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The transplanted heart is initially denervated but undergoes sub-
sequent sympathetic reinnervation. It thus provides a unique
model for studying regeneration as a specific component of au-
tonomic nerve biology. The aim of this study was to determine
the effect of diabetes mellitus on the regenerational capacity of
sympathetic neurons using molecule-targeted PET. Methods:
Twenty-two nonrejecting, otherwise healthy cardiac transplant
recipients underwent PET with the ''C-labeled physiologic
neurotransmitter epinephrine at 4.0 = 3.3 y after surgery.
Sympathetic reinnervation was defined as regional restoration
of epinephrine retention to values within normal limits. Results:
Reinnervation was observed in 8 of 12 patients with no evidence
of diabetes and in 6 of 10 patients with a long-term history of di-
abetes mellitus. The regional extent of reinnervation (4.7% =
5.3% of left ventricle vs. 19.1% = 20.6% for nondiabetic recipi-
ents, P = 0.04) and the regeneration rate (0.8% = 1.0% of left
ventricle per year vs. 8.0% = 10.1% for nondiabetic recipients,
P = 0.04) were significantly reduced in diabetic subjects. In a
multivariate model, diabetes mellitus was an independent deter-
minant of allograft reinnervation. Finally, the reappearance of
innervation was found to correlate with an improved chrono-
tropic and inotropic response to stress in a standardized,
symptom-limited exercise test including radionuclide angio-
graphy. Conclusion: The regenerational capacity of the sympa-
thetic nervous system of the heart is reduced, but not abolished,
by diabetes mellitus. This study on cardiac transplant recipients
further supports a general link between impaired glucose han-
dling and cardiac autonomic nerve function.
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The sympathetic nervous system of the heart plays a key
role in regulating its performance by modulating rhythm,
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conduction, and contractility. Diabetes mellitus can cause
autonomic neuropathy, which often involves the cardiac
autonomic nervous system and is then associated with an
adverse outcome, possibly through induction of electro-
mechanic instability (/,2). A detailed understanding of the
effects of diabetes mellitus on cardiac autonomic innerva-
tion is thus important for refining diagnostic algorithms and
improving preventive strategies.

Nuclear imaging with radiolabeled catecholamine analogs
allows for early detection of impaired cardiac sympathetic
nerves. In diabetes mellitus, abnormalities on neuronal im-
aging seem to precede alterations on standard cardiovascular
reflex tests (3-5), but the exact mechanisms by which di-
abetes mellitus contributes to these alterations of innervation
are not yet clear. In addition to stimulated regional nerve
sprouting resulting in hyperinnervation, other factors such as
destruction of nerve terminals, malfunction, and reduced
regenerational capacity may contribute to dysinnervation.

In the present study, we sought to specifically evaluate the
effect of diabetes on growth and regeneration of cardiac
sympathetic nerves. A unique model to provide insight into
this component of sympathetic nerve biology is the trans-
planted heart, because it is completely denervated early after
transplantation (6). Observations on nondiabetic transplant
recipients have shown that sympathetic reinnervation occurs
at later stages after surgery, remains regionally limited, but
exerts functional and physiologic effects (7,8). We sought
to investigate the relationship between nerve integrity and
cardiac function by measuring the presence and extent of
sympathetic reinnervation in diabetic transplant recipients
and then comparing the findings to those in nondiabetic pa-
tients and determining the effects on cardiac performance.

MATERIALS AND METHODS

Patients and Study Design

Twenty-two symptom-free cardiac transplant recipients
(3 women and 19 men; mean age * SD, 59 * 7 y) were studied
at 4.0 = 3.3 y after surgery. Before the patients were included in
the study, the presence of acute rejection, significant transplant
vasculopathy, diabetic vasculopathy, or allograft dysfunction
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was ruled out by clinical follow-up, echocardiography, coronary
angiography, and endomyocardial biopsy. No patient received
medication known to interfere with the presynaptic (antidepres-
sants, clonidine, reserpine) or postsynaptic (- or a-adrenergic
blockers or agonists) sympathetic nervous system. All other
cardioactive drugs were discontinued 24 h before inclusion.
Immunosuppressive therapy was not interrupted.

The patients constituted 2 groups: Group 1 consisted of 12
otherwise healthy recipients with no history or evidence of diabetes
mellitus, as documented by repeatedly normal fasting blood glucose
levels at routine posttransplantation examinations. Group 2 con-
sisted of 10 transplant recipients with a history of diabetes mellitus.
In 8 of these patients, type 2 diabetes was diagnosed early after
transplantation, whereas 2 patients had a history of type 1 diabetes
with onset before transplantation. The median duration of diabetes
was 5.8 y. At the time of the study, none of the patients had clinical
evidence of diabetic complications or other concomitant dis-
eases. The available characteristics of the patients are summarized
in Table 1.

The presence and regional extent of sympathetic allograft re-
innervation were quantified noninvasively using PET and ''C-
epinephrine. Additionally, using electrocardiographically gated
equilibrium radionuclide angiography, we determined cardiac per-
formance at rest and in response to standardized, symptom-limited
exercise on the same day. Heart rate, blood pressure, and a 12-lead
electrocardiogram were recorded continuously throughout all pro-
cedures. Before patients were included in the study, they signed
informed consent forms approved by the ethical committee of the
medical faculty of the Technischen Universitit Miinchen.

PET

1C-Epinephrine was synthesized as previously described (9).
PET was performed using an ECAT EXACT scanner (CTI/
Siemens). After adequate positioning, a transmission scan of 15
min was acquired for correction of photon attenuation. For mea-
surement of perfusion, a 15-min static scan was obtained 5 min
after injection of 250-300 MBq of '*N-ammonia. After a break of
20 min to allow for radioactivity decay, total events in the field of
view of the scanner were monitored to rule out significant residual
activity. Then, 200-450 MBq of ''C-epinephrine were injected,
and a dynamic imaging sequence (14 frames: 6 X 30 s, 2 X 60 s,
2 x 150 s, 2 x 300 s, and 2 x 600 s) was acquired. To determine
the contribution of ''C-labeled metabolites to blood activity, we
drew venous blood samples at 1, 5, 10, 20, and 40 min after
injection.

Assessment of Left Ventricular Function and
Hemodynamics

Autologous erythrocytes were labeled with 800—1,000 MBq of
99mT¢ by combined in vivo/in vitro technique and reinjected after
purification. After 5 min to allow for equilibrium, patients were
positioned semiupright on a bicycle table. Planar gated blood-pool
images at rest (frame mode, 24 time bins, 3-min acquisition) were
acquired in “best septal” left anterior oblique view using an open-
gantry y-camera (SkyLight; Philips). Then, symptom-limited bicy-
cle exercise was started, using a standardized protocol with a 50-W
initial workload. Imaging (parameters similar to rest) began after
1 min in each exercise stage to allow for hemodynamic stabilization
and continued for the remaining 3 min of the stage. Every 4 min, the
next stage was started and workload was increased by 50 W.
Exercise was stopped when the patient reached exhaustion. Similar
to the first stage of 50 W, imaging was performed at each subsequent
stage (100 W, 150 W, etc.) after a stabilization phase of 1 min.
During poststress recovery, 3 min after exercise cessation, a final
image was acquired.

Data Analysis

PET. Attenuation-corrected transaxial PET images were recon-
structed by filtered backprojection. Using volumetric sampling of
static '*N-ammonia perfusion images, we defined myocardial
radioactivity in 460 left ventricular segments, depicted in a polar
map (/0). Polar maps were normalized to their maximum and used
for qualitative assessment of regional perfusion. Myocardial seg-
ments were transferred to the dynamic imaging sequence for
HC-epinephrine, and time-activity curves were obtained. The
initial frame of the sequence was checked to rule out residual
activity from the previous '*N-ammonia injection. Arterial input
function was derived from a small circular region of interest in the
left ventricular cavity and was corrected for the presence of
HC-labeled epinephrine metabolites, which were assayed from
serial blood samples using Sep-Pak cartridges (Waters) as previ-
ously described (/7). An epinephrine retention index, measured as
percentage per minute, was calculated by normalizing myocardial
activity at 40 min to the integral under the metabolite-corrected
arterial blood time-activity curve. The global extent of reinner-
vation was quantified as the percentage of the polar map showing
a retention index within 2.5 SDs of the average segmental values
of a previously described normal database (/7). Finally, a re-
generation rate assuming initial complete denervation after trans-
plantation surgery was calculated by normalizing the extent of
reinnervation to the time between surgery and PET measurement

TABLE 1
Patient Characteristics

Characteristic Overall (n = 22)

No diabetes (n = 12) Diabetes (n = 10)

Age (y) 59 +7
Body weight (kg) 84 + 13
Body mass index (kg/m?) 27.3 + 3.9
Age at transplantation (y) 54 + 6
Age of donor (y) 38 £ 13
Time after surgery (y) 4.0 = 3.4

Exposure of heart to diabetes (mo) —

*P < 0.05 vs. no diabetes.
TP = 0.05 vs. no diabetes.

58 + 9 59 + 5
78 =12 91 + 11*
25.6 + 3.5 29.3 = 3.6*
56 = 7 53+ 4
38 + 12 38 = 15
27 +27 5.5 + 3.5t
— 49 + 28
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and was expressed as the percentage of left ventricular reinner-
vation per year.

Left Ventricular Function. Radionuclide angiography was an-
alyzed according to international standards using commercial
software (/2). Based on semiautomatic definition of regions of
interest for the left ventricle and background in end-systolic and
end-diastolic frames, ventricular counting rates throughout the
cardiac cycle were obtained and left ventricular ejection fraction
was calculated.

Statistical Analysis

Values are expressed as mean * SD. Results in groups were
compared by the unpaired Student ¢ test. The relationship between
pairs of continuous variables was described by the Pearson corre-
lation coefficient and was tested for significance by the Fisher r-to-z
transformation. Stepwise regression analysis was performed to
identify independent determinants of the neuronal growth rate.
P values of less than 0.05 were defined as significant.

RESULTS

Restoration of Catecholamine Storage Capacity in the
Heart

Myocardial viability was confirmed in all individuals by the
absence of perfusion defects (defined as '3N-ammonia uptake
below 50% of maximum), ruling out a contribution of struc-
tural damage to the impairment of sympathetic innervation.

The results of ''C-epinephrine PET are summarized in
Table 2. Presynaptic myocardial catecholamine storage ca-
pacity was regionally restored to values within normal limits
in 8 of 12 transplant recipients without diabetes mellitus, but
also in 6 of 10 with diabetes mellitus. Reinnervation
remained regionally limited and primarily occurred in the
territory of the left anterior descending coronary artery, as
indicated by the highest regional epinephrine retention indi-
ces. Plasma metabolite analysis did not reveal differences
in systemic metabolic degradation of epinephrine between
transplant recipient groups. Figure 1 shows examples of PET
investigations in representative diabetic and nondiabetic
individuals.

Despite the presence of reinnervation, both the actual
extent and the rate of regeneration were significantly reduced
in diabetic patients (Table 2). Additionally, regeneration rate

significantly correlated inversely with patient age (r =
—0.58; P = 0.004) and age at transplantation (r = 0.49;
P = 0.02) but did not correlate with age of donor, body mass
index, body weight, or systolic blood pressure. When these
available variables were entered into a stepwise regression
model, the presence of diabetes remained an independent
determinant of reduced neuronal regeneration. The only
other independent determinant in the model was higher
patient age.

Relationship Between Sympathetic Neuronal
Regeneration and Cardiac Performance

The results for hemodynamics and left ventricular func-
tion at rest, during exercise, and in the early recovery phase
are summarized in Table 3. No significant difference was
found between nondiabetic and diabetic transplant recipi-
ents, except for the observation that diabetic subjects had a
mildly but significantly lower global ejection fraction,
which remained within normal limits at all stages.

The maximal myocardial epinephrine retention index did
not correlate with any hemodynamic parameter at rest or
during recovery but correlated significantly with increases in
heart rate and ejection fraction during exercise (r = 0.63 and
P = 0.001 for heart rate; » = 0.57 and P = 0.006 for ejection
fraction). If groups were analyzed separately (Fig. 2), the
correlation between epinephrine retention and chronotropic
response to exercise remained significant for nondiabetic
recipients (r = 0.66; P = 0.01) but not for diabetic recipients
(r = 0.26; P = 0.5), whereas the correlation of epinephrine
retention index and inotropic response to exercise tended to
remain in both groups (r = 0.54 and P = 0.06 for nondiabetic
recipients; » = 0.65 and P = 0.05 for diabetic recipients).

DISCUSSION

Using reinnervation of cardiac allografts as a model, our
study showed that diabetes mellitus influences sympathetic
neuronal recovery. The regenerational capacity of myocar-
dial innervation is inhibited but not abolished. Although
occurring at a slower rate, restoration of sympathetic neu-
rons remains physiologically relevant, as indicated by

TABLE 2
Left Ventricular Catecholamine Storage Capacity
Parameter Overall (n = 22) No diabetes (n = 12) Diabetes (n = 10)
Extent of restored innervation (% of left ventricle) 12.6 = 17.0 19.1 = 20.6 4.7 = 5.3*
Restoration rate (% of left ventricle/y) 4.7 =82 8.0 = 10.1 0.8 = 1.0"
Global "'C-epinephrine retention index (%/min) 6.8 = 2.6 7.6 =33 58 = 1.0
11C-Epinephrine retention index, LAD territory (%/min) 8.5 * 4.2 9.7 =52 7.0+19
11C-Epinephrine retention index, LCX territory (%/min) 5.6 + 1.9 6.2 =24 49 = 0.6
11C-Epinephrine retention index, RCA territory (%/min) 54 +15 5.8 +1.9 5.0 = 0.7
Maximal ''C-epinephrine retention index (%/min) 13.7 £ 6.7 15.4 = 8.2 11.7 £ 3.7
Totally denervated patients 8 (36%) 4 (33%) 4 (40%)
*P = 0.04 vs. no diabetes.
LAD = left anterior descending coronary artery; LCX = left circumflex coronary artery; RCA = right coronary artery.
DiaBeTES EFFECT ON NEURONAL REGENERATION * Bengel et al. 1415
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(A and B) Assessment of neuronal regeneration by PET. Shown are representative left ventricular short- and long-axis

tomographic images (A) and polar maps (2-dimensional display of 3-dimensional tracer distribution throughout myocardium, with
apex displayed at center, base at periphery, septum on left, lateral wall on right, anterior wall on top, and inferior wall on bottom) (B)
of cardiac transplant recipient without evidence of diabetes mellitus (top) and another recipient with history of diabetes (bottom).
Gray-scale images show homogeneous myocardial perfusion, determined by 3N-ammonia. Color-scale images show regional
uptake of ''C-epinephrine, indicating reinnervation in basal anterior wall. Extent of reinnervation was 42% in nondiabetic recipient
and 13% in diabetic recipient. (C) Group results (mean = SE) for neuronal regeneration rate. EPI = 1'C-epinephrine; HTx = heart
transplantation; LA = left atrium; LV = left ventricle; RA = right atrium; RV = right ventricle. *P < 0.05.

improved contractile response to exercise in reinnervated
transplant recipients despite the presence of diabetes.

After initial complete denervation, reinnervation of the
transplanted heart occurs in a regionally heterogeneous pat-
tern, with evidence of restoration occurring first in the basal
anterior wall and extending later toward the apex, septum,
and lateral wall, whereas the inferior wall remains dener-
vated. Regrowth of nerve fibers along arterial structures is
the most likely explanation for this pattern of reappearance
(8,13). Our results showed inhibited nerve regeneration in
diabetic individuals in the setting of transplant reinnerva-
tion.

We used '!C-labeled epinephrine as a tracer for mole-
cule-targeted PET neuronal imaging. Epinephrine is a truly
physiologic neurotransmitter that is thought to reflect not
only presynaptic catecholamine uptake but also vesicular
storage capacity. This belief is supported by studies on
isolated perfused rat hearts in which the addition of the
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norepinephrine uptake blocker desipramine to the medium
after ''C-epinephrine delivery did not reduce its myocardial
retention, supporting the probability that vesicular storage
protects intraneuronal tracer from metabolic degradation
(14). This is in contrast to other, previously used, tracers
such as !''C-hydroxyephedrine, which is a catecholamine
analog that predominantly reflects uptake but not vesicular
storage in nerve terminals (hydroxyephedrine is washed out
from isolated perfused rat hearts when desipramine is
added after tracer delivery (15)), and '**I-metaiodobenzyl-
guanidine, which is an analog used for conventional scin-
tigraphic imaging at lower resolution and without absolute
quantification and whose in vivo biokinetics are not defined
in comparable detail. Although epinephrine can be relied
on as a physiologic biomolecule, differences in the biologic
behavior of analogs may explain the results of previous
imaging studies. The previously observed pattern of re-
duced uptake of 'Z3I-metaiodobenzylguanidine in the
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TABLE 3

Hemodynamics and Exercise Performance

Parameter Overall (n = 22) No diabetes (n = 12) Diabetes (n = 10)
Rest
Heart rate (min—") 91 + 11 91 =13 91 +9
Systolic blood pressure (mm Hg) 142 = 19 138 = 18 148 = 19
Diastolic blood pressure (mm Hg) 93 = 14 95 + 15 90 = 12
Rate—pressure product (mm Hg/min) 12,991 + 2,551 12,530 = 2,521 13,544 + 2,627
Left ventricular ejection fraction (%) 65 = 10 707 58 = 10"
Exercise
Maximal workload (W) 114 + 28 121 + 33 106 + 17
Exercise duration (min) 7022 72 +23 6.7 = 2.2
Peak heart rate (min—") 129 = 19 135 = 23 121 =10
Heart rate increase (min—7) 38 = 20 44 + 22 31+ 12
Peak systolic blood pressure (mm Hg) 194 = 26 190 = 29 198 + 23
Peak diastolic blood pressure (mm Hg) 97 = 14 98 = 16 95 + 12
Peak rate—-pressure product (mm Hg/min) 25,267 *+ 6,124 24,137 + 3,745 26,115 = 7,495
Peak left ventricular ejection fraction (%) 70 = 12 78 7 61 = 12*
Increase of ejection fraction (%) 5+7 7+6 2+7
Recovery
Heart rate (min—1) 112 = 15 114 = 15 108 = 15
Systolic blood pressure (mm Hg) 163 = 27 162 + 28 165 + 27
Diastolic blood pressure (mm Hg) 91 =9 93 = 10 88 = 8
Rate—pressure product (mm Hg/min) 18,409 + 4,484 18,697 + 4,670 18,024 + 4,472
Left ventricular ejection fraction (%) 72 = 11 77 =6 63 = 10*

*P < 0.01 vs. no diabetes.

inferior wall of diabetic subjects, for example, is a non-
specific finding that has also been reported in arrhythmia,
hypertension, cardiomyopathies, and other diseases (/6).

We investigated a model of cardiac allograft reinnerva-
tion to study the interfering effects of diabetes. Transplant
reinnervation is a clean model for studying sympathetic
neuronal regenerative capacity. Complete denervation early
after transplantation is the starting point for all patients, and
a close follow-up along with exclusion of other diseases
yields comparable conditions for all subjects. Also, the
model focuses on neuronal regeneration itself, whereas the
results of previous studies of innervation in nontransplanta-
tion subjects may have reflected a mixture of degeneration,
regeneration, dysfunction, and physiologic heterogeneity of
nerve terminals.

But on the other hand, diabetic transplant recipients are a
very specific patient group, and the results cannot be
generalized to the global population of diabetic patients
without caution. The specificity of the patient group was a
substantial challenge for patient recruitment and explains
the small number of subjects included in the study, which
results in some potential limitations. One is the borderline
level of significance, attributable to the small sample sizes,
for the correlation analysis between innervation and exer-
cise parameters. Nevertheless, r values are within the range
reported previously for a larger group of nondiabetic
transplant recipients (7). Another is the heterogeneity of
the diabetic group, which was composed of some type
1 and some type 2 diabetics, with some of the latter having
posttransplantation diabetes linked with steroids and insulin

FIGURE 2. Functional importance of
neuronal regeneration. Regression plots
show relationship between left ventricular
maximal ''C-epinephrine retention index
and inotropic (increase of heart rate, left)
and chronotropic (increase of left ven-
tricular ejection fraction, right) response
to exercise. Regression lines are shown
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resistance. Specific subsets of these diabetic transplant
recipients may show different neuronal regeneration capac-
ities, but the limited patient availability did not allow for a
more homogeneous group. Finally, some potentially valu-
able clinical information about our patients was not re-
trievable. Information on aortic cross-clamping time during
transplantation surgery and complete documentation of
rejection episodes were not available. Both are known deter-
minants of reinnervation (/3) and are possible confounding
variables that could not be included in multivariate analy-
sis. Also, because of the difficult recruitment, our diabetic
group was studied later after transplantation than was the
nondiabetic group. The extent of reinnervation increases
with time after transplantation, and differences may thus
influence results, but diabetic individuals in our study
showed less reinnervation despite being studied later after
surgery. Additionally, we calculated an annual regeneration
index to normalize for time after transplantation. We did
not study patients longitudinally, but the assumption of
complete denervation directly after transplantation surgery
is justified by previous studies and allows for estimation of
regeneration rates without subjecting patients to a second
exposure to radioactive tracers.

The exact molecular mechanisms by which diabetes
impairs neuronal regrowth to the myocardium cannot be
elucidated from this clinical study. Myocardial ischemia,
allograft rejection, and diabetic angiopathy were ruled out
by functional testing and endomyocardial biopsy during
close follow-up after transplantation. Additionally, the find-
ing of normal myocardial perfusion on PET excludes struc-
tural damage. Speculatively, nerve growth factors, which
are secreted by target organs and are important for main-
tenance and recovery of neuronal structures, may serve as a
potential explanation. Experimental studies have indicated
that these proteins are reduced in the diabetic heart, likely
because of the cardiomyopathic effects of altered metabolic
conditions (/7). In line with this speculation, the mild
reduction of global ventricular function in our diabetic
subjects may be interpreted as another indicator of diabetic
cardiomyopathic effects. We did not measure glycosylated
hemoglobin, because reinnervation is a process taking longer
than the time covered by this marker of midterm glycemic
control. A correlation with long-term parameters of glycemic
control, however, might be of interest and a subject for future
investigations.

The results of our study have potential clinical implica-
tions. First, regarding the interrelationship between diabetes
and autonomic nerve biology, the results provide general
mechanistic insights that may be transferred to other neuro-
pathologic settings. Second, the results further support the
usefulness of imaging in identifying the involvement of
cardiac autonomic innervation in disease. Previous studies
have already suggested that nuclear imaging allows for
identification of cardiac autonomic nerve alterations at ear-
lier stages than does conventional autonomic reflex testing
(3-5). Although further studies will be required to establish a
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clear clinical role, adrenergic neuronal imaging may thus
have the potential to be a useful tool for identifying patients
who are at risk and for guiding therapy in the future. For the
transplant recipient, we expect benefit from reinnervation
through improved exercise capacity (7). The present data
suggest this expectation also for diabetic transplant recipi-
ents. It is of note that heterogeneous innervation in the
posttransplantation setting is not associated with arrhythmia,
because arrhythmia was observed in none of our patients.
This finding is not in line with other studies suggesting a link
between autonomic innervation heterogeneity and arrhyth-
mogenicity in nontransplantation patient groups (/8), al-
though transferring results from one setting to the other may
be difficult.

CONCLUSION

Our study identified an impairment of the regenerational
capacity of sympathetic nerves of the heart in diabetes
mellitus. This finding confirms the notion of a link between
impaired glucose handling and autonomic nerve function
that may adversely influence the clinical course of diabetic
patients through functional and electrophysiologic instabil-
ity. Despite this adverse effect, however, restoration of fully
functional nerve terminals, with beneficial physiologic ef-
fects, was still observed to some degree, suggesting that
preventive or therapeutic strategies aimed at improving
autonomic balance may benefit the management of diabetes
mellitus.
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