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ABSTRACT

Background Late after cardiac transplantation, lim-
ited reinnervation of the transplanted heart may oc-
cur, but little is known about the effect of reinnerva-
tion on cardiac function and exercise performance.

Methods We quantified the extent of myocardial
reinnervation noninvasively in 29 cardiac-transplant
recipients, using positron-emission tomography and
the catecholamine analogue [""Clhydroxyephedrine.
Global and regional ventricular function at rest and
during standardized exercise testing was measured
with the use of radionuclide angiography, and the re-
sults were compared with those in 10 healthy controls.

Results Sympathetic reinnervation, mainly in the
anteroseptal wall, was present in 16 of the 29 trans-
plant recipients. At rest, hemodynamic differences
were not observed between the patients with re-
innervation and those with denervation. However, the
latter group had a shorter mean (+SD) exercise time
(6.1=1.5 minutes, vs. 8.2+1.2 in the group with re-
innervation; P<0.01) and a lower peak heart rate (121=
13 vs. 14315 beats per minute, P<0.01). The contrac-
tile response to exercise was significantly enhanced
in transplant recipients with reinnervation and simi-
lar to that of normal controls. In a multivariate analysis,
hydroxyephedrine retention was the only independ-
ent determinant of the exercise-induced increase in
the ejection fraction.

Conclusions In heart-transplant recipients, the res-
toration of sympathetic innervation is associated with
improved responses of the heart rate and contractile
function to exercise. These results support the func-
tional importance of reinnervation in transplanted
hearts. (N Engl J Med 2001;345:731-8.)

Copyright © 2001 Massachusetts Medical Society.

LTHOUGH the capacity for exercise in
heart-transplant recipients is improved af-
ter transplantation, it remains abnormal.l3
Impairments of chronotropic responsive-
ness and ventricular function have been regarded as
major reasons for this problem.#5 These impairments
have been attributed primarily to sympathetic dener-
vation of the allograft as a consequence of surgical
interruption of postganglionic sympathetic fibers at
the time of transplantation.®
Although it has long been thought that denerva-
tion is irreversible, there is evidence against this belief.
In studies performed one to eight years after trans-
plantation, invasive measurements of transcardiac nor-
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epinephrine spillover,”® noninvasive imaging with radi-
olabeled catecholamine analogues,®!¢ and electrophys-
iological determination of variability in the heart rate!!
have consistently shown partial sympathetic reinner-
vation of the allograft. In a recent longitudinal study,
we showed that reinnervation is an ongoing process
with different effects on various regions of the heart;
reinnervation was not complete until 15 years after
transplantation.!2

Reinnervation affects the sensation of chest pain,!3
regional regulation of myocardial blood flow,%15
and substrate metabolism,!¢ but the functional im-
portance of reinnervation is not known. Previous stud-
ies have examined impairments in exercise capacity,
chronotropic responsiveness, and ventricular function
in transplant recipients. None of these studies, how-
ever, used methods that could identify evidence of
reinnervation.!s We conducted a study to determine
whether partial restoration of myocardial sympathet-
ic innervation increases the capacity for exercise. We
quantified the presence and extent of sympathetic rein-
nervation using positron-emission tomography (PET)
with the catecholamine analogue [''C]hydroxyephed-
rine, which is taken up and stored in presynaptic
sympathetic-nerve terminals. We then examined the
relation between reinnervation and allograft function
at rest and during exercise, using noninvasive imaging
with radionuclide angiography.

METHODS
Study Design

We studied 29 symptom-free, otherwise healthy cardiac-trans-
plant recipients (6 women and 23 men). Their mean (=SD) age
was 56£10 years, and the mean interval between transplantation
and enrollment in the study was 3.2%2.1 years (range, 0.5 to
8.2). Nine of the patients had undergone transplantation because
of ischemic cardiomyopathy, and the other 20 because of idio-
pathic cardiomyopathy. None of the patients had acute rejection,
clinically significant transplant vasculopathy, or allograft dysfunc-
tion, as determined by clinical evaluation, echocardiography, cor-
onary angiography, and endomyocardial biopsy before enrollment.
None of the patients were taking medications known to interfere
with presynaptic catecholamine uptake (e.g., antidepressants, cloni-
dine, or reserpine). All other cardioactive drugs were discontin-
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ued at least 24 hours before enrollment. Immunosuppressive ther-
apy was not interrupted.

The presence or absence and extent of reinnervation in various
regions of the heart were determined noninvasively with the use
of PET and [“C]hydroxyephedrine. The results were compared
with cardiac performance at rest and in response to a standard-
ized, symptom-limited exercise test, as measured by electrocar-
diographically gated equilibrium radionuclide angiography within
24 hours of PET imaging. The results of radionuclide angiogra-
phy were compared with those in a control group of 10 persons
without clinical or electrocardiographic evidence of heart disease.
The composition and mean age of the control group (two wom-
en and eight men, 53%12 years of age) were similar to those of
the 29 patients. Before enrollment, all patients and controls signed
written informed-consent forms approved by the ethics commit-
tee of the Technische Universitit Miinchen, in Munich, Germany.

Sympathetic Reinnervation

[1Clhydroxyephedrine was synthesized as previously described.!”
Imaging was performed with the ECAT EXACT 47 or ECAT
EXACT HR+ scanner (Siemens/CTI, Knoxville, Tenn.). After
positioning of the patient, a 15-minute transmission scan was ac-
quired for the correction of tissue attenuation. Myocardial perfu-
sion was assessed qualitatively with the use of 370 MBq of
[13N]Jammonia or [!C]acetate. After five half-lives to allow for de-
cay of the perfusion tracer, 600 MBq of ["'C]hydroxyephedrine
was injected, and dynamic imaging was performed, with a total
of 14 frames (six of 30 seconds’ duration, two of 60 seconds, two
of 150 seconds, two of 300 seconds, and 2 of 600 seconds). Heart
rate and blood pressure were monitored continuously.

Attenuation-corrected transaxial images were reconstructed by
filtered backprojection. Volumetric sampling was performed to
identify myocardial segments in the perfusion images and create
polar maps of the distribution of the perfusion tracer throughout
the entire left ventricle.! The segments were then transferred to
the hydroxyephedrine images. In addition, the arterial-input func-
tion was derived from a small circular region of interest in the left
ventricular cavity in order to define the time course of radioactiv-
ity in arterial blood. On the basis of the dynamic PET images,
myocardial hydroxyephedrine retention was calculated as the con-
centration in myocardial tissue at 40 minutes divided by the in-
tegral of the concentration in arterial blood, and also expressed
in a polar map.1%12 Denervation was defined as a level of retention
that was less than 7 percent per minute.!%12 The extent of reinner-
vation was quantified as the percentage of the polar map showing
retention above this threshold. In addition, hydroxyephedrine re-
tention was assessed in the anteroseptal, lateral, and inferior wall,
reflecting the vascular territories of the left anterior descending,
circumflex, and right coronary arteries.

Ventricular Function and Exercise Performance

Autologous erythrocytes were labeled with 800 to 1000 MBq
of technetium-99m with the use of a combined in vivo and in
vitro technique and reinjected after purification for repeated blood-
pool imaging. After an interval of five minutes, to allow for equi-
librium, patients were positioned in a semi-upright position on a
bicycle table,!8 and planar gated images at rest (frame mode, 24
segments of time for the cardiac cycle, three-minute acquisition)
were acquired in the left anterior oblique view with the most
clearly defined septum with the use of a small-field-of-view gam-
ma camera (Basicam, Siemens, Erlangen, Germany).

A symptom-limited bicycle exercise test was performed accord-
ing to a standardized protocol with an initial workload of 50 W.
Gated scintigraphic imaging (with specifications similar to those
for images acquired while the patient was at rest) was started after
one minute, to allow for hemodynamic stabilization, and contin-
ued for three minutes. The workload was subsequently increased by
50 W every four minutes until the patient was too tired to con-
tinue. At each successive workload level, imaging was performed
after a stabilization phase of one minute. The heart rate and blood
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pressure were monitored and 12-lead electrocardiography was per-
formed continuously.

Blood samples were obtained while the patient was at rest and
immediately after maximal exercise for measurements of plasma nor-
epinephrine and epinephrine by high-performance liquid chroma-
tography.

Planar images were analyzed according to international stand-
ards'$ with the use of commercially available software (Gaede,
Freiburg, Germany). The global left ventricular ejection fraction
was calculated in addition to regional ejection fractions in the an-
teroseptal, lateral, and inferoapical segments.

Subjective Assessment

All transplant recipients were asked to complete a questionnaire
about their daily physical activity.20 On the basis of the number
of stairs climbed, the number of blocks walked, and the time spent
engaged in exercise, a composite index of physical activity, ex-
pressed in kilocalories expended per week, was calculated.

Statistical Analysis

The data were analyzed with Statview software, version 5.0 (SAS
Institute, Cary, N.C.). All differences between pairs of continuous
variables were assessed by one-way analysis of variance and post
hoc Fisher’s protected least-significant-differences test.2! Differenc-
es in proportions between groups were analyzed with the chi-square
test. Simple linear regression analysis was performed to determine
the relation between pairs of continuous variables. In addition, a
multivariate, stepwise linear regression analysis was performed to
identify independent determinants of the ventricular response to
exercise. A two-sided P value of less than 0.05 was considered to in-
dicate statistical significance.

RESULTS
Sympathetic Reinnervation

Myocardial perfusion was homogeneous in all pa-
tients while they were at rest. Perfusion defects, de-
fined as uptake of the perfusion tracer that was less
than 50 percent of maximum, were not observed,
confirming the integrity of the myocardium in all
patients.

Global left ventricular retention of [!'Clhydroxy-
ephedrine ranged from 2.2 to 7.0 percent per min-
ute. Myocardial retention of the catecholamine ana-
logue was moderately but significantly correlated with
the interval between transplantation and participa-
tion in the study (r=0.61, P<<0.001).

Sixteen of the transplant recipients had signs of rein-
nervation, defined as regional retention of hydrox-
yephedrine that exceeded the threshold of 7 percent
per minute. The area of reinnervation ranged from
6 to 47 percent of the left ventricle (mean, 24+14)
and was mainly located in the region of the left an-
terior descending artery, where hydroxyephedrine
retention was substantially higher than it was in the
regions of the left circumflex and right coronary ar-
teries (Fig. 1). The other 13 transplant recipients had
persistent denervation, with low retention of hydrox-
yephedrine in all vascular territories. The characteris-
tics of the two groups of transplant recipients are
shown in Table 1. The interval between transplanta-
tion and participation in the study was significantly
longer in the group of patients with reinnervation than
in the group with denervation. In addition, the do-
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Figure 1. Left Ventricular Retention of the Catecholamine Analogue [""C]Hydroxyephedrine in Trans-
plant Recipients with Denervation and Those with Reinnervation.

The polar maps in Panel A show the level of [""Clhydroxyephedrine retention (percent per minute) in
one patient with denervation and one with reinnervation. The apex is in the center, the base in the
periphery, the anterior wall (Ant) on top, the septum (Sep) on the left, the lateral wall (Lat) on the right,
and the inferior wall (Inf) on the bottom. The patient with denervation has low levels of [""C]lhydrox-
yephedrine retention in all regions (dark red), whereas the patient with reinnervation has a high level
of ["C]hydroxyephedrine retention (yellow) in the basal anteroseptal wall, indicating partial restoration
of catecholamine-uptake sites. LAD denotes left anterior descending artery, LCX left circumflex artery,
and RCA right coronary artery. Panel B shows that in the group of transplant recipients with reinner-
vation, the mean level of [""C]hydroxyephedrine retention was significantly higher in the territory of
the left anterior descending artery (anteroseptal region) than in the territories of the left circumflex
artery (lateral wall) or the right coronary artery (inferior wall). P<0.001 for both comparisons. The level
of ["Clhydroxyephedrine retention was homogeneously low in the patients with denervation. T bars
indicate standard deviations.

nors were significantly younger in the group with | with denervation (Table 2). The heart rate was sig-

reinnervation. nificantly higher in both groups than in the controls,

as were the rate—pressure product and diastolic pres-

sure. The systolic pressure did not differ significantly
At base line, the hemodynamic values and toler- | among the three groups.

ance of exercise did not differ significantly between Overall exercise time was significantly longer in the

the transplant recipients with reinnervation and those | group of patients with reinnervation than in the group

Systemic Hemodynamics and Exercise Tolerance
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TABLE 1. CHARACTERISTICS OF THE TRANSPLANT RECIPIENTS.*

ALl DENERVATION  REINNERVATION

PATIENTS Grour Grour
CHARACTERISTIC (N=29) (N=13) (N=16)
Age (yr) 56*10 56+9 56+12
Interval since surgery (yr) 32x21 1.7+1.6 44+1.7t
Age at transplantation (yr) 53=11 54+9 52*13
Age of donor (yr) 37*15 45+15 31*13t
Prior rejection episodes (no.) 1+1 1+1 1+1
Global HED retention (%/min)  4.2*+1.5 2.8+0.4 5.3+1.0%
Reinnervated area (% of ventricle) 13*16 0 24+14%

*Plus—minus values are means =SD. HED denotes [!!C]hydroxyephedrine.
1tP=0.02 for the comparison with the denervation group.

1P<0.001 for the comparison with the denervation group.

with denervation; the values were lower in both
groups than in the control group. The maximal work-
load was lowest in the group of transplant recipients
with denervation.

Reduced exercise performance was significantly as-
sociated with a reduced peak heart rate in the group
of patients with denervation, but the peak heart rate
did not differ significantly between the group with
reinnervation and the control group. The results were
similar for the association of systolic pressure and the
rate—pressure product with exercise performance.

Left Ventricular Function

The global and regional ejection fractions at rest
did not differ significantly among the group of pa-
tients with denervation, the group with reinnerva-
tion, and the control group (Table 3). During peak
exercise, the global ¢jection fraction was significantly
lower in the denervation group than in the reinner-
vation and control groups; the values were similar in
the latter two groups. To eliminate any effects of dif-
ferences in maximal exercise capacity, the response
of the ejection fraction to exercise was normalized
and compared at an identical workload of 50 W, with
similar results (Table 3 and Fig. 2).

Analysis of regional ejection fractions (at a work-
load of 50 W) showed that the differences in overall
ventricular function were mainly due to changes in
the anteroseptal region (corresponding to the area
of the left anterior descending artery, where reinner-
vation begins). As with the global values, the ejection
fraction during exercise in this region was lower in
the denervation group than in the reinnervation and
control groups, which had similar values. The ejec-
tion fraction in the lateral region did not differ signif-
icantly among the three groups. In the inferoapical
region, which remained denervated in all the trans-
plant recipients, the peak ejection fraction was lower
in both transplantation groups than in the control
group (Fig. 3).

Plasma Catecholamines

Plasma catecholamine levels were similar in the
denervation and reinnervation groups at rest (norep-

TABLE 2. SYSTEMIC HEMODYNAMIC VALUES AND EXERCISE TOLERANCE.*

DENERVATION REINNERVATION ConTROL
GrouP Grour Grour

VARIABLE (N=13) (N=16) (N=10)
At rest
Heart rate (beats/min) 89+9t 90*+1471 79+11
Systolic pressure (mm Hg) 130=16 128=10 125+5
Diastolic pressure (mm Hg) 869t 89+8% 79+7
Rate—pressure product 11,468+980t 11,491+2139% 98221535
During exercise
Exercise time (min) 6.1x1.51§ 8.2x1.2% 9.8*1.6
Maximal workload (W) 108281t 128+26 145+28
Peak heart rate (beats/min) 121+13%§ 143=*15 14217
Systolic pressure (mm Hg) 172229 190x21 189x21
Diastolic pressure (mm Hg) 87+13 96+11 87+16
Rate—pressure product 20,804+26191§ 27,267+4137 27,013+5051

*Plus—minus values are means =SD.

1P<<0.05 for the comparison with the control group.

$P<<0.01 for the comparison with the control group.

§P<0.01 for the comparison with the reinnervation group.

{P<0.05 for the comparison with the reinnervation group.
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TABLE 3. GLOBAL AND REGIONAL LEFT VENTRICULAR

FuNcTION.*
DENERVATION REINNERVATION ConTROL
GRrouP Groupr GRouP
EJecTioN FRACTION (N=13) (N=16) (N=10)
percent
At rest
Global 67*6 66+7 68+6
Regional
Anteroseptal 53x14 5714 5614
Lateral 90+8 89+11 82+7
Inferoapical 61x12 60*13 68+14
During exercise
Peak
Global 7081t 78+6 82+5
Increase from base line 3*5tt 12+4 144
Workload of 50 W
Global 69+7tt 76*+6 80*+6
Increase from base line 2+4t1 10+4 12+4
Regional
Anteroseptal 54*+16t1 71*x14 77*11
Lateral 91+8 95+15 85+8
Inferoapical 66121 73+6§ 82x10

*Values are means =SD.
1P<<0.001 for the comparison with the control group.
$P<<0.01 for the comparison with the reinnervation group.

§P=0.03 for the comparison with the control group.

inephrine, 2.9+2.7 and 2.1%x1.0 nmol per liter, re-
spectively; P=0.29; and epinephrine, 0.1+0.1 and
0.2%0.1 nmol per liter, respectively; P=0.43) and af-
ter peak exercise (norepinephrine, 7.3+2.6 and 7.1+
3.6 nmol per liter, respectively; P=0.87; and epineph-
rine, 0.3%0.2 and 0.4%+0.3 nmol per liter; P=0.48).

Relation between Exercise Performance
and Reinnervation

In the transplant recipients, overall hydroxyephed-
rine retention was significantly correlated with the
change in the global ejection fraction in response to
stress — that is, the difference between the value at
rest and the value during exercise (r=0.61, P<<0.001)
(Fig. 4). In a univariate analysis, the increase in the
¢jection fraction was also correlated with the interval
since transplantation (r=0.59, P<<0.001), the increase
in the heart rate (r=0.45, P=0.02), the overall exer-
cise time (r=0.56, P=0.002), and the maximal work-
load (r=0.38, P=0.04). There was no correlation
between the change in the ¢jection fraction and the
patient’s age, the age at transplantation, the donor’s
age, the number of previous rejection episodes, the
body-mass index, the heart rate at rest, the ejection
fraction at rest, or the plasma catecholamine levels.

Variables that were correlated in the univariate analy-
sis were entered into a multivariate, stepwise linear
regression model in order to identify independent

N Engl J Med, Vol. 345, No. 10 - September 6, 2001
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Figure 2. Global Left Ventricular Ejection Fraction as Deter-
mined by Gated Radionuclide Angiography.

Panel A shows images in the left anterior oblique view of the
left ventricle of a normal subject at rest, with regions of interest
circled in the end-diastolic and end-systolic frames and the re-
sults of the two frames combined in the right-hand portion of
the panel. The large area of radioactivity is a composite of the
atria, right ventricle, and great vessels. Panel B shows the left
ventricular ejection fraction at rest and during exercise (a 50-W
workload) in the patients with denervation, those with reinner-
vation, and normal subjects. During exercise, the ejection frac-
tion was lower in the patients with denervation than in those
with reinnervation or the normal subjects (P<0.01 for both com-
parisons); the ejection fraction did not differ significantly be-
tween the patients with reinnervation and the normal subjects.
T bars indicate standard deviations.

determinants of the functional response to exercise. In
the final model, overall hydroxyephedrine retention
was the only independent determinant of the inotrop-
ic response to exercise; the interval since transplanta-
tion, heart rate, exercise time, and maximal workload
were not significantly associated with hydroxyephed-
rine retention.

Daily Physical Activity

Although multiple factors may have affected the
subjective data on daily physical activity, there was a
trend toward higher values for the physical-activity
index in the reinnervation group than in the dener-
vation group (33403056 vs. 2021£876 kcal per
week, P=0.09).
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Figure 3. Regional Ejection Fraction in the Anteroseptal, Lateral, and Inferoapical Segments, Derived
from Radionuclide Angiography.

During exercise, the ejection fraction in the anteroseptal segment, where reinnervation initially occurs,
was significantly lower in the patients with denervation than in those with reinnervation or the normal
subjects (P<0.01). In the inferoapical segment, the ejection fraction was significantly lower in the pa-
tients with denervation and in those with reinnervation than in the normal subjects (P<0.01 for the
first comparison, and P=0.03 for the second). T bars indicate standard deviations.

DISCUSSION donors. However, myocardial catecholamine uptake

Our findings confirm that sympathetic reinnerva- | and storage were associated with the ventricular ino-
tion occurs in heart transplants. In our study, the | tropic response to exercise independently of these
group of patients with reinnervation had undergone | and other factors. Together with an improvement in
transplantation earlier than the group of patients with | the chronotropic response to exercise, an increase in
denervation and had received hearts from younger | the inotropic response resulted in significantly better
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Figure 4. Overall Retention of [""Clhydroxyephedrine in Relation
to the Change in the Global Left Ventricular Ejection Fraction
during Exercise.

Retention of [""Clhydroxyephedrine was determined by posi-
tron-emission tomography, and the left ventricular ejection
fraction by radionuclide angiography.

exercise performance in the innervation group than
in the denervation group, suggesting a benefit of
sympathetic reinnervation in the transplanted heart.

The adrenergic pathway has an important role in
the regulation of myocardial contractility. The release
of catecholamines results in the activation of cardi-
omyocyte -adrenergic receptors, which is followed
by an increase in tissue cyclic AMP, activation of pro-
tein kinases, and an increase in the intracellular calci-
um level.22 This cascade ultimately leads to augment-
ed contractility through increases in the contraction
rate and peak force.2? As a consequence of surgical
denervation, presynaptic nerve terminals disappear,
and myocardial storage of the neurotransmitter nor-
epinephrine is depleted.s The denervated transplant-
ed heart therefore has to rely on circulating cate-
cholamines in adapting cardiac output to increased
demand. Our results, like those of previous stud-
ies, %2425 suggest that this adaptation is limited and is
not sufficient to achieve a normal heart rate and con-
tractility in response to exercise. Thus, the capacity
for exercise is diminished.

As a result of sympathetic reinnervation, presyn-
aptic nerve terminals reappear in the myocardium,
and local uptake and storage of catecholamines are
reestablished. Previous studies have suggested that res-
titution of sympathetic innervation has positive eftects
on the physiologic regulation of myocardial blood
flow!* and metabolism.!6 It has also been shown that
reinnervation, as demonstrated by PET] is associated
with increased tyramine-induced arteriovenous nor-
epinephrine spillover, supporting the pharmacologic
functionality of noninvasively detected nerve termi-

N Engl J Med, Vol. 345, No. 10 -

nals.26 At rest, the effects of reinnervation on global
cardiac contractility appear to be negligible.?” Our
findings suggest, however, that under conditions of
stress, resulting in sympathetic stimulation, the res-
toration of innervation is important for an adequate
contractile response. A previous study has shown that
transplant recipients with reinnervation have a greater
capacity for exercise than do those with denervation.28
Our study shows that reinnervation is an independ-
ent determinant of the improvement in exercise ca-
pacity.

The overall density of postsynaptic adrenergic re-
ceptors and intracellular signal transduction have been
shown to remain intact in transplant recipients with
denervation.?® However, there is evidence of a shift
from B, to B, receptors.®® Moreover, beta-blockade
appears to accentuate the impairment in ventricular
performance after transplantation.3!

We found that in addition to the improvement in
contractile function, the response of the heart rate
to exercise was enhanced in transplant recipients
with evidence of reinnervation, suggesting improved
function of the sinus node. The spatial resolution of
clinical PET scanners does not currently allow visu-
alization of the atrial wall or sinus node. However,
our findings suggest that reinnervation of ventricular
myocardium is correlated, at least in part, with rein-
nervation of the sinus node. A recent study involv-
ing invasive measurements of arteriovenous norepi-
nephrine spillover in vessels supplying the sinus node
underscored the importance of sinus-node reinner-
vation for an improved chronotropic response to ex-
ercise in transplant recipients.32

A variety of factors other than innervation may in-
fluence ventricular performance and exercise capaci-
ty after transplantation. Prolonged cold ischemia of
allografts,3® rejection episodes, or perimyocytic fi-
brosis due to cyclosporine therapy3* may contribute
to myocardial stiftness and impair contractile func-
tion in response to exercise. Hypertension induced by
immunosuppressive therapy or occult ischemia due
to transplant vasculopathy may also play a part. Final-
ly, peripheral deconditioning and skeletal-muscle
abnormalities due to prior heart failure have been
identified as contributors to a reduced capacity for
exercise.* In addition to the incomplete pattern of
reinnervation,!? these factors may account for the
finding that the capacity for exercise in transplant re-
cipients with reinnervation, although improved, does
not return to a normal level.
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