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Abstract

Introduction: Although aneurysmal subarachnoid hemorrhage (SAH) is often complicated by myocardial injury,
whether this neurogenic cardiomyopathy is associated with the modification of cardiac metabolism is unknown.
This study sought to explore, by positron emission tomography/computed tomography, the presence of altered
cardiac glucose metabolism after SAH.

Methods: During a 16-month period, 30 SAH acute phase patients underwent myocardial 18 F- fluorodesoxyglucose
positron emission tomography (18F-FDGPET), 99mTc-tetrofosmin and 123I-meta-iodobenzylguanidine (123I-mIBG)
scintigraphy, respectively, assessing glucose metabolism, cardiac perfusion, and sympathetic innervation. Patients with
initial abnormalities were followed monthly for two months for 18F-FDG, and six months later for 123I-mIBG.

Results: In this SAH population, acute cardiac metabolic disturbance was observed in 83% of patients (n = 25), and
sympathetic innervation disturbance affected 90% (n = 27). Myocardial perfusion was normal for all patients. The
topography and extent of metabolic defects and innervation abnormalities largely overlapped. Follow-up showed rapid
improvement of glucose metabolism in one or two months. Normalization of sympathetic innervation was slower; only
27% of patients (n = 8) exhibited normal 123I-mIBG scintigraphy after six months. Presence of initial altered cardiac
metabolism was not associated with more unfavorable cardiac or neurological outcomes.

Conclusions: These findings support the hypothesis of neurogenic myocardial stunning after SAH. In
hemodynamically stable acute phase SAH patients, cardiomyopathy is characterized by diffuse and heterogeneous
18F-FDG and 123I-mIBG uptake defect.

Trial registration: Clinicaltrials.gov NCT01218191. Registered 6 October 2010.
Introduction
Subarachnoid hemorrhage (SAH) following aneurysm rup-
ture remains a devastating condition with high mortality
and poor outcome among survivors [1,2]. Recent develop-
ments in neurocritical care have reduced the mortality rate
from 50% to 25 to 35% [3]. Medical non-neurological
complications add to morbidity and mortality, rivaling the
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frequency of mortality from neurological complications
[3-5]. Myocardial abnormalities have been reported in 50
to 100% of patients with severe SAH [6], and may include
electrocardiogram (ECG) changes [7], troponin Ic ele-
vation with myocardial necrosis [6,8], increased B-type
natriuretic peptide (BNP) level [9], and cardiogenic shock.
Despite controversies, the neurogenic hypothesis is now
the most commonly held theory of pathogenesis of this
acute stress cardiomyopathy [10-12].
We hypothesize that cardiac metabolism is modified

after SAH. The primary objective of this study was to
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observe the impairment of cardiac glucose metabolism
and to quantify its incidence and reversibility in a po-
pulation of SAH patients. In addition, the duration and
reversibility of cardiac neurogenic sympathetic injury
after SAH remain unknown, and were evaluated as a
secondary objective during the acute period and six
months later.

Materials and methods
Patients
From November 2010 through February 2012, we re-
cruited adults with aneurysmal SAH in the intensive care
unit (ICU) of the Sainte Anne Military Teaching Hospital,
Toulon, France. Eligibility criteria for inclusion were the
following: SAH related to a ruptured aneurysm docu-
mented by angiography, and age over 18 years. Patients,
families, or referring physicians were interviewed to deter-
mine the date and nature of the first clear signs or symp-
toms of SAH. If the delay from the first sign or symptom
of aneurysm rupture to arrival at the ICU was more than
48 h, patients were not included. Additional exclusion cri-
teria were pregnancy, past medical history of ischemic
heart disease or chronic heart failure, and insufficient sta-
bility to allow intrahospital transport to the Nuclear Me-
dicine Department (patients on vasopressor or inotrope,
arterial partial pressure of oxygen/fractional inspired oxy-
gen ratio under 200, fractional inspired oxygen over 60%,
intracranial pressure over 20 mmHg). Patients who died
before the first isotopic procedure were excluded. The
study protocol was approved by a national ethics review
board for human subjects (Comité pour la Protection des
Personnes Sud Méditerranée V, Nice, France). In all cases,
the patients’ next of kin provided written informed
consent.

Study procedures
All patients were admitted to our unit for at least a seven-
day period, and were managed according to the French So-
ciety of Anesthesiology and Intensive Care guidelines [13].
Clinical and demographic data were collected. Each pa-

tient’s neurological status was assessed at the time of ad-
mission and graded according to the World Federation of
Neurosurgical Societies (WFNS) and the scanographic
Fisher’s scale. Data regarding aneurysmal treatment and
neurological events were also recorded.
Vasospasm was detected by clinical evaluation and

daily transcranial Doppler, and then diagnosed by cere-
bral angiography. Vasospasm was managed by hyper-
tension and hemodilution, and intracranial angioplasty
when possible. No patient enrolled in this study required
vasopressor medication during the 24 h prior to isotopic
examination.
Delayed cerebral ischemia was defined as development

of focal neurologic signs or deterioration of the level of
consciousness, or both, with evidence of cerebral infarc-
tion on CT scan, or any new hypodensity on the CT scan
without an obvious explanation such as neurosurgical
or endovascular intervention, or perihematomal edema
even in the absence of clinical symptoms.

Scintigraphic procedures
All isotopic procedures were performed in the Nuclear
Medicine Department of the Sainte Anne Military Tea-
ching Hospital and interpreted by two of three expe-
rienced nuclear medicine physicians (MB, PC, and EB)
blinded to the clinical status of the patients. If necessary, a
consensus reading was made.

Myocardial glucose metabolism
Myocardial glucose metabolism was assessed by cardiac
18F-fluorodesoxyglucose positron emission tomography
(18F-FDG PET), which was performed as soon as possible
after stability was achieved. When an initial abnormality
was observed, a second examination was performed one
month later. When an abnormality persisted at the one-
month examination, the examination was repeated again
one month later. PET was performed in accordance with
the 2003 American Society of Nuclear Cardiology Practice
Guidelines on PET myocardial glucose metabolism im-
aging [14]. Each patient fasted for 6 h, and then was ad-
ministered a standardized oral glucose load of 90 g. The
targeted blood glucose level was 100 to 150 mg/dl ob-
tained, if needed, with insulin infusion according to guide-
lines [14]. 18F-FDG intravenous injection was performed
approximately 1 h after glucose loading, with a PET acqui-
sition began 45 minutes after the 185 MBq 18 F-FDG using
combined PET/computed tomography (CT) technology
(Siemens Biograph BGO, Siemens Healthcare, Erlangen,
Germany). A thoracic CT scan was performed just before
a 15-minute three-dimensional PET acquisition. PET data
were reconstructed with and without CT-based atte-
nuation correction using an iterative technique. PET re-
constructed images were realigned along the short axis
and the vertical and horizontal long axes and qualitatively
interpreted. A 17-segment model of polar map presenta-
tion was obtained from left ventricular (LV) short-axis
slices. PET images were interpreted using QPS-QGS soft-
ware (Cedars-Sinai, Los Angeles, CA, USA), and myocar-
dial uptake defects were quantified as a percentage of the
entire LV wall. Myocardial glucose metabolism was con-
sidered abnormal if the 18F-FDG uptake defect area was
greater than an upper threshold value of 15%.

Myocardial sympathetic innervation
Myocardial sympathetic innervation was assessed using
cardiac 123I-meta-iodobenzylguanidine (123I-mIBG) scin-
tigraphy, which was performed as soon as possible after
stability was achieved. When an initial abnormality was
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observed, a second examination was performed six
months later. 123I-mIBG scintigraphy was performed in
accordance with the European Association of Nuclear
Medicine Guidelines [15]. 123I-mIBG is an analog of nor-
adrenaline; decreased myocardial uptake of 123I-mIBG
indicates sympathetic nerve dysfunction [15]. When it
was possible, medical therapy and drugs known to in-
fluence 123I-mIBG uptake were discontinued for at least
24 h before tracer injection [15]. Thereby, according to
the 2010 European Association of Nuclear Medicine
guidelines [15], administration of nimodipine to prevent
vasospasm was discontinued for 24 h before this exam-
ination. Thyroid uptake of 123I was prevented with the
oral administration of 130 mg of potassium iodide one
day before and after the planned 123I-mIBG scintigraphy.
Four hours after the intravenous injection of 220 MBq
123I-mIBG, cardiac 123I-mIBG scintigraphy was performed
using a double-headed gamma camera (Siemens Symbia
E, Siemens Healthcare, Erlangen, Germany) equipped with
low-energy, high-resolution, parallel-hole collimators. We
acquired a 10-minute planar imaging series in the anterior
position from a 64 × 64 matrix, as well as a single-photon
emission computed tomography (SPECT) series with 32
60-s projections (180°, 64 × 64 matrix). The SPECT series
was reconstructed using ordered-subsets expectation
maximization iterative technique without attenuation or
scatter correction, and realigned along the heart axis. To
quantify 123I-mIBG uptake, heart to mediastinal (H/M)
average count ratio was used on the planar acquisitions.
The heart region of interest (ROI) was drawn manually to
include both ventricles and any clearly visible atrial acti-
vity. A square mediastinal ROI was drawn in the upper
mediastinum, using the apices of the lungs as anatomic
landmarks. The H/M ratio was calculated as the ratio of
the counts/pixel in the two ROIs [16]. Myocardial sympa-
thetic innervation was considered normal if the H/M ratio
exceeded a recommended threshold value of 1.75 [17]. A
17-segment model of polar map presentation was ob-
tained from LV short-axis slices. Regions of low or absent
123I-mIBG uptake indicated myocardial sympathetic im-
pairment. For quantitative analysis of radionuclide uptake,
myocardial uptake defects were quantified as a percentage
of the entire LV wall using QPS-QGS software (Cedars-
Sinai, Los Angeles, CA, USA).

Myocardial perfusion
Rest myocardial perfusion was assessed by cardiac 99mTc-
tetrofosmin gated single photon emission computed to-
mography (G-SPECT) scintigraphy, which was performed
as soon as possible after stability was achieved. Since the
simultaneous use of radiotracers could result in an im-
portant complicating cross-talk of energy spectra, 99mTc-
tetrofosmin G-SPECT scintigraphy was often performed
the preceding day of the 123I-mIBG scintigraphy. When an
initial abnormality was observed, a second examination was
performed six months later. G-SPECT was initiated 20 mi-
nute after 99mTc-tetrofosmin intravenous injection
(740 MBq) using a double-headed gamma camera (Siemens
Symbia E, Siemens Healthcare, Erlangen, Germany)
equipped with low-energy, high-resolution, parallel-hole
collimators; a 180° rotation arc; 32 projections; 40 s/pro-
jection; 8 frames/heart cycle; and a 64 × 64 matrix. The
studies were reconstructed using filtered back-projection
without attenuation or scatter correction and realigned
along the heart axis. A 17-segment model of polar map
presentation was obtained from LV short-axis slices. Re-
gions of low or absent 99mTc-tetrofosmin uptake indicated
poor myocardial perfusion. Myocardial perfusion scin-
tigraphy studies were categorized as normal (uniform
uptake) or abnormal (global or regional defects).

Non-isotopic cardiac status assessment
Troponin T
Troponin T levels were measured daily for seven days
in 5 ml heparin plasma samples by electrochemilumi-
nescence immunoassay with a COBAS™ C6000 analyzer
(Roche Diagnostics, Basel, Switzerland). The reference
range for upper normal limit was 0.03 μg/l, and the lower
limit of detection was 0.01 μg/l.

Echocardiography
Transthoracic echocardiography (TTE) was performed
during the first two days after admission with an ACUSON
CV 70™ ultrasound system (Siemens Healthcare, Erlangen,
Germany) equipped with a 2.5-MHz transducer. TTE was
performed by one of two experienced cardiologists (FP and
CJ) blinded to all clinical, hemodynamic, and biological
data. Left ventricular ejection fraction (LVEF) was calcu-
lated by Simpson’s method. An LVEF more than 50% was
defined as normal; an LVEF less than 50% was defined as
reduced. Left ventricular filling pressure (LVFP) were
assessed by E/A and E/Ea ratios.

Neurological outcomes assessment
Neurological outcomes were assessed at one, three, and
six months after SAH through a telephone interview of
the patient or the functional rehabilitation practitioner
using a modified Rankin Scale (mRS). This scale con-
tains seven grades ranging from 0 (no symptoms at all)
to 6 (death) [18]. For patients listed mRS 0 to mRS 3,
quality of life was assessed at three and six months after
SAH using the French version of the Medical Outcome
Study Short Form-36 (SF-36) [19,20]. It is a generic
health status measurement instrument composed of 36
questions and divided into two summarized scores: the
100-point physical component summary scale (PCS) and
the 100-point mental component summary scale (MCS).
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Endpoints and sample size determination
The primary objective of this study was to evaluate cardiac
glucose metabolism during the acute phase of SAH, in-
cluding monthly follow-up of observed abnormalities. In a
previous work, we had shown that a cardiac injury was
present in 80% of patients [9]. We hypothesized that an
abnormality of myocardial glucose metabolism would also
be present in 80% of cases. A minimum of 28 study par-
ticipants was necessary to obtain 15% precision around
80%, with a 95% confidence interval.
Secondary objectives were to assess the duration and re-

versibility of cardiac sympathetic impairment after SAH,
and to compare cardiac and neurologic outcomes data ac-
cording to the initial myocardial glucose metabolism sta-
tus (normal/abnormal initial 18 F-FDG PET).

Statistical analysis
Statistical analysis was performed with SPSS version 15.0
(SPSS Inc., Chicago, IL, USA), and data distributions
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Figure 1 Flow diagram of the study. PET, positron emission tomography
were checked for normal distribution. Nominal variables
are presented as numbers (%). Continuous variables are
presented as the mean ± standard deviation (SD), or as
the median [quartile 0.25 to quartile 0.75] when normal
distribution was excluded. Comparison of two groups
was performed using the Mann-Whitney U test and
Fisher’s exact test. For all tests, P <0.05 was considered
statistically significant.

Results
Patient characteristics
During the study period, 40 patients were admitted to
our ICU with acute-phase aneurysmal SAH. Five of pa-
tients refused to participate and five died before the first
isotopic procedure. The remaining 30 patients were en-
rolled in the study (Figure 1). Patient characteristics,
radiological data, and neurosurgical data are summarized
in Table 1. No patient had evidence of prior coronary
artery disease or diabetes.
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10 patients not included
-Refused to participate: 5
-Death before first isotopic procedure: 5ed

Initial cardiac perfusion
(99m Tc-tetrofosmin G-SPECT)

day 11 ± 5    n=30 

30 (100%) normal

pathetic innervation
 scintigraphy )
 6    n=30

3 (10%) normalrmal

 died

1 refused the follow -up

diac sympathetic innervation
-mIBG scintigraphy )
y 188 ± 12    n=23 

5 normalbnormal

; G-SPECT, gated single-photon emission computed tomography.



Table 1 Population characteristics

Age, years (mean ± SD) 61 ± 12

Female sex, n (%) 22 (73%)

BMI, kg/m2 (mean ± SD) 24.3 ± 2.7

Past medical history, n (%):

Active smoking 14 (47%)

Arterial hypertension 9 (30%)

Dyslipidemia 4 (13%)

Obesity (BMI >30 kg/m2) 1 (3%)

Diabetes mellitus 0 (0%)

Pheochromocytoma 0 (0%)

Thyroid disease (substituted
hypothyroidism)

1 (3%)

Renal disease 0 (0%)

Liver disease 0 (0%)

Fisher grade (1/2/3/4), n (%) 0 (0%)/3 (10%)/9 (30%)/
18 (60%)

WFNS score (1/2/3/4/5), n (%) 12 (40%)/6 (20%)/3 (10%)/0
(0%)/9 (30%)

Aneurysm position, n (%)

ICA 7 (24%)

MCA 10 (33%)

AComA/ACA 10 (33%)

VA/BA 1 (3%)

PCA/PComA 2 (7%)

Aneurysm treatment

Coiled, n (%) 27 (90%)

Craniotomy, n (%) 3 (10%)

Day of treatment, (mean ± SD) 1.9 ± 0.7

ICU period, n (%):

Vasospasm 14 (47%)

Delayed cerebral ischemia 8 (27%)

Re-bleeding 4 (13%)

Hydrocephalus (derivated) 16 (53%)

Tracheostomy 11 (37%)

ICU length of stay, day (mean ± SD) 16 ± 8

Level of glucose just before
18F-FDG PET

139 ± 4

(mg/dl, mean ± SD)
18F-FDG PET, 18F-fluorodesoxyglucose positron emission tomography; ACA,
anterior cerebral artery; AcomA, anterior communicating artery; BA, basilar
artery; BMI, body mass index; ICA, internal carotid artery; ICU, intensive care
unit; MCA, middle cerebral artery; PCA, posterior cerebral artery; PComA,
posterior communicating artery; SD, standard deviation; VA, vertebral artery;
WFNS, World Federation of Neurosurgical Societies.
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Myocardial glucose metabolism
Initial 18F-FDG PET
All 30 patients first underwent PET on day 5 ± 2. Out of
30 patients, 25 patients (83%) revealed severely and dif-
fusely reduced 18F-FDG LV uptake in a large area (mean
defect of 54 ± 21%), where the defect pattern could not
be explained by a single coronary artery distribution.
Five patients (17%) exhibited normal 18F-FDG uptake
(defect <15%), and their follow-up was stopped.
18F-FDG PET follow-up
One month later, two additional patients had died, and
PET was performed on day 36 ± 5 for 23 patients.
18F-FDG LV uptake was still impaired for 15 patients, with
a mean defect area of 37 ± 17%. Eight patients exhibited
normal 18F-FDG uptake, and their follow-up was stopped.
Another one month later, PET was performed on day

68 ± 7 for only five patients. Indeed, 10 other patients re-
fused the follow-up or were lost to follow-up at this time.
18F-FDG LV uptake was still impaired for three patients,
with a mean defect area of 25 ± 6%. Two patients exhi-
bited normal 18F-FDG uptake. The Figure 2 illustrated the
exemplary case of a patient exhibiting normal 18F-FDG
uptake two months after aneurysm rupture.
Myocardial sympathetic innervation
Initial 123I-mIBG scintigraphy
All 30 patients underwent initial 123I-mIBG scintigraphy on
day 13 ± 6. Twenty-seven patients (90%) exhibited reduced
myocardial 123I-mIBG uptake (H/M ratio <1.75), and three
patients (10%) exhibited normal uptake. For the 27 patients
with reduced uptake, the mean H/M ratio was 1.38 ± 0.23.
For the three patients with normal uptake, the mean H/M
ratio was 1.87 ± 0.03. The mean LV 123I-mIBG uptake de-
fect was, on average, 26 ± 18% in all patients, 28 ± 18% for
the 27 patients with an abnormal H/M ratio, and 9 ± 7% for
the three patients with a normal H/M ratio.
Sixth-month 123I-mIBG scintigraphy follow-up
Of the 27 patients with an abnormal initial 123I-mIBG
scintigraphy, only 23 underwent a new examination six
months later (day 188 ± 12). Indeed, three patients had
died in the period since the previous examination, and one
refused the follow-up exam. Of the 23 patients examined,
five exhibited a normalized H/M ratio (1.92 ± 0.18); and 18
continued to have an abnormal H/M ratio (1.53 ± 0.22).
For the 23 controlled patients, an H/M ratio mean global
increase of 0.19 (13.7%) was noted between the initial
examination and the six-month follow-up examination.
After six months, the mean LV 123I-mIBG uptake defect
was 17 ± 15%.
Myocardial perfusion
All 30 patients underwent initial cardiac gated 99mTc-
tetrofosmin scintigraphy on day 11 ± 5. Myocardial per-
fusion of 99mTc-tetrofosmin was normal in all patients,
and their follow-up was stopped.



Acute phase exams:

initial abnormal 18 F-FDG PET

Follow-up:

initial abnormal123 I-mIBG SPECT

initial normal perfusion scintigraphy

1-month abnormal18 F-FDG PET

2-months normal18 F-FDG PET

6-months abnormal123 I-mIBG SPECT

Figure 2 Representative PET, SPECT, and scintigraphy findings. Left ventricular transaxial slices (vertical long axis, horizontal long axis) and polar
map presentation (17-segment model) of, respectively, cardiac 18F-FDG PET, 123I-mIBG SPECT, and perfusion scintigraphy performed during acute
phase and follow-up in a patient with aneurysmal subarachnoid hemorrhage. We observed that the uptake of both 18F-FDG and 123I-mIBG were
markedly reduced during the acute phase. The uptake of 18F-FDG was normalized two months later. The uptake of 123I-mIBG was still impaired six
months after the onset of symptomatology. 123I-mIBG, 123I-meta-iodobenzylguanidine; 18F-FDG PET, 18F-fluorodesoxyglucose positron emission
tomography; PET, positron emission tomography; SPECT, single-photon emission computed tomography.
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Non-isotopic cardiac damage assessment
The data are summarized in Table 2.
All 30 included patients underwent TTE during the

first two days after admission. All of them exhibited
normal LV systolic function, with a mean LVEF (assessed
by Simpson’s method) of 62.3 ± 4.9%. Regarding LV dia-
stolic parameters, filling pressures were low with a mean
E/A ratio of 1.0 ± 0.3, and a mean E/Ea ratio of 5.1 ± 2.5.



Table 2 Initial gravity, cardiac damage, neurological outcomes, and quality-of-life assessment according to
normal/abnormal initial 18 F-FDG PET

Initial normal
PET (n = 5)

Initial abnormal
PET (n = 25)

Initial normal PET vs.
initial abnormal PET

Fisher grade (1/2/3/4), n (%) 0 (0%)/0 (0%)/ 0 (0%)/3 (12%)/ -

1 (20%)/4 (80%) 8 (32%)/14 (56%)

WFNS (1/2/3/4/5), n (%) 1 (20%)/1 (20%)/ 11 (44%)/5 (20%) -

2 (40%)/0 (0%)/ /1 (4%)/0 (0%)/

1 (20%) 8 (32%)

Echocardiography (mean ± SD)

LVEF,% 64.2 ± 6.1 61.9 ± 4.6 NS

E/A 0.9 ± 0.3 1.1 ± 0.3 NS

E/Ea 6.1 ± 2.6 4.9 ± 2.4 NS

Cardiac biomarkers [Median interquartile range]

Troponin T peak, μg/l 0.03 [0-0.04] 0 [0-0.09] NS

Neurological outcomes (mean ± SD)

mRS 1 month 4.5 ± 1.4 3.9 ± 1.4 NS

mRS 3 months 3.7 ± 1.8 3.2 ± 1.6 NS

mRS 6 months 3.3 ± 2.1 2.7 ± 1.8 NS

Quality of life (mean ± SD)

MCS 3 months 63 ± 6 46 ± 18 NS

MCS 6 months 54 ± 11 55 ± 17 NS

PCS 3 months 64 ± 7 44 ± 15 NS

PCS 6 months 57 ± 21 55 ± 19 NS

Troponin T values denote the peak daily dosage during the first seven days. Statistical significance was accepted at P <0.05. 18 F-FDG PET, 18 F-fluorodesoxyglucose
positron emission tomography; LVEF, left ventricular ejection fraction; mRS, modified Rankin Scale; MCS, mental component summary scale; NS, non-significant;
PCS, physical component summary scale; WFNS, World Federation of Neurosurgical Societies.
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Troponin T
During the first seven days, an abnormal troponin T level
increase (>0.03 μg/l) was noted for 11 patients (37%), with
a median peak level of 0.15 [0.07 to 0.36] μg/l, and oc-
curred on average on day 2 ± 1.8. This group of 11 pa-
tients with abnormal troponin T levels was characterized
by a mean WFNS score of 3.5 ± 1.8, a mean Fisher grade
of 3.7 ± 0.5, and mRS scores of 4.5 ± 1.0 (one-month
follow-up) and 3.0 ± 1.8 (six-month follow-up). In com-
parison with the group of 19 patients with normal tropo-
nin T levels, no significantly differences were observed
with regard to initial gravity or neurological outcome.

Neurological outcomes and quality of life assessment
Neurological outcomes assessed by mRS are summa-
rized in Table 2 and Figure 3. The mean mRS scores
were 3.9 ± 1.4 after one month, 3.2 ± 1.6 after three
months, and 2.7 ± 1.8 after six months. Regarding qua-
lity of life assessed by SF-36 (Table 2), the mean PCS
was 47 ± 16 after three months and 56 ± 20 after six
months, and the mean MCS was 49 ± 18 after three
months and 55 ± 16 after six months.
Vasospasm concerned 14 patients and delayed cerebral
ischemia concerned eight patients. This group of eight
patients with delayed cerebral ischemia was characte-
rized by a mean WFNS score of 3.8 ± 1.8, a mean Fisher
grade of 3.9 ± 0.4, abnormal initial 18F-FDG uptake in
75%, abnormal initial 123I-mIBG uptake in 100%, abnor-
mal troponin T levels in 62.5%, a mean LVEF of 65 ± 6%,
and modified Rankin Scale scores of 4.9 ± 0.8 (one-
month follow-up) and 4.1 ± 1.4 (six-month follow-up).

Initial gravity and outcomes data according to normal/
abnormal initial 18F-FDG PET
Initial gravity (Fisher grade and WFNS), cardiac damage,
neurological outcomes, and quality-of-life assessments
of the five patients with normal initial cardiac glucose
metabolism were compared with those from the 25 pa-
tients who initially exhibited abnormal cardiac glucose
metabolism (Table 2). No significantly differences were
observed with regard to Fisher grade, WFNS, systolic or
diastolic echocardiographic parameters; troponin T level;
neurological outcomes with mRS scores at one, three,
and six months (Figure 3); or quality of life (SF-36, MCS



Normal initial metabolism group  
(n=5)

Abnormal initial metabolism group
(n=25)

Figure 3 Modified Rankin Scale score distribution in both groups at one and six months of follow-up.
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and PCS) at three and six months. Acute phase altered
cardiac glucose metabolism was not associated with
more unfavorable cardiac or neurological outcomes.

Discussion
Impairment of cardiac glucose metabolism
To the best of our knowledge, this is the first study to
focus on disturbances in cardiac glucose metabolism
after SAH. The obtained results established the initial
existence of a major impairment of cardiac glucose me-
tabolism, with a LV 18F-FDG uptake severely and glo-
bally affected. The defect distribution was heterogeneous
and concerned the LV in a non-systematized way. In the
same time, cardiac perfusion was not impaired.
Impairment of cardiac metabolism has been revealed in

various situations of sympathetic stimulation such as
chronic heart failure [21] and Takotsubo cardiomyopathy
(TTC) [22-25]. Chronic heart failure causes a state of
chronic exaggerated sympathetic stimulation in which car-
diac glucose metabolism is impaired. Taylor et al. demon-
strated in 2001 that cardiac 18F-FDG uptake was lower in
heart failure patients than in healthy volunteers [21].
TTC, also known as transient LV apical ballooning syn-
drome, is another neurogenic stress cardiomyopathy that
causes transient LV dysfunction in patients under emo-
tional or physical stress [26-28]. The acute stress cardio-
myopathy after SAH has often been compared with TTC
[10,12,29]. TTC has been well investigated by cardiac
nuclear medical techniques [22-25,30]. 18F-FDG PET
assessment of myocardial glucose metabolism shows se-
vere impairment, with 18F-FDG uptake reduced among 87
to 100% of TTC patients during the acute phase [22-24].
The areas affected by this defect were the apical and
midventricular segments [23,24]. The mean extent of the
18F-FDG uptake defect was 33 ± 15% [23]. Furthermore,
18F-FDG PET studies revealed a strong correlation bet-
ween myocardial metabolism defects and the location of
wall motion abnormality on TTE [23]. At the same time,
myocardial perfusion scintigraphy was normal in all
patients [23]. Follow-up assessments depicted the nor-
malization of 18F-FDG uptake at three months in all pa-
tients [24].
Finally, the initial impairment of cardiac glucose meta-

bolism after SAH (83% of patients, mean defect 54 ± 21%)
was more diffuse than that of TTC (87 to 100% of pa-
tients, mean defect 33 ± 15%). The duration of reversibility
of the 18F-FDG uptake defects appeared to be almost
similar.

Impairment of cardiac sympathetic innervation
According to our results, the impairment of cardiac
sympathetic innervation during the acute stage of SAH
affected a large majority of patients. Myocardial 123I-mIBG
uptake was severely and globally affected. Its distribution
was heterogeneous and affected the LV in a non-systema-
tized way. This infringement was slowly reversible; the
six-month follow-up revealed that the condition persisted
in the majority of affected patients.
The scientific literature concerning isotopic exploration

of myocardial sympathetic innervation after SAH is poor,
with only a single human study [11]. In this trial, 41 pa-
tients underwent myocardial 123I-mIBG and perfusion
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scintigraphy during the acute stage of SAH. 123I-mIBG
uptake was abnormal in 12 patients (29%), with nine glo-
bal defects and three regional defects. However, the used
123I-mIBG scintigraphic protocol was different to ours.
Indeed, acquisition was performed only 15 minutes after
radiotracer injection. Now, it has been established that
norepinephrine and 123I-mIBG shared an active neuronal
recapture mechanism and a passive extraneuronal me-
chanism. 123I-mIBG uptake was mainly extraneuronal at
5 minutes and neuronal at 3 h [31,32]. 123I-mIBG scinti-
graphy performed on denervated dogs at 5 minutes and at
3 h showed that the 123I-mIBG uptake was normal at
5 minutes but deeply reduced at 3 h [31,32]. Considering
the washout of extraneuronal 123I-mIBG, late cardiac
123I-mIBG uptake (at 3 h) better reflects neuronal
123I-mIBG uptake. Moreover, this late cardiac 123I-mIBG
uptake is correlated with the myocardial norepinephrine
concentration [33].
In TTC patients, 123I-mIBG scintigraphy revealed al-

tered cardiac sympathetic innervation, with absent or
strongly reduced tracer uptake at the hypocontractile
zones (mean LV defect, 38 ± 17%) [23,30]. The topography
and extent of glucose metabolism defects (18 F-FDG) and
sympathetic innervation abnormalities (123I-mIBG) were
largely overlapping [23]. At 12 months and despite pro-
gressive evolution, all controlled patients presented with
incomplete recovery of apical 123I-mIBG uptake [23]. Fi-
nally, the initial impairment of cardiac sympathetic in-
nervation after SAH (90% of patients, mean defect
28 ± 18%) differed from that of TTC (100% of patients,
mean defect 38 ± 17%) regarding its heterogeneous and
non-systematized distribution.

Neurogenic stunned myocardium
A link between morbidity and mortality after SAH and
concomitant cardiac complications is now well established
[6,34,35]. Recently, van der Bilt et al. studied the relation-
ship between cardiac dysfunction after aneurysmal SAH
and neurological outcome. They established in particular
that wall motion abnormalities on TTE are independent
risk factors for clinical outcome, partly explained by a
higher risk of delayed cerebral ischemia [35]. Coronary
angiography [36] and perfusion scintigraphy [11] have
demonstrated that the myocardial damage does not result
from ischemia. The most widely accepted theory for
SAH-induced neurogenic myocardial stunning is the
‘catecholamine hypothesis’. The release of massive quan-
tities of catecholamines following aneurysm rupture re-
sults in specific myocardial lesions [37].
The transient regional metabolic disorder is considered

to be the metabolic state of stunned myocardium [23].
Catecholamine-mediated myocardial insulin resistance
may be responsible for reduced 18F-FDG uptake in the
hypocontractile regions [38]. The inhibition of intracellular
translocation of glucose transporters (GLUT-4) by calcium
overload may also contribute to the reduced 18F-FDG up-
take in cardiocytes [39]. The concordance of 123I-mIBG
and 18F-FDG uptake abnormalities, as well as their com-
mon temporal evolution, emphasize the close relationship
between myocardial sympathetic function and glucose
metabolism.
Our results established that neither cardiac glucose me-

tabolism nor sympathetic innervation impairment resulted
in major LV systolic or diastolic dysfunction in these 30
patients. Although similar results were previously de-
scribed [9], others studies showed LV systolic dysfunction
in 22 to 38% acute phase SAH patients [6,40]. This fact
probably resulted from our exclusion criteria of patients
with a major hemodynamic instability preventing intra-
hospital transport to the Nuclear Medicine Department.
Conversely to our SAH patients, TTC causes LV dys-
function, with hypocontractile segments characterized by
normal perfusion but reduced uptake of 18F-FDG and
123I-mIBG. These data likely attest to different patho-
physiological mechanisms underlying TTC due to stressful
events and SAH-related cardiopathy due to aneurysm rup-
ture and acute intracranial hypertension.
Nevertheless, the numerous similarities between SAH-

related myocardiopathy and TTC allow many authors to
believe that these two entities form part of a single noso-
logic group of ‘neurogenic stress cardiomyopathy’, also
termed ‘neurogenic stunned myocardium’ [10,12,28,29].

Study limitations
First, the study design was based on a single-center pro-
spective recruitment with small numbers. Second, al-
though the study population was representative of real-life
SAH, external validity of the study was reduced because of
case selection bias. Indeed, patients dead before the first
isotopic exam were excluded, but these represented the
gravest cases, often with major hemodynamic instability,
and their exclusion constituted a loss of relevant informa-
tion regarding acute neurogenic stress cardiomyopathy.
Third, myocardial perfusion scintigraphy was performed
late in the course of SAH (day 11 ± 5). Earlier assessment
of myocardial perfusion might have provided further in-
formation on the potential role of myocardial ischemia-
vasospasm on the pathogenesis of potential alterations in
cardiac metabolism and contractility.

Conclusions
This preliminary study contributes modestly to progress
in the knowledge of neurogenic heart disorder after SAH.
In hemodynamically stable acute phase SAH patients, car-
diomyopathy is characterized by diffuse and heteroge-
neous 18F-FDG and 123I-mIBG uptake defect, contrasting
with an absence of significant functional consequences to
LV systolic function and segmental kinetics. Additional
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research is necessary to increase pathophysiological un-
derstanding of these diseases.

Key messages

� In hemodynamically stable acute phase SAH
patients, cardiomyopathy is characterized
by an impairment of cardiac metabolism
(diffuse and heterogeneous 18F-FDG uptake defect).

� In hemodynamically stable acute phase SAH
patients, cardiomyopathy is characterized by an
impairment of sympathetic innervation (diffuse and
heterogeneous 123I-mIBG uptake defect).

Abbreviations
123I-mIBG: 123I-meta-iodobenzylguanidine; 18 F-FDG PET: 18 F-fluorodesoxyglucose
positron emission tomography; BNP: B-type natriuretic peptide; CT: computed
tomography; H/M: heart to mediastinal; (G-)SPECT: (gated) single-photon
emission computed tomography; LV: left ventricle; LVEF: left ventricular ejection
fraction; LVFP: left ventricular filling pressure; MCS: mental component summary
scale; mRS: modified Rankin Scale; PCS: physical component summary scale;
ROI: region of interest; SAH: subarachnoid hemorrhage; SF-36: 36-item short
form health survey; TTC: Takotsubo cardiomyopathy; TTE: transthoracic
echocardiography; WFNS: World Federation of Neurosurgical Societies.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
BP contributed to the study concept and design, acquisition of data, analysis
and interpretation of data, the drafting of the manuscript and critically
revising the manuscript for important intellectual content. MB contributed to
the study concept and design, acquisition of data, analysis and interpretation
of data, the drafting of the manuscript and critically revising the manuscript
for important intellectual content. ED contributed to the study concept and
design and acquisition of data. PC contributed to the study concept and
design, acquisition of data, analysis and interpretation of data and the
drafting of the manuscript. FP contributed to the study concept and design
and acquisition of data. SC contributed to the study concept and design,
analysis and interpretation of data and critically revising the manuscript for
important intellectual content. CJ contributed to the acquisition of data and
the drafting of the manuscript. EB contributed to the acquisition of data,
analysis and interpretation of data and the drafting of the manuscript. EM
contributed to the acquisition of data, analysis and interpretation of data, the
drafting of the manuscript and critically revising the manuscript for
important intellectual content. AD contributed to the analysis and
interpretation of data, the drafting of the manuscript and critically revising
the manuscript for important intellectual content. ND contributed to the
analysis and interpretation of data and critically revising the manuscript for
important intellectual content. JBV contributed to the analysis and
interpretation of data. GL contributed to the analysis and interpretation of
data and critically revising the manuscript for important intellectual content.
PE contributed to the analysis and interpretation of data and critically
revising the manuscript for important intellectual content. HB contributed to
the analysis and interpretation of data and the drafting of the manuscript.
PG contributed to the analysis and interpretation of data and the drafting of
the manuscript. GH contributed to the analysis and interpretation of data
and critically revising the manuscript for important intellectual content. All
authors read and approved the final manuscript.

Acknowledgments
The authors deeply thank Dr A. Loundou for statistical analysis (Department
of Public Health, Medicine School University, Marseille, France). The authors
deeply thank Drs Costes and Rivera (Hôpital Chalucet, Toulon, France), Dr.
Plantier (Hôpital Renée Sabran, Giens Hyères, France), Drs Audry and Bardot
(IRF Pomponiana Olbia, Hyères, France) and Dr Bernuz (Hôpital Léon Bérard,
Hyères, France) for their assistance to organize patients’ follow-up during this
trial. This study was supported by institutional funding from the French Army
Medical Corps (collection and analysis of data).

Author details
1Department of Critical Care, Service de Réanimation, Sainte Anne Military
Teaching Hospital, Boulevard Sainte Anne, Toulon 83000, France.
2Department of Nuclear Medicine, Sainte Anne Military Teaching Hospital,
Boulevard Sainte Anne, Toulon 83000, France. 3Department of Cardiology,
Sainte Anne Military Teaching Hospital, Boulevard Sainte Anne, Toulon
83000, France. 4Department of Nuclear Medicine, Léon Bérard Cancer
Institute, 28, rue Laennec, Lyon 69373, France. 5Department of Neurosurgery,
Sainte Anne Military Teaching Hospital, Boulevard Sainte Anne, Toulon
83000, France. 6Department of Neuroradiology, Sainte Anne Military
Teaching Hospital, Boulevard Sainte Anne, Toulon 83000, France.
7Department of Cardiology, Timone Hospital and Aix-Marseille University, 27,
boulevard Jean Moulin, Marseille 13385, France.

Received: 17 February 2014 Accepted: 13 June 2014
Published: 25 June 2014

References
1. Rose MJ: Aneurysmal subarachnoid hemorrhage: an update on the

medical complications and treatments strategies seen in these patients.
Curr Opin in Anesthesiol 2011, 24:500–507.

2. van den Berg R, Foumani M, Schröder RD, Peerdeman SM, Horn J, Bipat S,
Vandertopet WP: Predictors of outcome in World Federation of
Neurologic Surgeons grade V aneurysmal subarachnoid hemorrhage
patients. Crit Care Med 2011, 39:2722–2727.

3. Wartenberg KE: Critical care of poor-grade subarachnoid hemorrhage.
Curr Opin Crit Care 2011, 17:85–93.

4. Solenski NJ, Haley EC, Kassell NF, Kongable G, Germanson T, Truskowski L,
Torner J: Medical complications of aneurysmal subarachnoid
hemorrhage: a report of the multicenter, cooperative aneurysm study.
Crit Care Med 1995, 23:1007–1017.

5. Wartenberg KE, Schmidt JM, Claassen J, Temes RE, Frontera JA, Ostapkovich
N, Parra A, Connolly ES, Mayer SA: Impact of medical complications on
outcome after subarachnoid hemorrhage. Crit Care Med 2006, 34:617–623.

6. Naidech AM, Kreiter KT, Janjua N, Ostapkovich ND, Parra A, Commichau C,
Fitzsimmons BFM, Connolly ES, Mayer SA: Cardiac troponin elevation,
cardiovascular morbidity, and outcome after subarachnoid hemorrhage.
Circulation 2005, 112:2851–2856.

7. Sakr YL, Lim N, Amaral AC, Ghosn I, Carvalho FB, Renard M, Vincent JL:
Relation of ECG changes to neurological outcome in patients with
aneurysmal subarachnoid hemorrhage. Int J Cardiol 2004, 96:369–373.

8. Horowitz MB, Willet D, Keffer J: The use of cardiac troponin-I to determine
the incidence of myocardial ischemia and injury in patients with
aneurysmal and presumed aneurysmal subarachnoid hemorrhage.
Acta Neurochir (Wien) 1998, 140:87–93.

9. Meaudre E, Jego C, Kenane N, Montcriol A, Boret H, Goutorbe P, Habib G,
Palmier B: B-type natriuretic peptide release and left ventricular filling
pressure assessed by echocardiographic study after subarachnoid
hemorrhage: a prospective study in non-cardiac patients. Crit Care 2009,
13:R76.

10. Trio O, de Gregorio C, Ando G: Myocardial dysfunction after subarachnoid
haemorrhage and tako-tsubo cardiomyopathy: a differential diagnosis?
Ther Adv Cardiovasc Dis 2010, 4:105–107.

11. Banki NM, Kopelnik A, Dae MW, Miss J, Tung P, Lawton MT, Drew BJ,
Foster E, Smith W, Parmley WW, Zaroff JG: Acute neurocardiogenic injury
after subarachnoid hemorrhage. Circulation 2005, 112:3314–3319.

12. Lee VH, Oh JK, Mulvagh SL, Wijdicks EFM: Mechanisms in neurogenic
stress cardiomyopathy after aneurysmal subarachnoid hemorrhage.
Neurocrit Care 2006, 5:243–249.

13. Beydon L: Severe subarachnoid haemorrhage. Ann Fr Anesth Reanim 2005,
24:713–714.

14. Bacharach SL, Bax JJ, Case J, Delbeke D, Kurdziel KA, Martin WH, Patterson
RE: PET myocardial glucose metabolism and perfusion imaging:
Part 1-Guidelines for data acquisition and patient preparation. J Nucl
Cardiol 2003, 10:543–556.

15. Bombardieri E, Giammarile F, Aktolun C, Baum R, Bischof Delaloye A,
Maffioli L, Moncayo R, Mortelmans L, Pepe G, Reske S, Castellani M, Chiti A:
131I/123I-Metaiodobenzylguanidine (mIBG) scintigraphy: procedure



Prunet et al. Critical Care 2014, 18:R131 Page 11 of 11
http://ccforum.com/content/18/3/R131
guidelines for tumour imaging. Eur J Nucl Med Mol Imaging 2010,
37:2436–2446.

16. Nakajima K: Normal values for nuclear cardiology: Japanese databases for
myocardial perfusion, fatty acid and sympathetic imaging and left
ventricular function. Ann Nucl Med 2010, 24:125–135.

17. Agostini D, Verberne HJ, Burchert W, Knuuti J, Povinec P, Sambuceti G, Unlu
M, Estorch M, Banerjee G, Jacobson AF: I-123-mIBG myocardial imaging for
assessment of risk for a major cardiac event in heart failure patients:
insights from a retrospective European multi-center study. Eur J Nucl Med
Mol Imaging 2008, 35:535–546.

18. Bonita R, Beaglehole R: Modification of Rankin Scale: recovery of motor
function after stroke. Stroke 1988, 19:1497–1500.

19. Ware JE Jr, Sherbourne CD: The MOS 36-item short-form health survey.
Conceptual framework and item selection. Med Care 1992, 30:473–483.

20. Leplège A, Ecosse E, Verdier A, Perneger TV: The French SF-36 Health
Survey: translation, cultural adaptation and preliminary psychometric
evaluation. J Clin Epidemiol 1998, 51:1013–1023.

21. Taylor M, Wallhaus T, DeGrado T, Russell D, Stanko P, Nickles R, Stone C: An
evaluation of myocardial fatty acid and glucose uptake using PET with
18 F-FTHA and 18 F-FDG in patients with congestive heart failure. J Nucl
Med 2001, 42:55–62.

22. Yoshida T, Hibino T, Kako N, Murai S, Oguri M, Kato K, Yajima K, Ohte N, Yokoi
K, Kimura G: A pathophysiologic study of tako-tsubo cardiomyopathy with
F-18 fluorodeoxyglucose positron emission tomography. Eur Heart J 2007,
28:2598–2604.

23. Cimarelli S, Sauer F, Morel O, Ohlmann P, Constantinesco A, Imperiale A:
Transient left ventricular dysfunction syndrome: patho-physiological
bases through nuclear medicine imaging. Int J Cardiol 2010, 144:212–218.

24. Feola M, Chauvie S, Rosso GL, Biggi A, Ribichini F, Bobbio M: Reversible
impairment of coronary flow reserve in takotsubo cardiomyopathy:
a myocardial PET study. J Nucl Cardiol 2008, 15:811–817.

25. Kurowski V, Kaiser A, von Hof K, Killermann DP, Mayer B, Hartmann F,
Schunkert H, Radke PW: Apical and midventricular transient left
ventricular dysfunction syndrome (tako-tsubo cardiomyopathy):
frequency, mechanisms, and prognosis. Chest 2007, 132:809–816.

26. Prasad A, Lerman A, Rihal CS: Apical ballooning syndrome (Tako-Tsubo or
stress cardiomyopathy): a mimic of acute myocardial infarction. Am Heart
J 2008, 155:408–417.

27. Pilgrim TM, Wyss TR: Takotsubo cardiomyopathy or transient left
ventricular apical ballooning syndrome: a systematic review. Int J Cardiol
2008, 124:283–292.

28. Wittstein IS, Thiemann DR, Lima JA, Baughman KL, Schulman SP,
Gerstenblith G, Wu KC, Rade JJ, Bivalacqua TJ, Champion HC:
Neurohumoral features of myocardial stunning due to sudden
emotional stress. N Engl J Med 2005, 352:539–548.

29. Ako J, Sudhir K, Farouque HM, Honda Y, Fitzgerald PJ: Transient left
ventricular dysfunction under severe stress: brain-heart relationship
revisited. Am J Medicine 2006, 119:10–17.

30. Akashi YJ, Nakazawa K, Sakakibara M, Miyake F, Musha H, Sasaka K:
123I-MIBG myocardial scintigraphy in patients with ‘takotsubo’
cardiomyopathy. J Nucl Med 2004, 45:1121–1127.

31. Dae MW, O’Connell JW, Botvinick EH, Ahearn T, Yee E, Huberty JP, Mori H,
Chin MC, Hattner RS, Herre JM: Scintigraphic assessment of regional
cardiac adrenergic innervation. Circulation 1989, 79:634–644.

32. Dae MW, de Marco T, Botvinick EH, O’Connell JW, Hattner RS, Huberty JP,
Yuen-Green MS: Scintigraphic assessment of MIBG uptake in globally
denervated human and canine hearts. J Nucl Med 1992, 33:1444–1450.

33. Shofer J, Spielmann R, Schuchert A, Weber K, Schluter M: Iodine-123
metaiodobenzylguanidine scintigraphy: a non invasive method to
demonstrate myocardial adrenergic nervous system disintegrity in
patients with idiopathic dilated cardiomyopathy. J Am Coll Cardiol 1988,
12:1252–1258.

34. Crago EA, Kerr ME, Kong Y, Baldisseri M, Horowitz M, Yonas H, Kassam A:
The impact of cardiac complications on outcome in the SAH population.
Acta Neurol Scand 2004, 110:248–253.

35. van der Bilt I, Hasan D, van den Brink R, Cramer MJ, van der Jagt M, van
Kooten F, Meertens J, van den Berg M, Groen R, Ten Cate F, Kamp O, Götte
M, Horn J, Groeneveld J, Vandertop P, Algra A, Visser F, Wilde A, Rinkel G:
Cardiac dysfunction after aneurysmal subarachnoid hemorrhage:
relationship with outcome. Neurology 2014, 82:351–358.
36. Kono T, Morita H, Kuroiwa T, Onaka H, Takatsuka H, Fujiwara A: Left
ventricular wall motion abnormalities in patients with subarachnoid
hemorrhage: neurogenic stunned myocardium. J Am Coll Cardiol 1994,
24:636–640.

37. Macmillan CS, Grant IS, Andrews PJ: Pulmonary and cardiac sequelae of
subarachnoid haemorrhage: time for active management? Intensive Care
Med 2002, 28:1012–1023.

38. Deibert DC, DePronzo RA: Epinephrine-induced insulin resistance in man.
J Clin Invest 1980, 65:717–725.

39. Shepherd PR, Kahn BB: Glucose transporters and insulin action-
implications for insulin resistance and diabetes mellitus. N Engl J Med
1999, 341:248–257.

40. Papanikolaou J, Makris D, Karakitsos D, Saranteas T, Karabinis A,
Kostopanagiotou G, Zakynthinos E: Cardiac and central vascular functional
alterations in the acute phase of aneurysmal subarachnoid hemorrhage.
Crit Care Med 2012, 40:223–232.

doi:10.1186/cc13943
Cite this article as: Prunet et al.: Impairment of cardiac metabolism and
sympathetic innervation after aneurysmal subarachnoid hemorrhage: a
nuclear medicine imaging study. Critical Care 2014 18:R131.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Introduction
	Methods
	Results
	Conclusions
	Trial registration

	Introduction
	Materials and methods
	Patients
	Study procedures
	Scintigraphic procedures

	Myocardial glucose metabolism
	Myocardial sympathetic innervation
	Myocardial perfusion

	Non-isotopic cardiac status assessment
	Troponin T
	Echocardiography

	Neurological outcomes assessment
	Endpoints and sample size determination
	Statistical analysis

	Results
	Patient characteristics
	Myocardial glucose metabolism
	Initial 18F-FDG PET
	18F-FDG PET follow-up

	Myocardial sympathetic innervation
	Initial 123I-mIBG scintigraphy
	Sixth-month 123I-mIBG scintigraphy follow-up
	Myocardial perfusion

	Non-isotopic cardiac damage assessment
	Troponin T

	Neurological outcomes and quality of life assessment
	Initial gravity and outcomes data according to normal/abnormal initial 18F-FDG PET

	Discussion
	Impairment of cardiac glucose metabolism
	Impairment of cardiac sympathetic innervation
	Neurogenic stunned myocardium
	Study limitations

	Conclusions
	Key messages
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgments
	Author details
	References

