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Abstract

Purpose of the Review Cardiorenal syndrome (CRS), defined as concomitant heart and kidney disease, has been a focus of
attention for nearly a decade. As more patients survive severe acute and chronic heart and kidney diseases, CRS has emerged
as an “epidemic” of modern medicine. Significant advances have been made in unraveling the complex mechanisms that underlie
CRS based on classification of the condition into five pathophysiologic subtypes. In types 1 and 2, acute or chronic heart disease
results in renal dysfunction, while in types 3 and 4, acute or chronic kidney diseases are the inciting factors for heart disease. Type 5
CRS is defined as concomitant heart and kidney dysfunction as part of a systemic condition such as sepsis or autoimmune disease.
Recent Findings There are ongoing efforts to better define subtypes of CRS based on historical information, clinical manifestations,
laboratory data (including biomarkers), and imaging characteristics. Systematic evaluation of CRS by advanced cardiac imaging,
however, has been limited in scope and mostly focused on type 4 CRS. This is in part related to lack of clinical trials applying advanced
cardiac imaging in the acute setting and exclusion of patients with significant renal disease from studies of such techniques in chronic HF.
Summary Advanced cardiac nuclear imaging is well poised for assessment of the pathophysiology of CRS by offering a myriad of
molecular probes without the need for nephrotoxic contrast agents. In this review, we examine the current or potential future
application of advanced cardiac imaging to evaluation of myocardial perfusion, metabolism, and innervation in patients with CRS.

Keywords Myocardial perfusion - Myocardial metabolism - Myocardial innervation - Cardiorenal syndrome - Positron emission
tomography - Single photon emission computed tomography
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pathophysiological processes, prevention and earlier diagno-
sis, as well as implementation of sophisticated and evidence-
based therapeutic approaches that have collectively reduced
mortality from most forms of heart disease [1]. An inevitable
consequence of this dramatic success has been the emergence
of an epidemic of advanced and end-stage cardiac disease in
older individuals with various comorbidities and manifesta-
tions of heart disease as a systemic, rather than an organ-spe-
cific, illness [2-8]. Kidney disease is among the most com-
mon coexisting conditions in patients with acute or chronic
heart disease [8]. Thus, more than half of patients with acute
decompensated heart failure (HF) have some degree of renal
insufficiency [9]. In addition, one in six patients identified as
having stage 4 or greater chronic kidney disease (CKD) also
has HF, and prevalence of HF as a diagnosis doubles in the
presence of CKD [10, 11]. Coexisting HF and kidney disease
is the result of complex pathophysiologic processes that pres-
ent significant diagnostic, prognostic, and therapeutic chal-
lenges to the clinician [12]. The complexity of the condition
is well reflected in the popularized concept of “cardiorenal
syndromes (CRSs)” that currently recognizes five different
pathophysiological pathways to concomitant heart and kidney
disease [13]. In clinical practice, however, the boundaries of
each of these scenarios are not yet sharply defined although
each would likely demand and deserve its own unique diag-
nostic and therapeutic approach. There are ongoing efforts to
define subtypes of CRS based on historical information, clin-
ical manifestations, laboratory data (including biomarkers)
[14], and imaging characteristics. Systematic evaluation of
CRS by advanced cardiac imaging, however, has been limited
in scope and mostly focused on type 4 CRS. This review
focuses on established and potential uses of advanced cardiac
imaging to assess myocardial perfusion, metabolism, and in-
nervation in CRS.

Cardiorenal Syndromes CRS has been defined as “disorders of
the heart and kidneys whereby acute or chronic dysfunction in
one organ may induce acute or chronic dysfunction of the
other” [13]. Additionally, certain systemic diseases can affect
both organs. Hence, five subtypes of CRS have been identi-
fied: in types 1 and 2, acute or chronic heart disease results in
renal dysfunction, while in types 3 and 4, acute or chronic
kidney diseases are the inciting factors for HF. Type 5 CRS
is defined as concomitant heart and kidney dysfunction as part
of an acute or chronic systemic condition. Epidemiology of
CRS has been recently reviewed [15¢]. Accordingly, type 1
(acute cardiorenal) CRS is shown to occur in ~25% of pa-
tients hospitalized with acute decompensated HF more than
half of whom have some degree of pre-existing CKD.
Worsening kidney function in type 1 CRS is shown to be an
independent risk factor for mortality in this setting. Type 2
(chronic cardiorenal) CRS has been more difficult to define.
It is estimated that 45-63% of patients with chronic HF have
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evidence of CKD. Type 3 (acute renocardiac) CRS often oc-
curs in the elderly with acute severe illness requiring intensive
care. Nearly 70% of patients in such a setting have some
degree of acute kidney injury (AKI) that can be severe in ~
5-25%. Type 4 (chronic renocardiac) CRS has been shown to
develop at an annualized rate of 10% in patients transitioning
from stage 4 CKD to end-stage renal disease (ESRD). Type 5
(secondary) CRS may manifest acutely in conditions such as
sepsis or more insidiously in systemic diseases such as auto-
immune disease, sarcoidosis, or amyloidosis among others.
Acute decompensated HF and acute kidney failure are associ-
ated with significantly higher mortality when accompanied by
AKI or HF, respectively [16, 17¢].

Pathophysiology The heart and the kidneys are closely linked
through complex physiological processes that primarily aim at
maintaining homeostasis. Tissue injury in each of the two
organs, however, sets off a cascade of local and systemic re-
sponses that adversely affects the other. These responses en-
compass a large range of abnormalities that involve inflam-
matory, immune and stress-mediated reactions, neurohormon-
al, metabolic and nutritional mechanisms as well as changes in
fluid and acid-base status, minerals, and blood viscosity. The
sequence of events and timing of participation of each of these
mechanisms in development of cardiac and renal abnormali-
ties are different depending on the type of CRS.

Bype 1 and 2 CRS. Decompensated HF is characterized by
increased cardiac filling pressures and ventricular wall stress
that would result in muscle fiber stretch, myocyte necrosis,
and both systemic/pulmonary congestion and reduced cardiac
output. These hemodynamic abnormalities subsequently lead
to decreased renal arterial flow, elevated renal venous pres-
sure, reduced glomerular filtration rate (GFR), and renal inter-
stitial edema and hypoxia. Decreased cardiac output and ve-
nous congestion will then activate the sympathetic nervous
(SNS) and renin-angiotensin aldosterone (RAAS) systems;
promote release of arginine-vasopressin, endothelin, and in-
flammatory cytokines; and result in systemic inflammatory
response and oxidative stress that in turn worsen cardiac and
renal function [18¢]. It is now clear that in majority of patients
with decompensated HF, venous congestion plays a far more
important role in pathogenesis of renal dysfunction than low
cardiac output [19]. Several studies have shown a better cor-
relation between higher right atrial pressure than lower cardiac
index or ejection fraction and kidney dysfunction in HF [9, 20,
21]. Recently, a strong correlation has been demonstrated be-
tween venous Doppler patterns reflecting renal congestion and
progression of HF [22]. In addition, promising techniques
such as bioimpedence vector analysis are being developed
and tested to allow rapid and early detection of hemodynamic
alterations in patients with heart disease [23¢¢].

HF should be considered a systemic disease that affects
renal function in multiple ways regardless of left ventricular
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(LV) ejection fraction. The systemic nature of HF is well ev-
idenced by the elevated plasma levels of biomarkers of vaso-
constriction, inflammation, oxidative stress, and endothelial
activation in response to venous congestion, tissue hypoper-
fusion, and neurohormonal activation [24]. Eventually, the
normal compensatory mechanisms that had aimed at main-
taining hemostasis will fail, and pathologic remodeling is
established [25]. At the ultrastructural level, pathologic cardi-
ac remodeling is characterized by abnormalities of the
myocyte and non-myocyte (collagen matrix, microvascula-
ture, and cardiac innervation) compartments of the myocardi-
um [25]. These include myocyte hypertrophy and re-
expression of fetal genes, decreased contractile protein and
phosphocreatine content, reduced expression of 3;-adrenergic
receptors, and a metabolic switch from predominant fatty acid
to glucose utilization [26]. In addition, continued pathologic
loading conditions ultimately leads to myocyte cell loss
through necrotic, apoptotic, and autophagic pathways [27].
Coronary artery disease, reduced capillary density, pathologic
fibrosis, and expanded collagen matrix further accentuate
pathologic cardiac remodeling [28]. Systemic and local acti-
vation of the SNS and RAAS is also a major contributor to the
myocardial ultrastructural changes in HF [29, 30]. Kidney
dysfunction in advanced HF is the result of hemodynamic
abnormalities (decreased cardiac output, elevated right-sided
filling pressures, and hypotension) as well as neurohormonal,
activation, systemic inflammatory/immune response, and ox-
idative stress. A clinical dilemma in evaluation of kidney dys-
function in patients with chronic HF is whether or not con-
comitant kidney dysfunction is a consequence of the heart
disease or an independent entity [31]. In most cases, clinical
and laboratory data allows such a distinction, but significant
overlap still exists [32].

Type 3 CRS. Significant recent advances have been made in
discovery of biomarkers of acute kidney injury including
those specific to ischemic, immune-mediated, or nephrotoxic
damage [33¢¢]. Biomarkers such as B-type natriuretic peptide
and its prohormone, cardiac troponins, and heart-fatty acid-
binding protein have also been helpful in diagnosis of HF in
patients with acute kidney injury [33<¢]. Elevations in plasma
level of such biomarkers are the results of both the systemic
(direct) and the hemodynamic (indirect) components of renal
injury and their effects on cardiovascular function [34].

Type 4 CRS. Anatomically and as assessed by renal ultra-
sound, the kidney in CKD and ESRD often appears smaller
than normal with loss of fine structure and with subcortical
and medullary cysts as well as calcific deposits [35]. Studies
of type 4 CRS have predominantly focused on HF in patients
with CKD and ESRD. However, similar to HF, advanced kid-
ney disease should be considered a systemic disease with both
hemodynamic and non-hemodynamic components that affect
the heart as well as other organs [36]. A large necropsy study
of patients on chronic hemodialysis has shown a wide range of

structural cardiovascular abnormalities including left and right
ventricular hypertrophy and dilation as well as calcific de-
posits in the coronary arteries, aortic valve, mitral annulus,
and thoracoabdomianl aorta [37]. Obstructive coronary artery
disease (CAD) [39%] and severe aortic stenosis (8%) were
also present, and over 50% of patients with known causes of
death died of cardiovascular events [37]. Clinical counterpart
of these pathologic findings has been the high prevalence of
CAD, HF, valvular heart disease, and pulmonary hypertension
in patients with CKD and ESRD [38]. In addition, studies
using non-contrast (native) magnetic resonance T1 mapping
have demonstrated myocardial fibrosis as a precursor to fur-
ther LV remodeling and reduced LV mechanics [39]. The in-
creased myocardial fibrosis in CKD is likely multifactorial
and represents the interplay of LV pressure and volume over-
load, comorbid conditions and blood supply, and demand
mismatch.

Type 5 CRS. This type CRS encompasses a wide range of
systemic conditions that simultaneously or sequentially affect
cardiac and renal function. These conditions may have an
acute (sepsis, drugs, toxins) or insidious (connective tissue
disorders, sarcoidosis) onset of effect on the two organs.
Although the end result of these processes may appear similar,
with reference to cardiac and renal injury, each of these con-
ditions has its unique pathophysiologic features [40].

Cardiac Imaging in CRS In types 1-3 CRS, the presence of
renal or cardiac impairment enhances underlying functional
and anatomic abnormalities of the other organ through hemo-
dynamic, neurohormonal activation and other systemic medi-
ators. These abnormalities are reflected in alterations in myo-
cardial perfusion, metabolism, and innervation among others.
Chronic and end-stage renal disease adds a new dimension to
these abnormalities through additional abnormalities in lipid
metabolism, calcium hemostasis, existing coronary artery dis-
ease, hypertension, diabetes, anemia, the effects of arteriove-
nous shunts used for chronic hemodialysis, and the
cardiotoxicitiy of uremic toxins [41]. It should be noted that
data specific to each of these physiologic abnormalities rele-
vant to particular type of CRS is scarce and differential impact
of renal dysfunction on cardiac perfusion, metabolism, or in-
nervation has not been fully investigated.

Myocardial Perfusion The presence of renal dysfunction often
limits the use of radiographic and magnetic resonance contrast
agents due to concerns regarding contrast-induced nephropa-
thy and nephrogenic systemic sclerosis. Consequently, routine
invasive angiography, coronary computed tomographic angi-
ography, and cardiac magnetic resonance with gadolinium-
based contrast agents have limited use in this setting. In addi-
tion, in the case of chronic CKD, coronary calcium scoring
with computed tomography is of limited diagnostic or prog-
nostic value due to the presence of extensive and premature
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(often medial) calcification disproportionate to the severity of
obstructive CAD [42-45]. Regional myocardial perfusion in
this setting is, thus, frequently assessed with the use of single
photon emission computed tomography (SPECT) or positron
emission tomography (PET) [46-52]. Extensive experience
exists regarding diagnostic and prognostic performance of
SPECT myocardial perfusion imaging (MPI) in patients with
HF, CKD, or both [47]. In general, both diagnostic and prog-
nostic accuracy of SPECT is reduced as the duration and sever-
ity of CKD increases. The most important limitation of SPECT
MPI is in its reliance on myocardial segments with “normal”
perfusion to be used as a reference for determining relative
hypoperfusion in abnormal regions [51]. Unfortunately, hetero-
geneity in myocardial perfusion is frequently observed in pres-
sure and volume-overloaded human hearts. Other limitations of
SPECT MPI are related to the performance of the clinically
available SPECT MPI studies in relation to relatively low ex-
traction fraction of *™Technetium (Tc)-based tracers, clinical
setting (inability to exercise, abnormal electrocardiogram, dif-
fuse CAD with “balanced” reduction in coronary flow reserve),
and lack of adequate response to vasodilator stressors in those
with endothelial dysfunction or marked coronary medial calci-
fication. Consequently, a normal SPECT MPI study may not
necessarily indicate a low short-term cardiac event rate in pa-
tients with ESRD [53], and false-positive studies are not un-
common. Many of these limitations are effectively avoided
with quantification of global and regional myocardial blood
flow with PET particularly in relation to detection of
multivessel CAD that may present with a balanced reduction
of myocardial blood flow [48—52]. Simultaneous assessment of
myocardial perfusion and coronary flow reserve by PET MPI
may also have the advantage of identifying patients with CKD
and diffuse “non-obstructive” coronary atherosclerosis, micro-
vascular disease, or abnormally elevated resting myocardial
blood flow [54ee, 55]. Among PET perfusion tracers, '*N-am-
monia and **Rb-rubidium are approved for clinical use, and
'3O-water is used in research laboratories. **Rb-rubidium can
now be produced locally by a closed system generator that
obviates the need for a cyclotron [56]. A new, '*F-labeled tracer
("®F-flurpiridaz) is undergoing phase III clinical trials and has
many advantages over the current tracers including longer half-
life (~ 110 min), higher spatial resolution, and greater myocar-
dial extraction fraction [57]. It binds specifically and reversibly
to the complex 1 (NADH/ubiquinone oxidoreductase), the en-
zymatic system located in the inner mitochondrial membrane
and involved in synthesis of adenosine triphosphate (Fig. 1).

Myocardial Metabolism Metabolic abnormalities and alter-
ations in substrate utilization have been long recognized in
the failing hearts of patients with ischemic and non-ischemic
cardiomyopathies. Early adaptive changes include a shift from
predominantly fatty acid oxidation (aerobic) to glucose
(anaerobic) metabolism aimed at maintaining cell survival
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Fig. 1 Representative examples of normal (a) and abnormal (b) 18p_p
flurpiridaz PET myocardial perfusion images are shown. In a,
consecutive tomograms of paired stress (upper row) and rest (lower
row) images show normal distribution of the radiotracer in all
myocardial regions. In b, paired stress and rest images show extensive
reversible regional perfusion defects in all three three coronary artery
vascular territories associated with transient ischemic cavity dilatation.
(Reproduced with permission from: Dilsizian V, Taillefer R. JACC
Cardiovasc Imaging 2012;5:1269-1284) [57]

through balancing oxygen consumption and energy produc-
tion [58]. Such metabolic adaptation occurs by upregulation of
glucose uptake and downregulation of fatty acid oxidation that
collectively allow energy production at substantially reduced
cost. Several molecular metabolic probes have been used to
assess myocardial substrate utilization in clinical practice
[59-65]). The PET tracer, 2-deoxy-2-'*Ffluoro-d-glucose
(FDG), is the most commonly used probe for evaluation of
myocardial glucose metabolism. FDG is a glucose analog that
is phosphorylated by hexokinase to FDG-6-phosphate and is
retained intracellularly without further metabolism. When
combined with perfusion imaging, FDG PET allows reliable
detection of viable myocardium in ischemic cardiomyopathy
[65]. Hibernating myocardium is characterized by perfusion-
metabolism mismatch where metabolic activity is observed in
areas with reduced perfusion [59, 63, 64¢°]. Applying quanti-
tative analysis of FDG PET images, it has been shown that
myocardial glucose utilization is inversely correlated to esti-
mated GFR in non-diabetic adults with CKD irrespective of
age, gender, race, or myocardial workload [66¢¢] (Fig. 2). The
latter can be explained by the observation that myocardial
ischemia in the absence of epicardial CAD is commonly ob-
served in patients with CKD due to structural and functional
abnormalities that include LV hypertrophy, interstitial fibrosis,
and decreased myocardial capillary density [67]. Energy star-
vation, recurrent global ischemia, and metabolic remodeling
can, thus, occur in the hearts of patients with CKD in parallel
to severity of renal dysfunction.

Repetitive myocardial stunning has been also observed
during hemodialysis. In a small (four patients, three diabetic)
study of myocardial blood flow during dialysis, 'O-water
PET imaging demonstrated acute reduction in myocardial
blood flow associated with appearance of transient regional
LV wall motion abnormality on echocardiography [68]. In
another study of seven non-diabetic adults, the reduction in
myocardial blood flow during hemodialysis, as assessed by
N-ammonia PET, occurred relatively early during the pro-
cedure such that the ensued myocardial ischemia could not be
fully explained on the basis of hypovolemia alone [69]. Severe
intradialytic myocardial stunning is shown to occur more
commonly in men with more severe LV hypertrophy and sys-
tolic dysfunction [70] and has been associated with elevated
serum troponin levels [71] and higher mortality [72].
Although the pathophysiology of myocardial stunning during
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Fig. 2 Examples of myocardial FDG distribution in CKD patients
exhibiting no visually discernable regional defects. a A representative
example of a CKD patient with dilated left ventricular cavity and
concentric hypertrophy. b A CKD patient with normal left ventricular
cavity size without hypertrophy. ¢ Scatter plot of estimated glomerular
filtration rate (ml/min/1.73 m?) versus myocardial glucose uptake

dialysis is not fully elucidated, it is likely that autonomic dys-
regulation and abnormal myocardial sympathetic innervation
in ESRD play significant roles in its pathogenesis.

In addition to glucose metabolism, myocardial fatty acid
oxidation can be evaluated by several molecular probes in-
cluding B-methyl-p-['**I]-iodophenyl-pentadecanoic acid
(BMIPP). BMIPP is a radioiodine-labeled branched-chain fat-
ty acid that is taken up by the myocyte and is trapped within
the lipid pool after initial adenosine triphosphate-dependent
thioesterification and no further significant mitochondrial f3-
oxidation. BMIPP SPECT imaging has been found to be use-
ful in detection of regionally reduced myocardial fatty acid
metabolism up to 30 h after an episode of transient myocardial
ischemia (termed “ischemic memory”) [73—75]. Such a rela-
tionship between myocardial ischemia and metabolism is also
noted and may be accentuated in patients with CKD [76]
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(umol/min/100 g) as measured by 18F-fluorodeoxyglucose PET scan in
CKD. The fitted line is MGU =k x eGFRx with estimated fitting
parameters k=385.2 (p<0.00001) and x=-10.520 (»p =0.002).
(Reproduced with permission from S. Karger AG, Basel from: Fink JC,
et al. Cardiology 2010;116:160-167) [66]

(Fig. 3). When applied to patients with ESRD, BMIPP-rest
thallium dual-isotope SPECT was highly accurate in identify-
ing CAD defined as > 75% coronary artery luminal narrowing
by invasive angiography [77]. It was then shown that de-
creased myocardial fatty acid metabolism, as assessed by
BMIPP SPECT, is associated with insulin resistance and im-
paired LV systolic function in diabetic and non-diabetic ESRD
patients without CAD [78]. In addition, severely abnormal
BMIPP SPECT has been predictive of acute myocardial in-
farction, heart failure, and cardiac (including sudden) death in
ESRD [79]. The prognostic value of abnormal BMIPP
SPECT in hemodialysis patients has been extended to those
undergoing percutaneous coronary revascularization [80]. In a
multicenter trial of BMIPP SPECT in 677 asymptomatic pa-
tients on hemodialysis, cardiac death correlated directly to the
severity of impaired myocardial fatty acid metabolism [81]. A
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Fig. 3 The concurrent pathogenic factors contributing to the development of uremic cardiomyopathy and altered metabolism with declining kidney
function in CKD (Reproduced with permission from: Dilsizian V, Fink JC. J Am Coll Cardiol 2008;51:146-148) [76]

focal pattern of BMIPP defect in the left anterior descending
coronary artery territory has been found to be predictive of
particularly high cardiac death rate in patients on hemodialysis
compared with a non-focal pattern [82]. It is likely that the
high cardiac death rates among patients with ESRD and met-
abolic shift from fatty acid to glucose are at least partly related
to ineffective glucose metabolism following transient silent
ischemia. It has been known that impaired fatty acid oxidation
leads to accumulation of acyl CoA that in turn disrupts glu-
cose uptake and metabolism and ATP synthesis. Chronic
myocardial energy starvation and inefficient metabolic adap-
tation may account for the excessive cardiovascular morbidity
and mortality observed in CKD. Such metabolic inefficiency
in the face of recurrent ischemia may result in myocyte cell
loss and myocardial instability leading to progressive heart
failure and ventricular thythm abnormalities. Quantitative
studies of simultaneous myocardial glucose and fatty acid
metabolism as well as perfusion are sorely needed for further
understanding of the pathophysiology of myocardial energy
production and utilization in various stages of renal disease.
The latter can be facilitated with the use of the many molecular
probes available for the assessment of various steps of myo-
cardial metabolism by PET imaging. Some of these promising
PET tracers include labeled glucose (glucose uptake and me-
tabolism), palmitate (fatty acid fatty acid uptake, [3-oxidation,

and storage as triglycerides), acetate (oxidative metabolism),
and '°O-water (oxygen consumption).

Cardiac Autonomic Innervation Both HF and CKD present
continued pathologic loading conditions that promote activa-
tion of the neurohormonal system including the SNS [83].
Neurohormonal activation at first aims to maintain homeosta-
sis through chronotropic, inotropic, dromotropic, vasocon-
strictive, and venoconstrictive effects on the heart and circu-
lation. However, prolonged SNS stimulation (and loss of
sympathetic-parasympathetic interaction) will eventually lead
to adverse cardiac remodeling [84, 85]. Cardiac sympathetic
innervation can be effectively assessed with the radiolabeled
false neurotransmitter and norepinephrine analog '**I-meta-
iodobenzylguanidine (‘**I-mIBG) [86++, 87]. Similar to nor-
epinephrine, '**I-mIBG enters the sympathetic synaptic
spaces and is actively taken up into and accumulates in the
presynaptic adrenergic terminals by norepinephrine transport-
er membrane protein without interacting with postsynaptic
receptors. In HF, decreased neuronal uptake of 1231 mIBG
due to post-transcriptional downregulation of the cardiac nor-
epinephrine transporter leads to accumulation of the tracer in
the synaptic clefts. Reduced '*’I-mIBG uptake is a strong
indicator of cardiac sympathetic denervation and heightened
risk of HF progression, ventricular arrhythmias, and cardiac
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death [86¢]. "**I-mIBG results also allow risk stratification
and monitoring of the effects of various anti-remodeling ther-
apies in HF [88¢, 89+, 90¢, 91+, 92¢, 93¢ 94¢ 95¢]. Evaluation
of cardiac sympathetic innervation using '**I-mIBG involves
semi-quantitative assessment of both planar and SPECT im-
ages. The planar images are used to assess early (15-30 min)
and late (34 h) heart-to-mediastinal uptake ratios (HMR) by
dividing the mean counts per pixel from a cardiac region of
interest by the mean counts per pixel from an upper mediasti-
nal region of interest [96]. Early HMR reflects the integrity of
the presynaptic nerve terminals and uptake-1 function, while
late HMR is more suggestive of the overall neuronal function
including uptake, storage, and release [96]. The washout rate
(WR) of the tracer, defined as the difference between early and
late HMR expressed as a percentage of early HMR, predom-
inantly reflects neuronal integrity of the adrenergic drive. An
increased WR is, thus, indicative of decreased neuronal uptake
of norepinephrine. SPECT images are generally used to deter-
mine the uniformity and regional distribution of myocardial
'2[-mIBG often in comparison to perfusion imaging.
Elevated plasma catecholamines (dopamine and norepi-
nephrine) is commonly observed in patients with CKD and
has been shown to correlate with the WR and heterogeneity
of myocardial uptake of '*’I-mIBG as well as abnormal heart
rate variability [97, 98]. There is evidence that in ESRD, cardiac
autonomic denervation as assessed by '*I-mIBG occurs rela-
tively early, precedes clinical myocardial ischemia or heart fail-
ure, and is directly proportional to the duration of renal disease
and presence of ventricular late potentials [99, 100]. In patients
with heart failure, abnormal cardiac autonomic function has
been shown in some studies to be a more powerful predictor
of mortality than GFR alone [101, 102]. In another study, such
an abnormality was found to be synergistic with low GFR in
prediction of adverse outcome [103]. In the latter study, late
HMR (< 1.57) on '">’I-mIBG as assessed in 468 patients with
HF and reduced ejection fraction (< 50%) was highly predictive
of mortality over a follow-up period of 5 years [103]. Other
significant independent predictors of death were the New
York Heart Association functional class, hemoglobin (<
11.9 g/dL), and estimated GFR (<46.4 mL/min/1.73 m?).
When these independent predictors were combined, the collec-
tive prognostic power of the four predictors exceeded that of
any individual predictor [103]). In a preliminary report of a
study of 280 patients with CRS (mean age 61 years, 73%
men, 26% CAD, LV ejection fraction <50%, CKD no
ESRD), late HMR of < 1.57 on '**I-mIBG scan was highly
predictive of mortality (hazard ratio 6.98; 95% confidence in-
terval 3.33-16.52; p<0.01) over a mean follow-up period of
50 months [104]. Another predictor of mortality in this study
was a 1 mg/dl decrease in hemoglobin level (hazard ration 1.29;
95% confidence interval 1.08—1.53; p <0.01). Current use of
RAAS inhibitors and beta-blockers was associated with better
prognosis in CRS patients with reduced late HMR in this study

@ Springer

[104]). Of interest, CRS alone was not a predictor of mortality
(hazard ratio 1.57; 95% confidence interval 0.81-3.25; p =
0.18) in this study, and prognosis of CRS patients with late
HMR of >1.57 was comparable with that of the non-CRS
control patients [104]. The findings again emphasize the central
role of cardiac autonomic denervation in adverse cardiac out-
comes in patients with CKD. To date, the study of cardiac
autonomic innervation in CRS remains limited to '*I-mIBG
imaging. Other tracers, particularly those used in conjunction
with PET imaging, can improve the understanding of this com-
plex system. The PET tracer, '' C-meta-hydroxyephedrine, has
been compared with '*I-mIBG and shown to provide better
assessment of regional myocardial presynaptic sympathetic in-
nervation [105, 106]. Comprehensive study of cardiac auto-
nomic innervation in CRS should eventually include evaluation
of beta-adrenergic, muscarinic, and nicotinic receptors as well.

Cardiac Imaging in CRS Type 5 Type 5 CRS is characterized by
simultaneous involvement of the heart and kidneys in an acute
systemic disorder. This type CRS, thus, encompasses a wide
range of conditions with variable pathophysiologic mechanisms
and multitude of contributing factors. Tremendous advances
have been made in early diagnosis, assessment of cardiac and
renal involvement, and prognostication of type 5 CRS. For ex-
ample, in cardiac amyloidosis, imaging with bone avid tracer,
99mTe-pyrophosphate, has been found highly sensitive and spe-
cific in diagnosis of transthyretin cardiomyopathy and its differ-
entiation from amyloid light chain and non-amyloid cardiomy-
opathy [107-109]. Disadvantage of **™Tc-pyrophosphate is the
lack of accurate quantification of cardiac amyloid burden and
binding to type A (fragmented and full length) and not to type B
(only full length) transthyretin fibers. These limitations has been
overcome by development of a PET tracer ''C-Pittsburgh com-
pound B that is capable of identifying both type A and B
transthyretin as well as light chain amyloid deposits in the heart
[110]. "®F-labeled PET tracers (florbetapir, florbetaben, and so-
dium floride) are in early clinical evaluation with promising
preliminary reports of high sensitivity for detecting amyloid
fiber deposition in the heart. A common transthyretin mutation
(Val30Met) is shown to present with early cardiac sympathetic
denervation as assessed by '*I-mIBG [111]. A late HMR of <
1.6 in patients with this type mutation has been shown to be
associated with increased mortality [112]. In cardiac sarcoidosis,
a combination of perfusion and FDG (inflammation) imaging
with PET provides an excellent tool to diagnose early and late
disease, identify extracardiac sites of involvement, and monitor
effects of treatment [113, 114]). Coronary microvascular disease
is a cardinal feature of Fabry disease and is responsible for
myocardial ischemia, angina symptoms, and myocardial fibrosis
and infarction in the absence of epicardial CAD. Coronary flow
reserve is shown to be markedly impaired in Fabry disease, as
assessed by dipyridamole '*N-ammonia PET, irrespective of LV
hypertrophy and gender [115].
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Conclusions

Significant advances have been in defining the pathophysiol-
ogy, clinical course, response to therapy, and prognosis of
CRS. Advanced cardiac imaging has played a pivotal role in
unraveling abnormalities in myocardial perfusion, metabo-
lism, and innervation in patients with simultaneous heart and
kidney disease. Data specific to each of the physiologic ab-
normalities relevant to particular type of CRS is, however,
scarce, and differential impact of renal dysfunction on cardiac
perfusion, metabolism, or innervation requires further system-
atic investigation.
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