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    Abstract  
  Sympathetic reinnervation of the transplanted heart is a unique example of the 
plasticity and regenerative capacity of the autonomic nervous system. 
Radionuclide imaging studies have played a key role in demonstrating that 
cardiac allografts regain catecholamine storage capacity, i.e., functional sym-
pathetic nerve terminals after complete denervation due to transplant surgery. 
Since its initial demonstration, the regionally heterogeneous pattern of rein-
nervation, its time course and determinants, as well as its functional effects on 
the transplanted heart have been described in detail, as summarized in this 
chapter.  
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17.1         Physiology of the Transplanted Heart 

 At cardiac transplantation, postganglionic sympathetic nerve fi bers of the donor 
heart are surgically interrupted, causing rapid depletion of norepinephrine within the 
nerve terminal and thus resulting in complete denervation (Cooper et al.  1962 ). This 
state of denervation explains the typical hemodynamic alterations that are encoun-
tered early after successful transplantation: Baseline heart rate is increased, there is 
chronotropic incompetence (i.e., lack of suffi cient increase of heart rate) during exer-
cise (Quigg et al.  1989 ), and diastolic ventricular function is slightly reduced (Paulus 
et al.  1992 ). As a consequence, exercise capacity in transplant recipients often 
remains reduced compared to healthy normal subjects (Kao et al.  1994 ). 

 It has also been suggested that presynaptic denervation of the cardiac allograft 
infl uences postsynaptic adrenergic signal transduction. Increased catecholamine 
sensitivity has, e.g., been described, which has mainly been attributed to loss of 
presynaptic neuronal uptake capacity (von Scheidt et al.  1992 ). Overall postsynap-
tic ß-adrenergic receptor density has been found to be normal in allografts (Denniss 
et al.  1989 ), but a shift in subtype from ß 1 - to ß 2 -adrenoceptors has been discussed, 
with possible implications for the response to systemic catecholamines (Leenen 
et al.  1995 ). Because of the reliance of denervated hearts on circulating catechol-
amines, concerns have been raised against the therapeutic use of ß-blockers in trans-
plant recipients (Bexton et al.  1983 ). Some early studies have suggested detrimental 
effects of ß-blockade on exercise capacity and attributed their observations to car-
diac denervation (Verani et al.  1994 ), but other studies did not confi rm negative 
effects (Gilbert et al.  1989 ; Bengel et al.  2004 ). 

 The occurrence of sympathetic reinnervation after transplantation has fi rst been 
reported in various animal models (Willman et al.  1964 ; Norvell and Lower  1973 ). 
In humans then, initial evidence was derived from reoccurrence of anginal symp-
toms (Stark et al.  1991 ), invasive measurements of tyramine- or handgrip-induced 
cardiac spillover of norepinephrine (Wilson et al.  1991 ), electrophysiologic mea-
surements of heart rate variability (Kaye et al.  1993 ), and non-invasive imaging of 
the myocardial uptake of radiolabeled norepinephrine analogues (Schwaiger et al. 
 1991 ; DeMarco et al.  1995 ). Among those techniques, non-invasive PET and 
SPECT imaging have been especially helpful in understanding the phenomenon of 
sympathetic neuronal regeneration, its pattern, determinants, and physiologic 
importance.  

17.2     The Denervated Transplanted Heart as a Model 
to Test Specificity of Neuronal Imaging Agents 

 Before discussing the process of reinnervation in more depth, it should be noted that 
the denervated heart early after transplantation is a useful model to test the specifi c-
ity of neuronal imaging agents. Owing to the absence of any neuronal uptake and 
storage sites in these hearts, any fraction of myocardial retention of a neuronal 
imaging agent would point towards a nonspecifi c mechanism. In the initial 
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publication reporting feasibility of C-11 metahydroxyephedrine ([ 11 C]-mHED) for 
PET imaging of cardiac sympathetic innervation, e.g., Schwaiger et al. used early 
transplant recipients to show absence of myocardial [ 11 C]-mHED retention when 
compared to healthy volunteers and to thereby prove usefulness of the agent 
(Schwaiger et al.  1990 ). Likewise, the specifi city of other clinical sympathetic neu-
ronal imaging agents such as I-123 metaiodobenzylguanidine ([ 123 I]-MIBG) 
(DeMarco et al.  1995 ) or [ 11 C]-epinephrine (Munch et al.  2000 ) has also been sup-
ported by the absence of signifi cant myocardial retention in human allografts early 
after transplantation. 

 The postsynaptic receptor side, on the other hand, may remain completely unaf-
fected despite the absence of presynaptic nerve terminals after transplantation. This 
has been suggested for adrenergic receptors using tissue analysis (Denniss et al. 
 1989 ), while PET imaging with [ 11 C]-MQNB has been used to study the parasym-
pathetic muscarinic receptors, which also were unaffected by denervation (Le 
Guludec et al.  1994 ).  

17.3     Transplant Reinnervation: Pattern, Time Course, 
and Determinants 

 The fi rst imaging evidence of human allograft sympathetic reinnervation was 
obtained at >1 year after transplantation using PET with [ 11 C]-mHED, which showed 
reappearance of signifi cant regional tracer retention in basal anterior left ventricular 
myocardium (Schwaiger et al.  1991 ) (Fig.  17.1 ). Likewise, using [ 123 I]-MIBG and 
SPECT, visible cardiac catecholamine uptake was shown in approximately 50 % of 
patients at 1–2 years after transplantation (DeMarco et al.  1995 ). Further studies have 
greatly improved the understanding of the reinnervation process:  

 Serial assessment using two [ 11 C]-mHED PET scans within 3–4 years demon-
strated a continuous increase of extent and intensity of reinnervation with time after 
transplantation (Bengel et al.  1999 ). Sympathetic nerve terminals fi rst reappeared in 
the basal parts of the myocardium and then extended further into distal parts, while 
the apex was occasionally involved late after transplantation. This fi nding is consis-
tent with growth of sympathetic fi bers along arterial structures. If reinnervation 
occurs, basal parts are reached fi rst. In addition to a gradient from base to apex, 
anterior and septal walls were reinnervated earlier, while the lateral wall was involved 
later. These results suggest that sympathetic nerves are fi rst restored in the territory 
of the left anterior descending artery, while later the left circumfl ex territory is 
involved additionally. Complete restoration of sympathetic innervation, however, 
was not observed until 15 years after transplantation, because inferior myocardium 
consistently remained denervated (Bengel et al.  1999 ; Uberfuhr et al.  2000b ). 

 Using regionally heterogeneous reinnervation as a model, several studies have 
validated the results of catecholamine imaging by comparison with alternative tests 
of sympathetic innervation. [ 11 C]-mHED PET-derived evidence of ventricular rein-
nervation, e.g., correlated with invasive measurements of tyramine-induced coro-
nary arteriovenous norepinephrine spillover (Odaka et al.  2001 ) and with 
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electrophysiologic indexes of reinnervation derived from heart rate variability mea-
surements (Ziegler et al.  1996 ; Uberfuhr et al.  2000a ). 

 While time after surgery is considered a major determinant of presence and 
extent of reinnervation, observations of interindividual heterogeneity and the 
regionally incomplete pattern suggest that additional determinants are involved. 
This has been studied in a comparably large sample of 77 transplant recipients by a 
multivariate analysis. In this analysis using [ 11 C]-mHED PET, some patients 
remained denervated until late after transplantation, and other factors such as donor 
and recipient age, duration and complexity of transplant surgery, and frequency of 
allograft rejection were identifi ed as independent determinants of sympathetic rein-
nervation (Bengel et al.  2002 ) (Table  17.1 ). Aging has been suggested to be associ-
ated with reduced availability of target-derived neurotrophic factors, which may 
explain reduced sympathetic reinnervation with increasing age. Reduced availabil-
ity and synthesizing capacity of neurotrophins in the myocardium may also explain 
the lower degree of reinnervation in case of more frequent rejection episodes. Also, 
because surgical dissection results in axonal degeneration, sympathetic nerve fi bers 
need to regrow along arterial structures to reach the allograft as their target organ. 

C-11 HED polar maps
3 months 2 years

8 years 12 years

  Fig. 17.1    Polar maps of 
myocardial retention of C-11 
metahydroxyephedrine 
([ 11 C]-mHED) in four cardiac 
transplant recipients at 
different times after surgery, 
illustrating time course and 
regional extent of 
sympathetic reinnervation 
(Reprinted with permission 
by Springer Science and 
Business Media, from Bengel 
and Schwaiger ( 2004 ))       
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Extensive areas of scar tissue or other morphologic alterations along the path of 
regrowth may thus impair reappearance of nerve terminals in the myocardium. This 
is confi rmed by less extensive reinnervation in patients with aortic complications at 
transplant surgery and by a signifi cant inverse correlation with aortic cross-clamp 
time (Bengel et al.  2002 ). Hence, the surgical procedure appears to be another factor 
which may infl uence reinnervation. The observation of more intense reinnervation 
in patients transplanted for dilated compared to ischemic cardiomyopathy (Bengel 
et al.  2002 ) may also be explained in this context, as regrowth along sclerotic aorta 
and other vessels may be more diffi cult.

   Finally, diabetes mellitus has also been shown to infl uence sympathetic reinner-
vation of the transplanted heart (Bengel et al.  2006 ). The regional extent of rein-
nervation and the regeneration rate were signifi cantly reduced in diabetic transplant 
recipients compared to a matched transplant recipient group without diabetes 
(Fig.  17.2 ). The regenerative capacity of the sympathetic nervous system of the 
heart was reduced, but not abolished, by diabetes mellitus.   

17.4     Transplant Reinnervation: Functional Effects 

 The pattern of regionally heterogeneous reinnervation on the one hand makes the 
transplanted heart a good model to determine physiologic effects of sympathetic 
innervation in vivo, by an intraindividual comparison of innervated and denervated 
myocardium. On the other hand, it also raises the general question whether this 

   Table 17.1    Parameters tested for association with cardiac transplant reinnervation   

 Recipient related  Donor related  Surgery related  Immunogenetical 

  Time after HTX  a    Age  a,b   Allograft cold ischemia  Recipient gender 

 Weight at HTX  Age difference  Donor gender 

 Height at HTX  Weight   Aortic cross-clamp 
time  a,b  

 Gender mismatch 

  Age at HTX  a   Height  Rhesus mismatch 

 Body mass at 
HTX 

 Body mass   Perioperative aortic 
complications  a  

 HLA A mismatch 

 Ejection fraction 
prior to HTX 

 Body mass 
difference 

 HLA B mismatch 

 HLA DR mismatch 

  Disease type  a   CMV infection  Overall HLA mismatch 

 Duration of 
disease 

 Type of immunosuppression 

 CMV infection 

 Outcome after 
HTX 

  Rejection frequency  a,b  

  Modifi ed from Bengel et al. ( 2002 ) 
  PET  positron emission tomography,  HTX  heart transplantation,  CMV  cytomegalovirus,  HLA  
human leukocyte antigen 
  a Signifi cant at univariate analysis 
  b Independent at multivariate analysis  
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regenerative process, which remains incomplete, has general benefi cial functional 
effects for the transplant recipients. Both issues have been studied in various elegant 
multi-tracer radionuclide imaging studies. 

 PET was used to determine myocardial blood fl ow, fl ow response to the cold 
pressor test as an index of endothelial-dependent vasodilatation, and fl ow response 
to adenosine as a composite index of endothelial-dependent and endothelial- 
independent vasodilatation in non-rejecting, otherwise healthy reinnervated trans-
plant recipients. They observed a signifi cant improvement of fl ow response to cold 
pressor in innervated compared to denervated vascular territories, while there was 
no difference for the response to adenosine. These results demonstrated the impor-
tance of sympathetic innervation for regulation of endothelial-dependent vascular 
reactivity in general, and they also supported the physiologic relevance of reinner-
vation for transplant recipients (Di Carli et al.  1997 ). Other studies focused on the 
effect of innervation on myocardial substrate utilization: Higher utilization of glu-
cose were found at equal rates of overall oxidative metabolism in denervated 

  Fig. 17.2    Effect of diabetes mellitus on transplant reinnervation. Shown are representative left 
ventricular short- and long-axis tomographic images ( a ) and polar maps ( 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 [ 13 N]NH 3 . 
Color-scale images show regional uptake of the neurotransmitter [ 11 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  
[ 11 C]-epinephrine,  HTx  heart transplantation,  LA  left atrium,  LV  left ventricle,  RA  right atrium,  RV  
right ventricle. * P  < 0.05 (Reprinted with permission from Bengel et al. ( 2006 ). This research was 
originally published in JNM. © by the Society of Nuclear Medicine and Molecular Imaging, Inc)       
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compared to reinnervated myocardium of allografts, suggesting a metabolic switch 
from free fatty acids to glucose under conditions of denervation (Bengel et al.  2000 ). 
In another study, non-invasively determined allograft effi ciency was shown to be 
improved in transplant recipients compared with failing hearts and was comparable 
to normal hearts. Differences between denervated and reinnervated allografts were 
not surveyed, and the dependency on loading conditions and contractility was pre-
served. These data suggested that normal regulatory interactions for effi ciency are 
intact and that sympathetic tone does not play a role under resting conditions 
(Bengel et al.  2001b ). 

 Finally, the effect of reinnervation on exercise performance was determined in 
a group of 29 transplant recipients by [ 11 C]-mHED PET and standardized exer-
cise radionuclide angiography. Restoration of sympathetic innervation was asso-
ciated with improved responses of heart rate and global as well as regional 
contractile function to exercise (Fig.  17.3 ). These results support the functional 
importance of reinnervation in transplanted hearts and suggest a clinical benefi t 
for the transplant recipient through enhanced exercise capacity (Bengel et al. 
 2001a ). A subsequent study tested the effect of acute β-adrenergic blockade on 
the response to exercise in denervated and reinnervated transplant recipients and 
showed that differences of chronotropic and inotropic response between groups 
were no longer present following beta-blockade. While beta-blockade was well 
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  Fig. 17.3    Effect of sympathetic reinnervation on cardiac allograft performance. Left ventricular 
retention of the catecholamine analogue [ 11 C]-mHED (hydroxyephedrine) in transplant recipients 
with denervation and with reinnervation ( left ). Global left ventricular ejection fraction as deter-
mined by gated radionuclide angiography ( right ). During exercise, the ejection fraction was lower 
in patients with denervation than in those with reinnervation or normal subjects ( P  < 0.01 for both 
comparisons); the ejection fraction did not differ signifi cantly between the patients with reinnerva-
tion and the normal subjects (Reprinted with permission by Massachusetts Medical Society, from 
Bengel et al. ( 2001a ). © by Massachusetts Medical Society)       
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tolerated, these results confi rmed that reappearance of sympathetic nerve termi-
nals is associated with reestablishment of intact pre-/postsynaptic interaction 
(Bengel et al.  2004 ).   

17.5     Summary and Conclusions 

 In summary, cardiac neuronal imaging has provided unique insights into the biology 
of the autonomic nervous system after cardiac transplantation. Based on imaging 
studies, it is now well known that sympathetic reinnervation may occur later after 
transplantation; that presence and extent of reinnervation are determined not only 
by time after transplantation but also by other factors related to age, surgery, and 
rejection; and that reinnervation remains regionally heterogeneous but nevertheless 
has physiologic effects on myocardial fl ow regulation, metabolism, and exercise 
performance. 

 While physiologic effects of reinnervation have been consistently reported, the 
relevance of this phenomenon for outcome of patients after transplantation remains 
uncertain. To date, sample sizes in reinnervation studies have been too small, and 
the infl uence of critical issues such as rejection, allograft vasculopathy, and dys-
function as well as immunosuppression-related side effects on patient outcome is 
too dominant to demonstrate a survival benefi t of reinnervation (Bengel et al.  2002 ). 
Given the regionally heterogeneous pattern of transplant innervation, it is notable on 
the other hand that coexistence of denervated and innervated viable myocardium, 
unlike in ischemic heart disease or cardiomyopathy (Sasano et al.  2008 ), is not asso-
ciated with an increased arrhythmogenic risk. 

 Accordingly, imaging for reinnervation after transplantation has not achieved 
recognition in clinical practice to date. The transplanted heart, however, remains a 
unique and important model in cardiac neuronal imaging sciences: On the one hand, 
the denervated heart early after transplantation can be used to study the specifi city 
of neuronal imaging agents. On the other hand, the reinnervating heart later after 
transplantation can be used to study the unique plasticity and regenerative capacity 
of the cardiac autonomic nervous system.     
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