
Regional 11C-Hydroxyephedrine Retention in
Hibernating Myocardium: Chronic Inhomogeneity
of Sympathetic Innervation in the Absence of
Infarction
Andrew J. Luisi, Jr., MD1; Gen Suzuki, MD, PhD1; Robert deKemp, PhD2; Michael S. Haka, PhD3;
Steven A. Toorongian, BS3; John M. Canty, Jr., MD1,4; and James A. Fallavollita, MD1

1Department of Medicine, SUNY at Buffalo, VA Western New York Health Care System, Buffalo, New York; 2Cardiac PET Centre,
University of Ottawa Heart Institute, Ottawa, Ontario, Canada; 3Department of Nuclear Medicine, SUNY at Buffalo, Buffalo,
New York; and 4Department of Physiology/Biophysics, SUNY at Buffalo, Buffalo, New York

We have previously shown that ex vivo counting of 131I-meta-
iodobenzylguanidine can identify regional reductions in sympa-
thetic norepinephrine uptake in pigs with hibernating myocar-
dium. However, nonneuronal uptake limited relative differences
between regions and would preclude accurate assessment with
conventional imaging. We therefore hypothesized that the su-
perior specificity of the positron-emitting isotope 11C-hy-
droxyephedrine (HED) would facilitate the imaging of regional
differences, and we designed this study to determine whether
altered uptake of norepinephrine by sympathetic nerves in via-
ble, dysfunctional myocardium can be imaged in vivo and to
determine the temporal progression and stability of sympathetic
dysinnervation in hibernating myocardium. Methods: Pigs (n �
15) were chronically instrumented with a 1.5-mm stenosis of the
left anterior descending coronary artery, a procedure that we
have previously shown to produce viable chronically dysfunc-
tional myocardium with reduced resting flow, or hibernating
myocardium, after 3 mo. Physiologic studies and HED PET were
performed 1–5 mo later with the animals in the closed-chest
sedated state. One animal with a myocardial infarct was ana-
lyzed separately. Results: After 3 mo, anterior hypokinesis de-
veloped (wall thickening, 32% � 4% vs. 60% � 4%, P � 0.001),
with reductions in resting flow (subendocardial flow, 0.81 � 0.11
vs. 1.20 � 0.18 mL/min/g, P � 0.05) and a critical reduction in
subendocardial flow reserve (subendocardial adenosine flow,
0.53 � 0.20 vs. 3.96 � 0.43 mL/min/g, P � 0.001). Extensive
defects in HED uptake were found for hibernating myocardium,
with regional retention �50% lower than that in normally per-
fused remote myocardium (0.035 � 0.002 vs. 0.066 � 0.002
min�1, P � 0.001). Relative HED uptake (left anterior descending
coronary artery/remote) was lower in chronically instrumented
animals than in control animals (n � 4, P � 0.001) and animals
studied 1 mo after instrumentation (n � 2, P � 0.05). The
regional reduction in sympathetic nerve function was persistent
and unaltered for at least 2 mo after the development of hiber-

nating myocardium. Conclusion: Hibernating myocardium is
associated with persistent reductions in regional uptake of nor-
epinephrine by sympathetic nerves. The inhomogeneity in sym-
pathetic innervation in viable dysfunctional myocardium is sim-
ilar to that occurring after myocardial infarction and may
contribute to arrhythmic death in patients with ischemic cardio-
myopathy.
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Inhomogeneity in myocardial sympathetic innervation has
been hypothesized to contribute to the development of sud-
den cardiac death after transmural myocardial infarction (1).
Infarction results in denervation of the scar, and interruption
of sympathetic nerves causes denervation in adjacent viable
myocardium (2,3). Subsequent reinnervation occurs slowly
and is accompanied by nerve sprouting (4), which may
result in hyperinnervation and further exacerbate the heter-
ogeneity in sympathetic function (5). The resultant increase
in spatial dispersion of ventricular repolarization during
sympathetic activation has been hypothesized to lead to
lethal ventricular arrhythmias after myocardial infarction
(6), and a similar mechanism may underlie the association
of reduced norepinephrine-tracer uptake and cardiovascular
mortality in patients with ischemic cardiomyopathy (7).

Sympathetic nerves are exquisitely sensitive to ischemia
and may become dysfunctional after episodes of myocardial
ischemia that do not result in irreversible myocyte injury
(8,9). This fact is consistent with clinical studies showing
that the area of denervation is larger than that of infarction
and more closely correlates with the area at risk of ischemia
(10). Furthermore, abnormal norepinephrine-tracer uptake
has been described in patients without previous infarction
(11). These data suggested to us that sympathetic nerve
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dysfunction may also contribute to the sudden death asso-
ciated with hibernating myocardium in the absence of in-
farction (12). We initiated this line of investigation using the
norepinephrine tracer 131I-metaiodobenzylguanidine (MIBG)
in chronically instrumented pigs with hibernating myocar-
dium (13), which have a high rate of spontaneous, arrhyth-
mic sudden death (14). Although we found a significant
regional reduction in MIBG uptake in hibernating myocar-
dium using ex vivo tissue counting, regional differences in
tracer uptake were limited by nonneuronal myocardial up-
take and would preclude accurate imaging. Therefore, the
present study was conducted with 11C-hydroxyephedrine
(HED) and PET (11,15,16) to determine the feasibility of
imaging the time course and stability of sympathetic dys-
innervation in pigs with hibernating myocardium. Our re-
sults demonstrate profound reductions in myocardial HED
retention in hibernating myocardium. These defects per-
sisted for at least 2 mo after the development of hibernating
myocardium and were much greater in magnitude than
those demonstrated by ex vivo counting of MIBG (13).

MATERIALS AND METHODS

All experimental procedures and protocols conformed to insti-
tutional guidelines for the care and use of animals in research.

Initial Instrumentation
Studies were conducted on farm-bred pigs that were chronically

instrumented to produce hibernating myocardium. The initial in-
strumentation and experimental protocol have been published in
detail (17,18). Briefly, juvenile pigs (8.9 � 0.5 kg, n � 15) were
instrumented with a 1.5-mm Delrin (DuPont) stenosis on the
proximal left anterior descending coronary artery (LAD). We have
previously shown that after 3 mo, this instrumentation results in
viable dysfunctional myocardium with reduced resting flow, con-
sistent with hibernating myocardium (17,18).

Physiologic Study
Physiologic studies to document flow and function in hibernat-

ing myocardium were performed on animals that were in the
closed-chest, propofol-sedated state (2–5 mg/kg/min intrave-
nously) 118 � 9 d after initial instrumentation (n � 10). A
transducer-tipped catheter (Millar Instruments) was inserted into
the left ventricular apex via the brachial artery using a sterile,
percutaneous technique (14). Arterial pressure was monitored from
the side port of the introducer. Selective coronary angiography was
performed with hand injections of iodinated contrast material.

Myocardial function was assessed with transthoracic echocar-
diography through a right parasternal window with the animals
lying on their left side (19,14). From midventricular short-axis
images, anatomic M-mode (System 5; GE Healthcare) was used to
quantify wall thickness in the LAD-perfused anteroseptum and the
normally perfused posterolateral walls. Regional function was
assessed by calculation of regional percentage wall thickening
(100 � [end-systolic wall thickness – end-diastolic wall thick-
ness]/end-diastolic wall thickness). Fractional shortening (100 �
[end-diastolic left ventricular diameter – end-systolic left ventric-
ular diameter]/end-diastolic left ventricular diameter) was used to
assess global function.

Resting myocardial perfusion was measured by injecting 2 �
106 fluorescent microspheres into the left ventricle while a refer-

ence withdrawal sample was taken from the arterial introducer
(17,20). Subsequently, vasodilated flow was determined during
adenosine infusion (0.9 mg/kg/min), with phenylephrine coinfused
to maintain arterial pressure (17). The catheters were then re-
moved, and the animals were allowed to recover before the PET
studies.

PET Protocol
PET was performed on 12 pigs with hibernating myocardium

(126 � 9 d after initial instrumentation). One of these animals was
studied serially at 2 and 3 mo after instrumentation. Additional
studies were performed on 2 animals after 1 mo to assess the
effects of instrumentation on uptake of norepinephrine by myo-
cardial sympathetic nerves, on an animal with nontransmural in-
farction, and on 4 noninstrumented control animals. The pigs were
sedated with a mixture of tiletamine hydrochloride (50 mg/mL)
and zolazepam hydrochloride (50 mg/mL) (Telazol; Wyeth Hold-
ings Corp.) and with xylazine (100 mg/mL) (0.022 mL/kg intra-
muscularly), with supplemental doses (0.011 mL/kg intramuscu-
larly) as needed.

HED was synthesized by direct N-methylation of metaraminol
free base with 11C-methyl iodide in dimethyl formamide. The
mixture was heated at 100°C for 5 min with semipreparative
reverse-phase high-performance liquid chromatography purifica-
tion (15). Scanning was performed on an ECAT 951/31-R PET
camera (Siemens/CTI) with a 10.8-cm axial field of view and a
resolution of �5.9 mm3 in full width at half maximum. After a
5-min transmission scan with a retractable 68Ga/68Ge rod source
had been obtained to confirm correct positioning, a 15-min trans-
mission scan was obtained to correct for attenuation. HED (dose,
703 � 2 MBq [19.0 � 0.06 mCi]; nominal specific activity, 11.1
GBq/�mol [300 mCi/�mol]) was injected intravenously over 30 s
while heart rate and blood pressure were monitored noninvasively.
Imaging began at the time of tracer injection and continued for a
total of 60 min, using the following image sequence: 6 � 30 s, 2 �
60 s, 2 � 150 s, 2 � 300 s, 2 � 600 s, and 1 � 1,200 s. All animals
tolerated the imaging and recovered uneventfully.

Image Reconstruction
Emission data were corrected for attenuation and reconstructed

using filtered backprojection and a Hann filter (cutoff frequency,
0.3 cycles per pixel). A summed HED image from 20 to 60 min
after injection was used for generation of polar maps as follows.
The images were automatically reoriented into short-axis sections
(21). Maximum activity profiles were used to define the 3-dimen-
sional left ventricular shape with combined cylindric and hemi-
spheric (bottle-brush) sampling (22). The resulting set of 496
midmyocardial coordinates was used to generate polar maps, with
each sector corresponding to midmyocardial voxels of �5 mm3.
Regional tracer activity was assessed using a 17-segment model
(23). The midanteroseptal, midanterior, apical anterior, and apico-
septal segments were assigned to the LAD perfusion territory, and
the midinferior, midinferolateral, basal inferior, and basal infero-
lateral segments were assigned to the normally perfused remote
myocardium. Regional HED uptake was expressed as a percentage
of maximal regional uptake on a per-animal basis. An arterial
blood time–activity curve was obtained from a user-defined region
of interest (2,075 � 312 voxels in the center of the left ventricular
cavity). HED retention (min�1) was calculated by dividing the
mean segment activity (kBq/mL) by the integrated arterial activity
(kBq/mL/min) derived from the blood pool (24). Partial-volume
recovery was assumed to be 100% in the myocardial segments.
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Tissue Sampling
After imaging and physiologic studies had been completed, the

animals were anesthetized with isoflurane (2%–4%, oxygen bal-
ance) and the heart arrested with potassium chloride. The left
ventricle was cut into circumferential rings, with a midventricular
ring divided into 12 wedges (17,20). Wedges were subdivided into
3 transmural layers (subendocardium, midmyocardium, and sub-
epicardium). Samples were then digested and processed for mi-
crosphere flow analysis, as previously described (17,20,19). Ad-
jacent rings were stained with triphenyltetrazolium chloride to
exclude infarction (19).

Data Analysis
Data are presented as mean � SEM, with P � 0.05 considered

significant. Values in hibernating and normal remote regions were
compared using paired t tests, and differences between animals
with hibernating myocardium and noninstrumented controls were
compared using unpaired t tests. Differences in segmental activity
were compared using a 2-way ANOVA, with the Holm–Sidak test
applied for post hoc comparisons.

RESULTS

By 3 mo after instrumentation, LAD occlusion or high-
grade stenosis with regional myocardial dysfunction had
developed in every animal. All animals were in good health
at the time of study. Myocardial necrosis was absent, as
determined by triphenyltetrazolium chloride staining, in all
but one animal (necrosis involving 8% of the left ventricle),
the results for which were excluded from the hibernating
group and are presented separately.

At the physiologic study, heart rate averaged 100 � 7
bpm; systolic pressure, 133 � 5 mm Hg; and left ventricular
end-diastolic pressure, 25 � 1 mm Hg. Echocardiography
demonstrated a marked decrease in LAD-perfused antero-
septal wall thickening, as compared with the remote, nor-
mally perfused posterior wall (32% � 4% vs. 60% � 4%,
P � 0.001), whereas global function was normal (fractional
shortening, 27% � 2%; normal value, �25%) (25). End-
diastolic wall thickness was similar in the LAD and remote

regions (11.7 � 0.7 vs. 10.9 � 0.06 mm, respectively, P �
not statistically significant [NS]). Microsphere analysis
demonstrated significant reductions in subendocardial
(LAD, 0.81 � 0.11, vs. remote, 1.20 � 0.18 mL/min/g, P �
0.05) and full-thickness perfusion (LAD, 0.90 � 0.12, vs.
remote, 1.03 � 0.15 mL/min/g, P � 0.05), consistent with
hibernating myocardium. During vasodilation, subendocar-
dial flow reserve was critically impaired, such that flow was
unable to increase over resting values (adenosine flow:
LAD, 0.53 � 0.20, vs. remote, 3.96 � 0.43 mL/min/g, P �
0.001). On a full-thickness basis, relative flow in the LAD
region during adenosine vasodilation was only 27% of that
in the normally perfused region (LAD, 1.26 � 0.27, vs.
remote, 4.59 � 0.47 mL/min/g, P � 0.001).

11C-HED Uptake in Hibernating Myocardium
Hemodynamic parameters at the time of PET (heart rate,

84 � 6 bpm; systolic pressure, 133 � 4 mm Hg) were
unchanged after HED administration (heart rate, 83 � 6
bpm, P � NS; systolic pressure, 135 � 5 mm Hg, P � NS).
Reconstructed maps from a noninstrumented control ani-
mal, a representative animal with hibernating myocardium,
and the animal with anterior infarction are shown in Figure
1. In contrast to the control animal, the instrumented animal
showed an extensive area of reduced HED uptake in the
anteroseptal, anterior, and apical regions consistent with
sympathetic dysinnervation in the LAD distribution. An
HED defect of similar size and severity was noted in the
animal with infarcted myocardium.

The polar map of the representative animal with hiber-
nating myocardium in Figure 1 is shown in Figure 2, along
with the averaged segmental data for all animals with hi-
bernating myocardium. The averaged data show the per-
centage of maximal uptake in each of the 17 segments of the
left ventricle (Fig. 2B). A 2-way ANOVA demonstrated
significant differences in regional HED uptake between
animals with hibernating myocardium and noninstrumented

FIGURE 1. Reconstructed HED images of pigs with normal (A), hibernating (B), or infarcted (C) myocardium. Standard views
demonstrate homogeneous HED uptake in a healthy control animal. In contrast, a severe and extensive HED defect involving LAD
distribution is seen in the pig with hibernating myocardium, consistent with sympathetic dysinnervation. In the animal with
subendocardial infarction in the LAD distribution, the defect in HED uptake is similar to that in hibernating myocardium. HED activity
is color coded from red, with the greatest activity, to blue-black, with the least. HLA � horizontal long axis; SA � short axis; VLA �
vertical long axis.
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control animals (P � 0.001). The regions with significant
reductions in HED uptake were consistent with the LAD
perfusion territory and encompassed 8 of the 17 left ven-
tricular segments (47%; shaded segments in Fig. 2B).

Figure 3 summarizes the HED retention and percentage
of maximal uptake for the LAD and normally perfused
remote regions of pigs with hibernating myocardium. HED
retention in hibernating myocardium was 52% of values in
the corresponding remote regions (0.035 � 0.002 vs.
0.066 � 0.002 min�1, P � 0.001, Fig. 3A) and averaged
only 49% � 3% of maximal activity in the heart (Fig. 3B).
The relative reduction (LAD/normal) in animals with
hybernating myocardium (0.52 � 0.03) was significantly
reduced as compared with control animals (0.79 � 0.01,
P � 0.001) and animals studied 1 mo after instrumentation
(0.73 � 0.10, P � 0.05). Hyperinnervation was not evident

in the remote region of animals with hibernating myocar-
dium, as regional retention was similar to that in noninstru-
mented control animals (0.066 � 0.002 vs. 0.060 � 0.008
min�1, P � NS).

Stability of HED Retention in Hibernating Myocardium
Figure 4 shows polar maps from PET studies performed

1, 2, and 3 mo after instrumentation, illustrating the pro-
gression of HED defects during the development of hiber-
nating myocardium. The studies 1 mo after instrumentation
were performed to confirm that instrumentation had no
effect on uptake of norepinephrine by sympathetic nerves.
Consistent with our previous findings with MIBG (13),
HED uptake was preserved in the LAD distribution of these
animals (Fig. 4). The images 2 and 3 mo after instrumen-
tation were obtained serially in the same animal and show a
clear progression in size and severity of the anteroapical
HED defect (LAD vs. remote retention: 2 mo, 0.045 vs.
0.060 min�1; 3 mo, 0.030 vs. 0.060 min�1).

We have demonstrated previously that the physiologic
features of hibernating myocardium (regionally reduced
function, flow, and flow reserve) remain unchanged be-
tween 3 and 5 mo after initial instrumentation in this model
(20). Accordingly, using regression analysis as a function of
the time from initial instrumentation (range, 85–168 d), we
evaluated whether any spontaneous improvement in re-
gional HED retention was evident. As shown in Figure 5,
neither the hibernating LAD nor the normally perfused
remote region showed differences in absolute HED reten-
tion over time (R2 � 0.002 for LAD regions, P � NS; R2 �
0.0001 for remote regions, P � NS). Likewise, the relative
retention of HED (LAD/normal) remained essentially con-
stant at 0.52 � 0.03 (R2 � 0.0001, P � NS). Therefore,
these data suggest that in the absence of revascularization,
spatial inhomogeneity in sympathetic dysinnervation per-
sists in chronic hibernating myocardium.

DISCUSSION

This study provided several important new findings. First,
hibernating myocardium is associated with profound re-
gional reductions in norepinephrine reuptake as assessed

FIGURE 2. Representative polar map
and averaged segmental HED uptake in
animals with hibernating myocardium. Po-
lar map from an animal with hibernating
myocardium (left) shows a large and severe
defect in HED uptake in the anteroseptal,
anterior, and apical regions. Schematic po-
lar map (right) shows average HED uptake,
as percentage of maximum uptake, in each
of 17 segments in animals with hibernating
myocardium. Shading indicates regions
with significantly lower HED uptake in ani-
mals with hibernating myocardium than in
noninstrumented control animals.

FIGURE 3. Average regional HED retention in pigs with hiber-
nating myocardium. (A) In comparison with remote normally
perfused myocardium, absolute HED retention was reduced by
�50% in the hibernating LAD region (P � 0.001). (B) Similar
relationship was evident when HED uptake was normalized to
maximum segmental uptake in each animal. *P � 0.05 vs.
remote.
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noninvasively by PET with HED. The defects are large, are
not the result of initial instrumentation, and approximate the
area at risk of ischemia. Once developed, regional reduc-
tions in the retention of HED remain constant, with no
spontaneous improvement or deterioration over time. Col-
lectively, these findings indicate that repetitive episodes of
ischemia leading to the development of hibernating myo-
cardium result in progressive abnormalities in regional sym-
pathetic norepinephrine uptake in the absence of histologic
necrosis. The inhomogeneity in norepinephrine uptake may
in part explain the high mortality and increased risk of
sudden death in patients with hibernating myocardium
(12,26,27).

Alterations in Sympathetic Nerve Function in
Hibernating Myocardium

The reduced HED retention in hibernating myocardium
confirms our previous findings using ex vivo tissue counting
of the photon-emitting norepinephrine analog MIBG. We

previously described a 27% reduction in MIBG uptake in
hibernating myocardium—a reduction that was most pro-
nounced in the subendocardium (13). Although the spatial
resolution of PET is insufficient to assess transmural vari-
ations in presynaptic norepinephrine uptake, differences
between innervated and dysinnervated myocardium are rel-
atively greater using HED than using MIBG, because of
differences in tracer kinetics or nonspecific binding. For
example, after complete denervation using topical phenol,
MIBG retention remained 46% of normal (28). In contrast,
HED retention fell to 30% of normal in the surgically
denervated transplanted heart (29). This greater regional
difference is consistent with our findings of MIBG and HED
retention in pigs with hibernating myocardium (summarized
in Fig. 6). The relative retention (LAD/normal) of full-
thickness MIBG (nominal specific activity, 30–63 MBq/
�mol [800–1,700 �Ci/�mol]; CIS-US, Inc.) in hibernating
myocardium averaged 0.75 � 0.03, compared with 0.52 �
0.03 for HED (P � 0.001). Thus, the improved signal-to-
noise ratio of HED imaged with PET suggests that this
tracer is preferred for in vivo imaging of regional inhomo-
geneity in norepinephrine reuptake by myocardial sympa-
thetic nerves.

Although studies on dogs have demonstrated that coro-
nary artery dissection can be associated with regional sym-
pathetic denervation, LAD instrumentation is not responsi-
ble for the HED defects in our study, as supported by 3
separate lines of evidence. First, LAD dissection has no
effect on regional tissue catecholamine levels in pigs (30),
supporting the notion of no significant interruption of myo-
cardial sympathetic nerves in this species. Second, we have
previously shown normal norepinephrine uptake using
MIBG in pigs that underwent identical dissection of the prox-
imal LAD (13). Finally, regional HED uptake in pigs studied
1 mo after placement of an LAD stenosis was identical to that
in noninstrumented control animals. Thus, defects in HED
retention in hibernating myocardium develop as the physio-
logic significance of the stenosis progresses over time.

Ischemia-Mediated Sympathetic Nerve Dysfunction
Transmural myocardial infarction (28,31) and cardiac

transplantation (29) result in myocardial sympathetic dener-
vation. Serial studies using HED have suggested that nerve
regeneration requires months or years (29), and in the case

FIGURE 4. Polar maps showing the devel-
opment of HED defects in hibernating myocar-
dium. (A) Preserved HED uptake at 1 mo con-
firmed that LAD instrumentation did not affect
regional sympathetic nerve function. (B and C)
Polar maps serially obtained in the same ani-
mal at 2 mo (B) and 3 mo (C) after instrumen-
tation show clear progression from a small,
localized defect in apex at 2 mo (relative uptake
[LAD/normal], 0.76) to a larger and more severe
defect 3 mo after instrumentation (relative up-
take, 0.50). Ant � anterior; I � inferior; L �
lateral; S � septum.

FIGURE 5. Regression analysis of HED retention in animals
with hibernating myocardium. Absolute regional HED retention
was plotted against months after instrumentation for both hi-
bernating LAD region (�) and normally perfused remote myo-
cardium (E). In both regions, retention remained essentially
constant for at least 2 mo (P � NS for both regressions). Thus,
after development of hibernating myocardium, HED retention
does not improve or deteriorate over time.
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of the transplanted heart, reinnervation is inhomogeneous
and primarily restricted to the anterior wall of the left
ventricle (32). In contrast to denervation, reversible dys-
function or neural stunning can occur after brief, less severe
episodes of myocardial ischemia (33). For example, Gutter-
man et al. (8) and Pettersen et al. (9) demonstrated impaired
sympathetic vasoconstriction after 15 min but not 7 min of
ischemia in dogs. Not surprisingly, the area of dysinnerva-
tion corresponded closely to the area at risk of ischemia
(16,33) and was consistent with reports of dysinnervated
myocardium in viable tissue surrounding areas of infarction
(10). In further support of this observation, Bülow et al.
have recently reported, in patients with multivessel coro-
nary disease, regional HED defects that closely correlated to
areas with inducible ischemia (11).

Our findings of regionally impaired norepinephrine re-
uptake in pigs with hibernating myocardium are consistent
with these reports and extend them in several important
aspects. First, dysinnervation in hibernating myocardium
unequivocally occurred in the absence of infarction, as
necrosis was excluded by vital staining in every animal.
Nevertheless, the extent and severity of the HED defect in
the animal with infarction was indistinguishable from the
defects in hibernating myocardium (Fig. 1). Second, our
data demonstrate that, once developed, the reductions in
norepinephrine reuptake in hibernating myocardium remain
unchanged for at least 2 mo, with no evidence of improve-
ment or deterioration. This finding is consistent with the
stability of the other physiologic features of hibernating
myocardium in this model (20).

Although the time course over which sympathetic nerve
function normalizes after reversible ischemia is unknown,
Dae et al. noted normal MIBG imaging results in 6 of 11
dogs studied 11 � 3 d after a 2-h LAD occlusion (34). Thus,
the alterations in regional MIBG uptake in their model were
likely functional rather than due to sympathetic denervation,
and a similar mechanism is likely responsible for our find-

ings. However, the correlation of reductions in HED uptake
with sympathetic nerve density, nerve sprouting, and re-
gional sympathetic responses to afferent and efferent neural
stimulation will require further studies.

Clinical Implications of Sympathetic Innervation and
Sudden Death in Chronic Ischemic Heart Disease

Inhomogeneity in sympathetic innervation due to irre-
versible myocardial injury has been hypothesized to be a
substrate responsible for the increased risk of sudden death
after myocardial infarction (1). Our results extend the scope
of this potential risk factor to viable myocardium by dem-
onstrating abnormal sympathetic innervation in the absence
of infarction. The mortality from arrhythmic sudden death
in this model of hibernating myocardium with preserved left
ventricular function (14) is comparable to the increased
mortality associated with medically managed patients with
viable dysfunctional myocardium and relatively preserved
left ventricular function (27). Some speculate that myocar-
dial sympathetic remodeling from chronic or repetitive is-
chemia may be a major substrate for arrhythmogenesis. This
possibility may be particularly significant in the subset of
patients who present with sudden death as their first and
only manifestation of coronary artery disease. The implica-
tions of inhomogeneous sympathetic innervation may be
even more profound in patients with ischemic cardiomyop-
athy than in pigs, as dysinnervation can occur in both viable
and nonviable myocardium (35). As a result, the amount of
dysinnervated myocardium will exceed the average 20% of
the left ventricle identified as infarcted using 18F-FDG PET,
gadolinium MRI (36), or postmortem pathologic examina-
tion (37). Thus, viable dysinnervated myocardium may be a
more important substrate for sudden death than is scarred
and infarcted myocardium and may account for the in-
creased mortality associated with viability in patients with
ischemic cardiomyopathy (12). Prospective studies to test

FIGURE 6. Norepinephrine analog reten-
tion in hibernating myocardium. (A and B)
Absolute HED retention (A) in hibernating
LAD and remote myocardium from the
present study is compared with full-thick-
ness MIBG retention (B) from our previous
study (13). (C) Difference in relative reten-
tion (LAD/normal) was significantly greater,
with HED reflecting improved specificity as
a result of less nonspecific uptake of this
tracer than of MIBG (gray bar). *P � 0.05
vs. remote. †P � 0.05 vs. MIBG.
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this hypothesis by evaluating myocardial viability and sym-
pathetic innervation using HED are currently under way.

CONCLUSION

Hibernating myocardium is associated with persistent
reductions in regional uptake of norepinephrine by sympa-
thetic nerves. The inhomogeneity in sympathetic innerva-
tion in viable dysfunctional myocardium is similar to that
occurring after myocardial infarction and may contribute to
arrhythmic death in patients with ischemic cardiomyopathy.
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