuracy of clinical H/H grade (H/H) and plasma NE levels (NE) (a) and that of a combined
model in predicting the development of NC (b). Moderate accuracy was observed for H/H grade (AUC 0.704,
95% CI 0.55-0.86, p = 0.05) and plasma NE level (AUC 0.727, 95% CI 0.56-0.90, p = 0.02), as well as for the
combined model (AUC 0.77,95% CI 0.62-0.92, p = 0.01) in predicting NC.

Discussion

Catecholamine synthesis begins with the conversion of L-3,4-dihydroxyphenylalanine to
DAbyL-3,4-dihydroxyphenylalanine decarboxylase. DAisthen converted by DA 3-hydroxylase
to NE in sympathetic nerve terminals, which in adrenal gland cells is transformed into EPI by
phenylethanolamine N-methyltransferase. Serological quantification of catecholamine levels
provides a valuable measure of separate aspects of sympathoadrenal function, in that plasma
NE represents neuronal innervation and activation, whereas plasma EPI reflects adrenal
endocrine secretion and activity [15].

The major finding of our investigation is that the development of NC is related to plasma
catecholamine activity, and that the main catecholamine associated with NC is NE. Findings
therefore implicate a predominantly neuronal process in the production of NC via direct
innervation of the myocardium by sympathetic nerves, over an endocrine process involving
adrenally secreted EPI that circulates systemically before activating myocyte (-receptors.
The results of our investigation are consistent with prior investigations, including two retro-
spective studies demonstrating increased NE (but not EPI) levels among SAH patients with
myocardial dyskinesias [16, 17], studies revealing a greater frequency of a2-receptor poly-
morphisms predisposing to an increased presynaptic release of NE among SAH patients
developing NC [18], and studies identifying NE (and not EPI) as the main catecholamine
elevated following acute SAH [5, 19, 20]. However, the observed associations between plasma
NE and EPI levels do not exclude the possibility of synergy between the two catecholamines.

The findings contradict hypotheses implicating EPI as the predominant catecholamine
involved in producing NC [10], prior investigations demonstrating greater elevations of EPI
over NE among non-SAH patients presenting with NC [9], and some animal models of SAH-
induced myocardial injury [21]. Such theories cite greater myocardial apical concentrations
of B2-receptors with particular affinity towards EPI, and decreased sympathetic NE inner-
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vation at the apex of the myocardium, as explanations for why ‘typical’ NC characterized by
apical paralysis may be mediated primarily by EPI [10]. However, such theories fail to consider
the proven direct connection between hypothalamic excitation and myocardial injury [22,
23], and cannot explain experiments revealing greater cardioprotection from sympathetic
lesioning than from adrenal resection in animal models of NC [24-26]. However, our investi-
gation cannot exclude the possibility of a predominantly adrenal EPI-mediated process for
NC in nonintracranial conditions.

Similar to previous investigations, no connection was demonstrated between NC and age
[11,12],gender[12,27] oraneurysmlocation [12, 20]. Conversely, our investigation confirms
prior reports that NC is related to clinical severity [11, 12, 28, 29] and, importantly, demon-
strates that this association may be mediated by neuronal NE transmission. This conclusion
is based on the logistic regression findings which reveal the prominence of NE level over H/H
grade as an independent predictor of NC. Findings provide parsimony between various inves-
tigations identifying clinical grade as a/the principle determinant of central catecholamin-
ergic activation [6], investigations implicating (nor)adrenergic function in the production of
NC [7, 16, 17], and investigations identifying clinical severity as a major determinant of NC
among patients with SAH [11, 12, 28, 29].

The results are analogous to our previous report demonstrating a tendency towards
greater CSF NE levels among patients with NC, yet they are also discrepant to the prior report
in which clinical severity emerged as a greater predictor of NC than CSF NE [28]. Differences
between the current and original investigations may be explained by inadequate statistical
power to demonstrate consistently comparable results, and by the influence of unmeasured
variables such as prehemorrhage antiadrenergic medications [30], hormonal factors and
genetic polymorphisms [16, 18].In addition, plasma NE may provide a more accurate measure
of sympathetic discharge reaching the myocardium, and CSF contamination by hemorrhagic
products may produce dilutional and chemical alterations with less precise measures. Alter-
natively, clinical severity and NE release may represent independent parallel sequelae of a
common central apoplectic event, such as acute severe intracranial hypertension [21], so that
inclusion of clinical grade into the multivariate model may confound analyses regarding the
impact of NE upon NC. In the absence of statistical correction/adjustment for clinical grade,
our investigations become entirely consistent, with CSF and plasma NE levels both indepen-
dently predicting NC.

Probable anatomic and physiological structures and processes involved in central NC are
illustrated in figure 2. On a molecular level, NE activation of the 31-adrenergic receptor
(B1AR) initiates guanosine protein induction of adenylate cyclase, converting adenosine
triphosphate to cyclic adenosine monophosphate, which in turn induces protein kinase A
(PKA) activation of cellular membrane calcium channels, cytoplasmic calcium influx and
actin/myosin filament contraction. However, guanosine protein also activates the phos-
phoinositide second-messenger system, which produces phosphoinositide 3-kinases
composed of P110y and P84 /87 subunits, and ultimately the formation of phosphatidylino-
sitol (3,4,5)-triphosphate [31]. Normally, PKA functions as the main cellular mediator of (nor)
adrenergic function by inhibiting P110y counteraxis activity, while at the same time modu-
lating phosphodiesterase 3B activity, which in turn regulates cyclic adenosine monophos-
phate and PKA [31]. Conversely, in chronic heart failure (a condition characterized by chron-
ically elevated catecholaminergic activity), PKA inhibition of P110y is impaired, allowing the
P110y activation of -adrenergic receptor kinase (BARK) [G-protein-coupled receptor kinase
2 (GRK2)] enhancement of B-arrestin, which ultimately causes desensitization and internal-
ization of B1AR, rendering the myocardium refractory to sympathetic stimulation [31, 32].
The importance of BARK (GRK2) and (-arrestin in regulating the sympathetic control of
cardiac contractility is evident in various clinical circumstances including myocardial
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Fig. 2. Proposed anatomic and NEUROMUSCULAR

physiologic structures and pro-
cesses involved in central NC.

infarction [33, 34] and chronic heart failure [32], as well as in structural reparative/reactive
processes such as remodeling [33] and ventricular hypertrophy (for GRK5) [35]. In addition
to cytosolic functions, the influence of GRK2 may be mediated by the modification of mito-
chondrial gene expression, and thus metabolic function and energy production [36].

Excessive NE release, causing myofibrillary hypercontraction with adenosine triphos-
phate depletion and myocytolysis, represents one potential means by which myocardial
dyskinesia may occur in NC [8]. Secondary damaging consequences of marked calcium
release, including free radical formation, cellular enzyme degradation, and cytoskeletal
destruction, have also been proposed [37]. However, NC is also associated with acute func-
tional sympathetic denervation [7], possibly analogous to the 31AR catecholamine resistance
present in heart failure, which may theoretically also contribute to the inotropic deficiency
observed. Similar to the situation in heart failure, it has been hypothesized that predominant
activation of the phosphoinositide 3-kinase system by fulminant (nor)adrenergic release may
inactivate 31ARs and lead to temporary catecholamine resistance, and to the myocardial
dyskinesia of NC [10]. Given the known functions of the principal myocytic sympathetic medi-
ators [PKA, P110y, BARK (GRK2) and B-arrestin] in normal conditions and in disease states,
it is interesting to speculate on the role these compounds may play in the production of NC,
and whether the manipulation of these compounds may eventually lead to successful treat-
ments for NC.

Study limitations include the small number of subjects enrolled, the exclusion of many
patients who originally presented and were screened, and possibly the delay in the acqui-
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sition of serological specimens. However, statistically relevant and physiologically plausible
findings were revealed despite the limited number of subjects, and elevated catecholamine
levels are known to persist for several days following acute cardiac and intracranial events
[5, 9, 38, 39]. Regarding the exclusion of candidate patients, every attempt was made by the
researchers to enroll as many participants as possible and as quickly as possible into the
investigation. The exclusion of critical patients who died early, who may have exhibited
greater elevations in catecholamine levels and therefore greater propensity for developing
NC, may have led to an underestimation of the impact of the (nor)adrenergic response upon
the development of NC. An additional limitation is the inability to account for variable usage
and differing doses of pre/posthemorrhage af-receptor modulating and sedative-analgesic
medications [30], or the impact of such medications upon the sympathoadrenal response of
any given individual, and thus the influence of these agents upon our results. Finally, the
modest accuracy of sensitivity/specificity models in estimating the occurrence of NC indi-
cates the influence of factors not evaluated by our work, such as catecholamine receptor poly-
morphysms and hormonal interactions [16, 18].

Attributes include analogous findings to those of previous investigators [7,16, 17, 24-26]
and the consistency of our findings with prevailing contemporary theories regarding a sympa-
thetically mediated neurogenic process in the development of NC [37]. Additionally, results
are internally consistent given the positive associations between plasma catecholamine
levels, and externally validated by reinforcing the connection between clinical SAH severity
and the presence of NC [11, 12, 28]. The prospective nature of this investigation and the
masking of investigators regarding echocardiography and laboratory results minimized the
likelihood of bias and adds to the validity of the results. Finally, we believe our research repre-
sents the only prospective investigation relating NC to plasma NE levels and presents the
novel finding that clinical severity likely mediates NC via plasma NE elevations.

Conclusion

In SAH, and potentially any intracranial process, the development of NC is related to
increased catecholamine activity, and in particular to elevations in plasma NE levels. Findings
implicate a primarily neuronal NE-mediated (and not adrenal EPI-mediated) process, which
is thus neurogenic in origin. Results cannot exclude the potential for synergy between NE and
EPI in the development of NC following SAH, nor a predominantly EPI-mediated process in
nonintracranial conditions.
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