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Abstract Heart failure is a serious condition with poor
prognosis, which imposes an ever increasing burden on
healthcare systems due to its rising prevalence. Nonetheless,
physiological processes underlying heart failure remain
poorly understood. In recent years, functional imaging such
as gated CT has become available for routine clinical cardi-
ology investigations. However, a maturation of nuclear im-
aging techniques such as PET and SPECT is now yielding
new insights into the pathophysiological changes underly-
ing heart failure, based on non-invasive measurements of
myocardial blood flow, myocardial viability, sympathetic
innervation, neoangiogenesis and matrix metalloproteinases
activity. Investigations of these biomarkers have the potential
to reveal early aspects of left ventricle remodeling; diagnosis
at an earlier stage of heart failure promises to facilitate im-
proved intervention and therapy guidance. Furthermore, nu-
clear imaging techniques are being developed to monitor and
predict outcome of novel cell-based approaches for restorative
therapy of heart failure.
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Introduction

Heart failure (HF) is a serious condition with high mortality
and morbidity. In 2008 about 5.7 million people in the USA
were suffering from HF [1] and worldwide about 23 million
people are living with HF [2]. Approximately 1 % of people
older than 65 years are affected by this disease, and the
lifetime risk of people aged 40 years for subsequently de-
veloping HF is about 20 % [1, 3]. There has in recent years
been a documented increase in the prevalence of HF of
about 1%o in men [4], whereas the rate of hospitalization
due to HF has risen fourfold within a similar time period [3].
Although survival after HF diagnosis has improved consid-
erably in recent years, the mortality rate within five years of
diagnosis is still as high as 50 % [5, 6].

HF is a multifactorial complex disease that can be caused
and perpetuated by several pre-existing disorders and risk
factors. While hypertension, valve disease and coronary
artery disease - especially myocardial infarction - were the most
common causes until the 1970s, coronary artery disease and
diabetes have subsequently become more important factors
leading to the development of HF [7-10].

The etiology of HF is diverse and complex, but arises in
general as a consequence of structural or functional cardiac
diseases that compromise the left ventricular (LV) function.
In response to this compromised function, different com-
pensatory regulatory mechanisms are activated, which can
in some measure compensate for the reduced pump func-
tion. However, in a chronic state of LV dysfunction, these
compensatory mechanisms may come to exacerbate the
underlying disease, ultimately leading to cardiac remodeling
through hypertrophy and fibrosis of the myocardium [11].

For the purposes of diagnostics, exact staging, guidance
of therapy, and determination of prognosis, it is necessary to
acquire for each patient an integrated range of clinical infor-
mation. Diverse non-invasive techniques are now available
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for this evaluation. However, only nuclear medicine imaging
has the potential to probe directly molecular processes of the
myocardium and provide information about myocardial per-
fusion and metabolism, or to assess the sympathetic innerva-
tion of the heart; changes in these parameters accompany the
progression of HF and LV dysfunction and are centrally
implicated in the development, progression and maintenance
of HFE.

This review presents an overview on the current capabili-
ties of nuclear medicine techniques for the metabolic charac-
terization of the myocardium of patients at risk, or with overt
HF. We present a comprehensive overview of PET and
SPECT methods to evaluate myocardial blood flow and me-
tabolism, and sympathetic innervation. In addition, we intro-
duce and discuss novel concepts and tracers that promise to
provide deeper insight into cellular and molecular mecha-
nisms of HF than has been hitherto possible.

Nuclear Medicine Imaging in Heart Failure

Due to the success of PET in the oncological field, there is a
wide availability of advanced PET instrumentation. Further-
more, today’s PET instruments for nuclear medicine imag-
ing, and increasingly also SPECT scanners, are usually
equipped with a high resolution CT component. Morpho-
logical imaging by CT allows not only the exact anatomic
localization of the PET or SPECT signal, but is also of
critical importance for attenuation correction of quantitative
nuclear medicine studies. The advent of hybrid PET/CT and
SPECT/CT scanners have facilitated progress in molecular
cardiology imaging.

Despite these technical innovations, myocardial perfu-
sion imaging (MPI) remains the most conducted nuclear
medicine application in the workup of patients with CAD
or HF [12]. However, alternative imaging modalities are
attaining greater importance; notably sympathetic imaging
of the failing heart is increasingly used to obtain important
information relevant to risk stratification, and prediction of
ventricular arrhythmias or sudden cardiac death. Moreover,
imaging of molecular processes in cardiac tissue is a “hot
topic” in contemporary research, holding great promise for
therapy guidance and evaluation of therapy response.

Nuclear Medicine Imaging of the Failing Heart
Using Radionuclide Perfusion Tracers

Patients presenting with HF are initially classified based on
the etiology of their disease, i.e., ischemic or non-ischemic
cardiomyopathy. The diagnosis of HF is clear if prior myo-
cardial infarction is reliably documented. However, non-
ischemic cardiomyopathies can arise from a wide range of
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causes. Therefore, non-invasive differentiation of cardiomy-
opathies is critical for optimal treatment and accurate prog-
nosis. Furthermore, patients with suspected ischemic HF
may have to undergo catheterization, which is associated
with a higher risk of death in patients with depressed LVEF
[13]. No single imaging modality is suited to provide all the
necessary information, but contemporary medical imaging
offers a diverse toolbox for patient workup.

20! Thallium (*°'TI) perfusion imaging was found in one
study to be relatively specific for the diagnosis of ischemic
cardiomyopathy when a defect comprising 40 % or more of
the LV circumference was detected [14]. In contrast, patients
with non-ischemic cardiomyopathy typically showed
defects of less than 20 % of image circumference. Another
possible way to differentiate ischemic from non-ischemic
cardiomyopathy is through assessment of myocardial wall
motion by SPECT or PET. However, an exact differentiation
is difficult by this approach, as both disease entities may
manifest in hypokinesis [15, 16]. Danias et al. reported that
gated "™ Tc-sestamibi SPECT under exercise stress allows
more accurate differentiation by assessment of perfusion
defect scores and regional or segmental wall motion vari-
ability [17]. However, in other studies only the presence of
severe and extensive perfusion defects under stress allowed
the accurate differentiation between both disease entities;
presence of mild stress perfusion defects may be ambiguous,
as they can also occur in non-ischemic cardiomyopathy [18,
19]. Another potential marker of ischemic cardiomyopathy
is the presence of myocardial ischemia [18, 20]. Her et al.
demonstrated the diagnostic usefulness of **™Tc-sestamibi
gated SPECT with adenosine challenge in patients with HF
[20].

PET molecular imaging has also been investigated for the
classification of HF patients. In a ''C-palmitate PET study
for the estimation of regional myocardial fatty acid myocar-
dial utilization, Eisenberg et al. showed impressive visual
differences between ischemic and non-ischemic cause of
HF, and obtained differentiation with 80 % sensitivity and
100 % specificity [15]. Also, the combination of '*NH; PET
for perfusion and '"*F-FDG PET for glucose metabolism has
proven valuable for the classification of cardiomyopathy,
with 100 % sensitivity and 80 % specificity [21].

SPECT Imaging Using 2°'TI or **™Tc-labeled
Compounds

Several radionuclide imaging techniques are available for
the evaluation of myocardial perfusion and cell membrane
integrity. SPECT perfusion imaging still represents the ma-
jority of such scans in nuclear cardiology, due to the wide
availability of SPECT cameras and perfusion tracers, simple
acquisition protocols and their high cost-effectiveness [22].
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Using SPECT MPI, myocardial perfusion defects can be
located and assigned to particular vessels, with quantitation
of their extent and severity [23]. Moreover, perfusion tracers
are also widely used to identify zones of viable myocardium.
The most often used radionuclide tracers for this purpose are
201y 99mTe_gegtamibi and 2™Te-tetrofosmin, which are
reviewed below.

201T1

The initial cellular uptake of ?°' Tl is mediated by the Na /K"
ATPase, but tracer deposition is dependent upon, and directly
proportional to, the regional blood flow. The late phase of
uptake reveals the integrity of the sarcolemmal membrane,
which is an indicator of myocardial viability.

SPECT with 2°' T1 MPI suffers from a disadvantage arising
from its relatively long half-life of 73.1 hours, which imparts
high radiation exposure to the patient in the range of 22.0 —
31.4 mSv (effective dose) depending on the protocol [24].
Since the long half-life limits the dose which can be adminis-
tered to the patient, 2°' T1 MPI gives lower image quality in
comparison to that from other perfusion tracers [25].

Several studies have provided evidence that *°' Tl imaging
is very well-suited for the detection of myocardial viability. In
a recently published meta-analysis, the mean sensitivity and
specificity of 2°'TI SPECT for the prediction of regional
function improvement of LV function after revascularization
were 86 % and 59 %, respectively [26]. The rather unsatisfac-
tory specificity may arise because segments were classified as
viable based on the threshold of >50 % tracer uptake although
tracer uptake might be compromised by subendocardial scar
tissue, which is not amenable to improve after revascu-
larization therapy. Furthermore, it is notable that functional
recovery after revascularization correlates well with the
amount of 2°' TI uptake on late images, which is more specif-
ically indicative of viability [27].

Revascularization in patients with poor LV function and
significant amounts of viable myocardium has a Class Ila
recommendation according to the ACC/AHA Guidelines
[28]. However, the amount of viable myocardium necessary
as a precondition for improved outcome after revasculariza-
tion remains to be defined and further investigation is
necessary.

99mTe-labeled Compounds

The most commonly used **™Tc-labeled perfusion tracers
for nuclear cardiology are **™Tc-sestamibi and *™Tc-tetro-
fosmin. The shorter half-life of **™Tc (=6 hours) compared
to that of “°'Tl leads to more favorable dosimetry, with
administration of higher doses yielding improved image
quality, and permitting the acquisition of gated images.
Furthermore, *™Tc is readily available from a generator,

and decays with photon energy of about 140 keV, which
results in less scatter and also less attenuation by soft tissue.

The lipophilic carrier molecules sestamibi and tetrofos-
min diffuse rapidly across plasma membranes, and are
retained within mitochondria of living cells due to the large
negative membrane potential of intact, functional mitochon-
dria. These properties suggest that **™Tc-sestamibi and
99mTetetrofosmin can be used for the determination of both
myocardial perfusion and cellular viability. In many inves-
tigations, the radiotracer uptake is first quantified, and a
threshold of 50-60 % of the maximal radiotracer uptake in
dysfunctional segments is applied as viability criterion [26,
29]. Resting images are frequently obtained after nitrate
administration so as to enhance myocardial blood flow and
thus maximize tracer delivery downstream to severe stenosis
[30]. Furthermore, ECG-gating of SPECT acquisitions can
give improved detection of myocardial perfusion, LV function,
and viability.

In a meta-analysis encompassing 20 studies using **™Tc-
labeled tracers regional LV function improvement after re-
vascularization was predicted with a sensitivity of 81 %, and
specificity of 66 % [26]. However, a subanalysis of exclu-
sively the nitrate-enhanced studies showed sensitivity of
86 % and specificity of 83 %, indicating improved accuracy
in the condition of increased blood flow. Sciagra et al.
further evaluated the long-term prognostic value of nitrate-
enhanced **™Tc-sestamibi imaging in patients with HF due
to chronic CAD, who either underwent medical treatment,
incomplete revascularization or complete revascularization
[30]. Patients who obtained complete revascularization
showed significantly better survival than did the other
groups. Interestingly, the strongest predictor for subsequent
cardiac events was the presence of non-revascularized, but
viable and asynergic segments, which emerged as an ominous
precondition for poor prognosis in HF patients.

PET Imaging Using N-13 Ammonia (*NH;)
or Rubidium-82 (®’Rb)

PET MPI is emerging as a more frequently utilized method
for the highly accurate detection of CAD. Benefiting from
its greater spatial resolution and sensitivity, PET MPI may
be superior to SPECT MPI with respect to image quality,
interpretative confidence and inter-reader agreement [31,
32]. While SPECT images are usually assessed visually, or
with semi-quantitative analysis, PET allows the absolute
quantification of myocardial blood flow at rest or during
pharmacological stress. Furthermore, the determination of
flow reserve can be helpful in the differentiation between
different underlying disease entities leading to HF.
Reduced perfusion of the myocardium, be it due to rele-
vant stenoses in the coronaries or due to microvascular
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dysfunction, may ultimately disrupt cellular integrity, lead-
ing to apoptosis and fibrotic replacement of the tissue. Less
pronounced perfusion deficiency may perturb the metabo-
lism of glucose and fatty acids in compromised tissue,
which may in turn induce an abnormal contraction pattern
of the heart [33].

Available PET radiotracers for clinical MPI include O-15
water, **Rb and '*°NH; [34, 35]. Because of the short half-
life of these radionuclides, serial measurements at rest and
under stress conditions are feasible in a single setting. A
relatively high first-pass extraction fraction even at high
flow rates is a crucial property of PET MPI tracers, as low
extraction would decrease accuracy of ischemia detection,
and result in underestimation of blood flow [36]. O-15 water
uniquely is freely diffusible between blood and tissue, i.e.,
has 100 % extraction. '*NH; and ®*Rb have lower extrac-
tion, which could result in underestimation of myocardial
perfusion at higher flow rates. However, results of sev-
eral studies with these radiotracers showed that myocar-
dial blood flow is accurately quantified over a wide range of
flow values [37-39]. Furthermore, the novel PET perfu-
sion tracer '®F-flurpiridaz seems to have favorable prop-
erties for clinical use [40]. The longer half-life of '°F
would enable many scans from a single bombardment and
radiosynthesis.

When PET data are acquired in list mode, the subsequent
reconstruction allows generation of conventional images for
visual and semi-quantitative analysis. With ECG gating
during acquisition, additional evaluation of LV functional
parameters is possible. Furthermore, by employing a kinetic
model as appropriate for the tracer, myocardial blood flow at
rest and under stress can be highly reproducible quantified
[41, 42].

PET MPI is proving invaluable for the characterization of
flow defects in patients with HF arising from diverse causes.
As expected, patients suffering from advanced CAD show a
reduced myocardial flow reserve due to obstructive stenoses
in the coronaries. In patients with ischemic heart disease, a
reduced myocardial flow reserve was shown to have prog-
nostic implications, being a more sensitive predictor for
cardiac death than was reduced LVEF [43]. Interestingly,
flow reserve in patients with CAD was found to be also
reduced in areas supplied by non-stenotic vessels [44], sug-
gesting a microvascular component. It was previously held
that reduced myocardial blood flow in the failing heart is
caused by reduced contractility and by mechanical factors
such as high wall stress [45, 46]. However, results of several
recent studies support the notion that microvascular dys-
function in HF is an independent predictor for the course
of the disease and adverse outcome [47, 48]. A reduced
myocardial blood flow has been detected in dilated cardio-
myopathy, in the absence of overt HF [49]. Furthermore,
patients with idiopathic dilated cardiomyopathy have a

@ Springer

reduced coronary flow response to sympathetic stimulation
as evoked by the cold pressure test when compared to a
healthy control group [50]. Also, patients with idiopathic
dilated cardiomyopathy and an impaired myocardial blood
flow under hyperemic conditions have a poor prognosis
[48]. Camici et al. reported that subjects suffering from
hypertrophic cardiomyopathy had reduced myocardial flow
reserve not only in hypertrophied septum but, interestingly,
also in non-hypertrophied free walls [51], suggesting a
global microvascular defect extending to seemingly healthy
domains of the myocardium. A reduced global stress flow and
myocardial flow reserve were independent factors for the
prediction of cardiac death, worsening HF or sustained ven-
tricular arrhythmias in patients with hypertrophic cardiomy-
opathy [47].

PET Viability Imaging Using "*F-FDG

'F-FDG PET viability imaging is regarded as the gold stan-
dard for myocardial viability assessment. It is based upon the
principle that the radiolabeled glucose analog is trapped in
tissue as a functional of the local rate of glucose metabolism.
The tracer in circulation enters cardiomyocytes via the glucose
transporters GLUT-1 and GLUT-4, and is then metabolized by
the hexokinase to '*F-FDG-6-phosphate, but proceeds no
further in the glycolytic pathway, and is retained in cardio-
myocytes due to its negative charge. In general, only viable
tissue shows relevant glucose metabolism, such that '*F-FDG
PET can be used for viability assessment [52].

The uptake and metabolism of 'F-FDG by the heart is
substantially dependent on metabolic circumstances. In the
fasting state, metabolism switches almost entirely to the
oxidation of free fatty acids. However, PET studies suggest
that there is a large heterogeneity of the myocardial '®F-
FDG uptake pattern in the fasting state [53]. In order to
achieve reproducibly high signal intensities, several
approaches are used to maximize glycolysis. In the most
commonly used technique, glucose loading prior to
'"F-FDG injection stimulates insulin secretion, which enhan-
ces '*F-FDG uptake in viable myocardium. Another approach
is the simultaneous infusion of insulin and glucose, a tech-
nique known as hyperinsulinemic euglycemic clamping [54].
The latter approach has the advantage of overcoming reduced
"FE_FDG uptake, and thus, reduced image quality, in patients
with impaired glucose tolerance or overt diabetes.

The assessment of both myocardial perfusion and
viability is generally accepted to serve for distinguishing
between viable and avital cardiac regions. Myocardial blood
flow can be assessed using the PET perfusion tracers pre-
sented above and '*F-FDG PET which provides a more spe-
cific index of viability than is afforded by the late phase of
indirect “mitochondrial” tracers. Tissue with concomitantly
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reduced blood flow and '®F-FDG uptake, a state called perfu-
sion/metabolism match, is considered to be avital, while re-
duced blood flow and preserved or even upregulated FDG
uptake, a state known as perfusion/metabolism mismatch, is
interpreted to reveal ischemic but viable tissue [55-57]. Upre-
gulation of '®F-FDG uptake in ischemically compromised
myocardium is known to be associated with poor outcome
[58]. Furthermore, the spatial extent of the mismatch area has
therapeutic significance; revascularization in patients with a
mismatch size of at least 5 % had superior outcome in a study
by Di Carli et al. [59], while others report that a mismatch area
ofat least 7 % justified revascularization [60+¢]. An illustration
of mismatch in a patient with hypoperfused but viable myo-
cardium by '*N-NH5/'®F-FDG PET with the Siemens Biog-
raph mMR at our institution for viability assessement is
depicted in Fig. 1.

Initial PET viability studies proved that the extent of
reversibility of wall motion abnormalities after CABG could
be accurately predicted by PET '"®F-FDG imaging [61]. A
recently published pooled analysis argued that '*F-FDG is
more sensitive (92 %) with respect to the prediction of
recovery of regional function after revascularization than
are other viability imaging techniques, such as dobutamine
echocardiography (80 %), 2°'TI (87 %) and technetium-
99 m scintigraphy (83 %) or MRI (84 %) [62]. Furthermore,
angina and HF symptoms in those patients with a perfusion/
metabolism mismatch to '*°N-NH5/'*F-FDG PET improved
significantly after revascularization [63], and the amount of
viable myocardium as assessed by PET imaging, but not by
dobutamine echocardiography, prior to coronary bypass
grafting is predictive for the improvement of exercise ca-
pacity [64]. While case-controlled, prospective randomized
studies are still lacking, a meta-analysis of cardiac imaging
procedures for myocardial viability testing has suggested
prognostic implications in chronic CAD patients with im-
paired LV function and myocardial viability [65]. Several
studies found improved survival after revascularization in

Fig. 1 Resting *NH; and '®F-
FDG PET short and long axes
images of a patient who was
referred for viability assessment
to our institution. The scan

was performed on the Siemens
Biograph mMR, the first
commercially available fully
integrated PET/MR system. The
anterolateral wall of the LV
myocardium shows decreased
13NH; retention while '3F-FDG
uptake is upregulated in the same
area indicating hypoperfused but
viable myocardium. The same
phenomenon is also depicted in
the 2D polar maps

patients with documented mismatched viable cardiac
regions [63, 66, 67]. In a study of pre-operative risk assess-
ment, Haas et al. showed that patients who were selected for
CABG on the basis of PET viability imaging in addition to
coronary angiography had lower early mortality than did
patients selected on the basis of coronary angiography
alone (survival rate after 12 months: 97+3 % vs. 79+8 %,
(p<0.01)) [67].

Thus, "®F-FDG PET is of proven utility in predicting
benefits from revascularization therapy. However, the re-
quired amount of viable myocardium which is critical to
justify revascularization therapy is not well established.

Sympathetic Innervation

Activation of compensatory mechanisms mediated by the
sympathetic nervous system may initially ameliorate the
impaired LV function in patients with HF, but may at a later
disease stage actually promote progression of cardiac
remodeling and exacerbation of HF [11]. Furthermore, it is
well-known that alterations in sympathetic signaling extend
beyond the infarct area caused by myocardial ischemia
suggesting that sympathetic nerve fibers are more prone to
ischemic injury than are cardiomyocytes [68]. Other studies
suggest that denervated but perfused myocardium, as occurs
after acute or chronic myocardial ischemia, might represent
an arrhythmogenic source, and potential cause of sudden
cardiac death [69, 70].

Excessive availability of norepinephrine as well as down-
regulation, dysfunction or desensitization of both post-
synaptic beta-adrenoreceptors and the presynaptic uptake-1
mechanism in the myocardium are observed in patients with
HF [71, 72]. These processes are thought to play a pivotal
role in the progression of HF. Consequently, imaging of the
sympathetic innervation has emerged as an important topic
in molecular imaging.
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SPECT

The most widely used radiotracer for SPECT imaging of
cardiac sympathetic innervation is the noradrenaline analog
'23_metaiodobenzylguanidine (MIBG) [73]. In humans,
MIBG uptake is primarily mediated by the specific uptake-
1, and only to a lesser degree by the less specific non-neural
type-2 uptake site or by passive diffusion [74, 75]. Once
inside the sympathetic nerve terminal, MIBG is retained
within synaptic vesicles, but unlike noradrenaline, MIBG
is not catabolized by monoamine oxidase (MAO) or
catechol-O-methyltransferase (COMT), and has no biologi-
cal effect on adrenergic receptors [76]. Usually, planar and
SPECT imaging with MIBG is performed early (15—
30 minutes) and late (3—4 hours) after tracer injection [77].
Using this protocol, the heart-to-mediastinum ratio (HMR)
is calculated, serving as a highly reproducible, semiquantita-
tive index for cardiac MIBG uptake. In addition, the wash-out
rate from the myocardium is calculated from the ratio of early
and late images as a surrogate marker for noradrenaline re-
lease, which reflects the state of sympathetic activation of the
heart [78]. Furthermore, MIBG uptake images can be com-
pared directly with perfusion images in order to investigate
perfusion/innervation mismatch, which, as noted above,
might have clinical implications [69, 79].

A strongly impaired sympathetic innervation of the heart
in patients with HF is an independent prognostic predictor
for cardiac events [80e, 81, 82]. In the ADMIRE-HF study, a
prospective multicenter international trial examining 961
subjects, those patients with an MIBG HMR>1.60 had 2-
year probability for cardiac death of only 1.8 %, while those
with HMR<1.6 had a 11.2 % risk [80<]. Subsequently,
Travin et al. performed a multivariate analysis finding that
HMR remained an independent predictor of cardiac and
overall mortality [83]. In another study, HMR scores dif-
fered significantly between patients subsequently sustaining
major cardiac events such as cardiac death, cardiac trans-
plantation or potentially fatal arrhythmia, as compared to
scores in patients with no major cardiac events (1.51 vs.
1.97; p<0.0001) [81]. Furthermore, ROC analysis showed a
sensitivity of 84 % and a specificity of 60 % for predicting
events with the optimal HMR threshold of 1.75. The MIBG
washout rate also has proven prognostic implications; Kioka
and colleagues showed that patients with a washout rate of
27 % or more were significantly more susceptible to sudden
cardiac death [84]. In another study, a prospective compar-
ison of MIBG findings with other factors found tracer wash-
out rate to be an independent predictor of sudden cardiac
death, irrespective of left ventricular ejection fraction [85]. It
thus seems likely that MIBG SPECT may be a valuable tool
to identify those HF patients who might need an implantable
cardioverter defibrillator (ICD), given that previous studies
showed the current criteria of LVEF<35 % to be a
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suboptimal differentiator; most such patients would never
experience an event triggering their ICD [86, 87].

In several studies MIBG cardiac imaging has been used
for monitoring therapy with drugs that are typically pre-
scribed to HF patients [88]. While routine therapy monitor-
ing of well-known medications may be unlikely, given the
relatively high SPECT imaging costs, MIBG imaging might
be valuable for the validation of therapeutic response with
investigational drugs. Drawing from the experience with
oncology, MIBG imaging might be useful in following treat-
ment with specific agents expected to bring benefits only in
specific cases. These considerations notwithstanding, MIBG
imaging is a worthy, widely available and well-established
research tool.

PET

Several PET radiotracers for the assessment of the myocar-
dial sympathetic innervation are available, among which
"'C-hydroxyephedrine (HED) is the most commonly used.
Like MIBG, HED is a NE analog entering sympathetic
terminals via the noradrenaline transporter, with a small
additional component via the non-specific type-2 transport
mechanism [89, 90] and is not metabolized by MAO and
COMT. ''C-epinephrine (EPI) is thought to be superior to
HED, since it traces the entire pathway of catecholamine
uptake, metabolism and vesicular storage, but has hitherto
mainly been employed in pre-clinical research [91, 92]. In a
study by Miinch et al. EPI was directly compared to HED in
healthy volunteers and patients after heart transplantation
[89]. Interestingly, retention of EPI exceeded that of HED in
normal hearts, but retention of EPI was lower than that of
HED in transplanted (denervated) hearts, presumably reflect-
ing lower non-specific uptake. Consequently, EPI might have
inherently higher sensitivity to detect changes in sympathetic
innervation of the heart.

Another interesting tracer is ''C-phenylephrine (PHEN),
which is also a substrate for MAO and is thought to be
valuable in the assessment of vesicular leakage [93]. In a
validation study of PHEN relative to HED in healthy humans,
the two tracers gave initial uptake images of similar quality
and uniformity [94]. However PHEN showed much faster
washout, as might be expected for an MAO substrate. This
property of PHEN allows calculation of storage half-life,
which is potentially useful additional information about the
functional integrity of the cardiac sympathetic innervation
[94].

Despite the useful properties of EPI and PHEN, most
human PET studies have used HED. Not only is global
myocardial HED retention reduced in patients with HF, but
there is also a distinct regional pattern of this reduction,
predominantly in apical and inferoapical regions [95, 96].
Furthermore, the extent of reduced HED uptake in the
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failing heart parallels the individual patient’s NYHA class
and ejection fraction [95], and reduced HED uptake was an
independent predictor for the combined end-point of death
or cardiac transplantation [97]. In a study investigating the
effect of exercise training on sympathetic innervation in
patient with chronic HF, the exercise intervention increased
global HED uptake, suggesting a normalization of the com-
pensatory autonomic nervous imbalance in HF [98]. In
another study, sympathetic innervation, as well as oxidative
metabolism and contractile function of patients suffering
from idiopathic dilated cardiomyopathy were studied and
HED retention proved to be the closest independent deter-
minant of LVEF [99].

An illustration of a patient who was revascularized due to
myocardial infarction and who was subsequently imaged by
NH3/HED PET is shown in Fig. 2.

Potential Applications and Advances in Nuclear Imaging
of the Failing Heart

'¥F-galacto-RGD (RGD) — a Novel Angiogenesis Tracer

The initiation of LV remodeling could potentially be tar-
geted for preventative therapy. Consequently, biomarkers
are being developed for aspects of the complex healing
and remodeling process after myocardial infarction, e.g.,
inflammation, angiogenesis, fibroblast proliferation or col-
lagen deposition [100]. Among the most compelling targets
are the integrins, which represent important proteins with
regards to cell migration, cell proliferation, cell survival and
differentiation [101]. '"®F-fluoro-galacto-RGD (RGD) has
been developed as a PET ligand with high affinity for
o, 35 integrin receptors [101]. Using this ligand, the expres-
sion of «, 33 integrin has already been investigated in dif-
ferent animal models of myocardial infarction, and a very

Fig. 2 Reduced HED retention
despite normal NH3 uptake
indicating denervated but
perfused myocardium in a
patient who was imaged after
revascularization therapy due to
myocardial infarction

preliminary study has been made in humans [102—104]. In a
rat model of permanent coronary occlusion, o, (35 integrins
binding was lowest in myocardium of rats with an increase
of at least 20 % of the EDV as assessed by MRI indicating
that o, 35 integrin expression might prove valuable for
monitoring myocardial repair after MI [105]. These promis-
ing preclinical findings set the stage for investigation of
remodeling processes and the prediction of HF onset in
patients.

Matrix Metalloproteinases (MMP)

It has been recognized that changes in the extracellular
matrix accompany the process of LV remodeling in the
failing heart. In particular, a group of extracellular degrada-
tive enzymes known as the matrix metalloproteinases
(MMP) are thought to play a pivotal role in HF [106]. The
induction of MPP transcription is increased by activation of
protein kinase C [107, 108], a process which can be activat-
ed by catecholamines, angiotensin II and endothelin [106,
109]. In a mouse model of myocardial infarction imaging of
the upregulation of MMPs was demonstrated using the
MMP ligand '''In-RP782 [110]. Interestingly, MMP labeling
was increased not only in the infarct area but also, albeit to a
lesser degree, in the remote myocardium. Animal studies
suggest that an intervention reducing MMP activity should
attenuate the process of LV remodeling [111]. Sahul et al.
demonstrated the feasibility of a noninvasive hybrid SPECT/
CT imaging approach for assessing MMP activation with the
ligand **™Tc-RP80S5, all in conjunction with cine MR for the
investigation of LV deformation. Interestingly, elevated
99MTc-RP805 uptake was observed in the whole heart early
after MI induction, but not in a simple reciprocal manner
relative to myocardial perfusion as assessed by 2°' Tl The
authors concluded that their approach might be useful for
the prediction LV remodeling after MI [112].
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Cell Tracking in Cell-Based Therapy Approaches

Recent Studies of apoptosis in failed human hearts found
apoptosis rates of less than 1 % [113]. Impaired contractility
and function of the affected myocardium increases in pro-
portion to drop-out of cardiomyocytes. Cell transplantation
presents a possible approach to overcome this loss. As the
heart is in constant motion and also due to adverse condi-
tions in the microenvironment at the grafting site, at least
30 % of the transplanted cells may be lost [114, 115]. Thus,
cell labeling and noninvasive tracking are important
techniques to gain a better understanding of the molecular
mechanisms affecting cell biodistribution, homing, and
engraftment.

PET and SPECT methods may prove valuable for cell-
tracking, as they offer higher sensitivity as compared to
MRI, and have the potential to also image functional aspects
of cells, e.g., not just morphology but also viability. Two
different approaches have mainly been used for cell labeling
with radionuclides: (1) direct labeling of cells using radio-
active tracers and (2) reporter gene imaging, whereby a gene
transfected to cells expresses enzymes or receptors which
are imaged with radiotracers. The latter procedure offers
some advantages with respect to longitudinal imaging, in
that detection is not limited by the half-life of the
radiotracer. Furthermore, daughter cells of dividing cells
should still express the reporter gene, and only viable
cells express the reporter gene. Finally, loss of cell viability
due to radiotoxicity [116] can be avoided. The reporter gene
approach has already been applied successfully at our institu-
tion in both small and large animal models of heart disease
[117, 118].

Despite its several advantages, the reporter gene ap-
proach is complex and time-consuming, and has not yet
seen translation into human studies because of ethics con-
siderations arising from the oncogenic potential of viral
transfection vectors. Consequently, direct cell labeling is
presently more accessible for clinical applications. Cells
may be labeled directly using '''In-oxyquinoline or **™Tc-
hexamethylpropylene for SPECT imaging, or '*F-FDG,
which represent a commonly used PET approach for cell
monitoring, although its applicability is limited by the
two-hour half-life [119]. In the first human heart study
applying the '®F-FDG labeling technique, unselected
bone marrow cells were infused in a coronary artery
after revascularization in patients with NSTEMI [120].
About 1.3 — 2.6 % of the infused cells were acutely
retained in the infarcted myocardium. This promising result
illustrates the potential application of cell tracking in mon-
itoring of patients treated after MI. However, it remains
to be elucidated if the extent of acute cell retention has
prognostic implications regarding LV remodeling and pro-
gression to HF.

@ Springer

Conclusion

The incidence of HF is steadily increasing in developed
countries. Given the high morbidity and mortality, the prog-
nosis of HF patients is worse than for common types of cancer.
There is an urgent need for improved staging, improved
guidance of therapy and determination of prognosis. Although
avariety of imaging techniques are available for assessing HF,
nuclear medical imaging techniques such as SPECT and PET
uniquely offer the potential to assess molecular aspects of
heart functional parameters. While '*F-FDG PET represents
the gold standard for viability assessment of compromised
myocardium, 13 NH; and 82Rb perfusion PET as well as tradi-
tional SPECT perfusion tracers inform with relatively high
sensitivity and specificity predictions about the regional LV
function improvement to be obtained after revascularization.
The assessment of sympathetic innervation by molecular tech-
niques provides valuable information on outcome of patients,
and can guide the decision to implant an ICD in patients with a
high probability of sudden cardiac death. The development of
radiotracers targeting non-traditional biomarkers of neoangio-
genesis or MMPs is furnishing deeper insight into molecular
processes of LV remodeling and HF. Last but not least,
radionuclide techniques have been developed for monitoring
intramyocardial cell transplantation as a restorative treatment
for HF.
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