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Abstract Radionuclide studies of the heart and blood

vessels provide information for patient management as well

as an understanding of patient-specific pathophysiology. The

information gleaned from these studies may be enhanced by

using more than a single tracer or by making multiple mea-

surements with a single radiopharmaceutical (similar to

measuring thallium redistribution). After more than 40 years

of clinical use (Valenta et al., Curr Cardiol Rep 15:344,

2013), the examination with the most clinical value contin-

ues to be myocardial perfusion imaging for detection of

myocardial ischemia and scar. New techniques, however, are

available to expand the application of approved radiophar-

maceuticals in patients with heart disease. This manuscript

will present recent developments in two areas: (1) Evaluation

of mitochondrial function or sympathetic innervation in

patients with heart failure (HF). In this case, radionuclide

techniques provide data that adds significant predictive value

to functional parameters, such as left ventricular ejection

fraction, to identify HF patients at high risk of clinical events.

(2) Direct evaluation of focal vascular inflammation, mi-

crocalcification and calcification in patients with dyslipide-

mia. Localization and characterization of the intensity of

inflammation, or early phases of calcification in atheroma,

may permit more personalized therapy than can be obtained

from traditional measurements of lipid levels in patients with

dyslipidemia. Ultimately, characterizing atheroma, espe-

cially in the coronary and carotid arteries, may be the

imaging approach of choice to permit effective pharmaco-

logic therapy geared at reducing the incidence and severity of

clinical events.
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Introduction

The demonstration of myocardial ischemia in patients with

minimal or atypical symptoms and minimal changes on

their exercise electrocardiogram (ECG) often results in

treatment with medical or revascularization therapy. Add-

ing information on absolute perfusion reserve further

increases the value of exercise ECG [1]. Treating these

patients before they experience a major clinical event has

contributed to the remarkable reduction, in recent years, in

the incidence of acute myocardial infarction, while the

clinical emphasis on immediate reperfusion has reduced the

extent of myocardial scar when an infarct does occur. For

example, Kaiser Permanente of Northern California repor-

ted a decline in the incidence of ST elevation acute myo-

cardial infarction (STEMI) from 133 cases/100,000 person

years in 2003 to 50 cases/100,000 person years in 2013 [2].

In spite of the decrease in STEMI, there has been an

increase in the number of patients with heart failure (HF).

The American Heart Association (AHA) estimated that

there were 5.1 million people with HF in the USA in 2006

[2]. By 2010, the AHA estimated that the number of HF

patients had increased by 20 %, to *6 million adults [3].

The prevalence of HF in developed countries is 1–2 % of

the population, with an incidence of 5–10/1,000 persons

per year [4, 5]. The rising incidence of HF represents a new
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challenge to cardiology and an opportunity for cardiovas-

cular nuclear medicine to develop radionuclide techniques

for the objective management of these patients.

Heart failure

Seventy-five percent of HF cases have antecedent hyper-

tension [2]. At 40 years of age, the lifetime risk of devel-

oping HF, for both men and women, is 1 in 5. At 80 years

of age, the remaining lifetime risk of developing HF is still

20 % for men and women, even in the face of a much

shorter life expectancy. ‘‘The lifetime risk of HF occurring

without antecedent MI is 1 in 9 for men and 1 in 6 for

women.’’ Although the majority of HF starts as diastolic

dysfunction, due to the prevalence of myocardial hyper-

trophy secondary to poorly controlled hypertension, it can

progress to dilated myopathy, with an associated decrease

in systolic performance.

Common therapies for patients with decreased diastolic

function include a beta blocker, an angiotensin-converting

enzyme inhibitor or angiotensin II receptor blocker, and an

aldosterone antagonist [6]. Common therapies for patients

with decreased systolic function include diuretics (e.g., furo-

semide), angiotensin-converting enzyme inhibitors (e.g.,

captopril, enalapril or lisinopril), and beta blockers without

intrinsic sympathetic activity (e.g., carvedilol, metoprolol, or

bisoprolol) [7]. Although measurement of left ventricular

ejection fraction provides prognostic information, two other

radionuclide techniques, namely (1) quantification of mito-

chondrial function and (2) quantification of sympathetic

innervation, can also provide prognostic data.

The following is a brief discussion of these two

approaches, used to obtain prognostic information on

patients with HF. The first characterizes myocardial mito-

chondrial function using an existing tracer, 99mTc-sestam-

ibi; the second characterizes the loss of sympathetic

innervation with 123I-mIBG.

Mitochondria

From the Greek: MITOS = THREAD and KHONDRION

= GRAIN.

A mitochondrion is defined as: an organelle in the

cytoplasm of cells that functions in energy production [8].

Cardiac myocytes have minimal stores of ATP. A single

heart beat consumes *2 % of ATP in the myocyte; the

total ATP pool is turned over within 1 min [9]. To maintain

cardiac function, the myocardial mitochondria have the

awesome task of generating *30 kg of high-energy

phosphate every day [10]. ATP is replenished by mito-

chondrial catabolism of fatty acids and glucose [9]. Fatty

acid is transported into the myocyte via fatty acid trans-

porters. In the cell, coenzyme A is added to the fatty acid,

transforming it to acyl-carnitine, which enters mitochon-

dria to produce ATP via beta oxidation. A physiological

increase in myocardial work increases fatty acid oxidation

to meet the increased demand for ATP. Glucose enters the

cell by glucose transporter-enhanced facilitated diffusion.

Glucose is phosphorylated to glucose-6-phosphate and

undergoes anaerobic glycolysis in the cytoplasm to pro-

duce pyruvate. Pyruvate enters mitochondria, where it is

converted to acetyl CoA and enters the Krebs cycle to

produce ATP. Glucose utilization and fatty acid utilization

are reciprocally self-regulating as described by Randle [11]

(the Randle cycle). In HF, there is a 30 % reduction in ATP

and an even greater reduction in phosphocreatine [12]. The

reduction in ATP is associated with decreased mitochon-

drial membrane potential [13], decreased mitochondrial

mass, smaller mitochondrial size, and decreased mito-

chondrial functional capacity [14].

Electron microscopy of normal cardiac tissue shows

mitochondria arranged in two ways in two different loca-

tions: (1) in clusters beneath the sarcolemma (subsarco-

lemmal mitochondria) and (2) in longitudinal rows within

the contractile apparatus (interfibrillar mitochondria)

(Fig. 1). These two groups of mitochondria appear to have

different purposes in the myocyte, with different rates of

protein synthesis and membrane turnover [15]. These two

locations may be necessary to move ATP from the pro-

duction sites in mitochondria to sites of utilization [16].

Endocardial biopsies from 48 patients with hypertrophic

or dilated cardiomyopathy showed ‘pronounced’ variation

in mitochondrial shape and size; cristae were condensed,

Fig. 1 Electron micrograph of normal myocardium. Sub-sarcolem-

mal mitochondria (white arrows) located beneath the sarcolemma

(black arrow), and longitudinal rows of mitochondria located within

the contractile apparatus. From [14]; reprinted with permission
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and in giant mitochondria the cristae were coarse and

haphazardly arranged [17]. Mitochondrial changes were

present in 100 % of the biopsy specimens. Schaper and

colleagues found similar changes in the histopathology of

explanted myopathic hearts [18]:

‘‘…mitochondria occurred in large clusters in cyto-

plasm free of myofibrils, and they varied in size and

shape from very small to very large. [There was a]

lack of myofibrils in many cellular areas, in the center

and in the periphery of a myocyte. Next to hyper-

trophied cells, other cells were atrophic.’’

In parallel with the morphometric mitochondrial chan-

ges, metabolic remodeling occurs; this is associated with

reduced production of ATP [19] and a reduced mitochon-

drial transmembrane potential (TMPm) [20].
99mTc-sestamibi (MIBI), a lipophilic tracer with a

charge of ?1, is retained in mitochondria [21]. The posi-

tively charged fat-soluble tracer molecule traverses the

myocardial sarcolemma; in the cell the molecule traverses

the cytoplasm to localize in the most electronegative

organelle, the mitochondrion. Once in this organelle, the

tracer is retained due to the net negative charge. The

electronegative charge of myocardial mitochondria is

50–100 % more electronegative than that of the sarco-

lemmal membrane. Reducing the charge of the mitochon-

dria results in loss of MIBI from the cell. Studies of MIBI

retention in cell culture demonstrated that loss of mito-

chondrial membrane potential resulted in the loss of MIBI

from the myocyte [22, 23]. On the basis of the documented

changes in the appearance of mitochondria, and the low

levels of ATP in patients with HF, different investigators

tested the relationship of myocardial MIBI washout with

mechanical dysfunction and prognosis in patients with HF.

In 61 patients with non-ischemic congestive HF, Matsuo

et al. [24] found a positive correlation between myocardial

MIBI washout rate (WR), increasing NYHA class, and

concentration of circulating B-type natruretic peptide,

while the WR was inversely correlated with LVEF. Over a

mean follow-up of 12 months (range 1–19 months),

patients with a WR C28 % had more events than subjects

with a lower WR. Isobe et al. [25] studied 24 patients with

hypertrophic myopathy. The investigators recorded planar

and SPECT MIBI images following injection at rest. The

heart-to-mediastinal ratio (HMR) was calculated from

planar images recorded at 40 min and at 4 h. The investi-

gators found increased MIBI loss from the myocardium in

patients with elevated left ventricular end-diastolic pres-

sure and prolonged half time of relaxation. In 17 patients

with dilated cardiomyopathy (LVEF 29 %), Shiroodi and

colleagues [26] measured MIBI washout and compared the

results to six normal subjects (LVEF 66 %). Myocardial

clearance was measured as the change in HMR at 30 min

and 3.5 h after injection. Cardiomyopathy patients had a

WR of 29 vs 14 % for controls. WR increased from 23 %

in patients with NYHA class I to 30 % in class II, 33 % in

class III and 38 % in class IV. WR negatively correlated

with LVEF (r2 = 0.679).

Hayashi and colleagues [27] added significant informa-

tion to these observations. These investigators studied 20

patients with dilated cardiomyopathy (NYHA class I = 8,

class II = 10 and class III = 2; mean LVEF = 33 %)

divided into two groups on the basis of WR. The group

with the higher WR showed a reduction in mRNAs for

mitochondrial electron transport-related enzymes on

reverse-transcriptase polymerase chain reaction (rtPCR)

analysis and more extensive mitochondrial damage on

electron microscopy.

In spite of minor differences in technique, Matsuo, Is-

obe, Shiroodi and Hayashi found a decrease in myocardial

MIBI retention in myopathy patients compared to controls.

These data suggest that adding a delayed planar image to a

myocardial perfusion scan can provide information about

mitochondrial status based on the MIBI WR.

As stated by Venturer-Clapier and colleagues: ‘‘Despite

the diversity of origin and of clinical manifestation of HF,

defects in energy metabolism are increasingly considered

as an important determinant in the progression of the dis-

ease’’ [28].

Sympathetic innervation

In patients with HF, cardiac sympathetic neurons show

both decreased synthesis of catecholamines [29] and

decreased presynaptic norepinephrine reuptake and post-

synaptic transport [30]. Using radioiodinated mIBG as a

surrogate for norepinephrine, laboratory studies demon-

strated a more rapid efflux of mIBG from the myocardium

and human studies revealed less retention of mIBG in the

myocardium, which resulted in a lower heart (myocardial)

to HMR in patients with HF [30]. Therapy with angioten-

sin-converting enzyme inhibitors such as enalapril [31]

improved myocardial uptake and retention of mIBG in

patients with HF. The multicenter ADMIRE trial enrolled

961 patients with NYHA class II/III HF and LVEF B35 %

[32]. All subjects were imaged with planar and SPECT

mIBG and followed for at least 2 years for progression of

CHF, life-threatening arrhythmia, or death. A planar image

recorded *4 h after injection was used to calculate HMR.

This simple measurement provided a reproducible, robust

prognostic indicator. The 2-year event rate was 15 % if the

HMR was C1.60; however, if the HMR was B1.60 the

event rate increased to 37 %.
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Although it is clear that mIBG imaging and calculation

of the HMR offers prognostic information in patients with

HF, Carrio et al. [30] state:

‘‘From a medical and economic point of view, it is

easier to treat all patients with moderately priced

drugs that have been shown to benefit a large

majority than to attempt to individualize treatment

based upon a physiological assessment that might

produce equivocal results in a subset of patients.’’

They suggest, however, that mIBG imaging may be

useful in the selection of patients for expensive device

therapy such as resynchronization therapy or treatment

with implantable defibrillators.

It is unclear at this time which is the more robust

prognostic indicator in HF patients: MIBI washout or

mIBG HMR. A direct comparison of the two techniques

could provide this data.

Vascular inflammation and calcification

Measuring the degree of inflammation or the formation of

new calcification in an atheroma may be useful to define

whether the lesion is at risk of causing a clinical event. In

1997, Vallabhajosula and Fuster [33] demonstrated that
18F-fluorodeoxyglucose (FDG) could be used to detect

vascular inflammation in experimental animals. Five years

later, Rudd and colleagues [34] described the findings of

FDG PET images of the neck, fused with separate CT

studies (to localize the carotid arteries) in eight subjects

with carotid atherosclerosis and recent TIA (carotid ste-

nosis [70 % narrowing). All eight subjects were treated

with carotid endarterectomy. Six of the eight patients had

asymptomatic lesions contralaterally. There was signifi-

cantly more FDG in the symptomatic than in the asymp-

tomatic vessel. At the time of endarterectomy, specimens

from three patients were incubated with tritiated deoxy-

glucose for autoradiography. The autoradiographs demon-

strated tracer uptake in macrophage-rich lesions.

Since this seminal report, many investigators have val-

idated the ability of FDG vascular imaging to demonstrate

focal arterial inflammation in atheroma (summarized by

Rudd et al. [35]). To determine whether therapy with

simvastatin or dietary management over a period of

3 months reduced FDG uptake in the carotid arteries, Ta-

hara and colleagues [36] randomized 43 patients who

demonstrated FDG uptake in their thoracic aorta and/or

carotid arteries at the time of baseline FDG PET/CT scan

performed for cancer screening. The subjects were divided

into two groups: 22 treated with dietary management and

21 treated with simvastatin. Following 3 months of treat-

ment, the patients were reimaged with FDG. The simva-

statin group showed a striking reduction in FDG uptake in

the carotid arteries, while the diet-treated group did not

show a significant change in carotid FDG uptake.

Tawakol et al. [37] correlated carotid FDG uptake on

PET/CT scans with CD68 immunostaining of macrophages

in carotid endarterectomy specimens, confirming the rela-

tionship of FDG uptake with the presence of inflammatory

cells in the plaque. FDG vascular uptake in carotid, iliac,

and femoral lesions was found to be stable over an interval

of 2 weeks [38]. Although this short-term stability is

important, the stability of FDG vascular uptake over longer

intervals, such as months to years, is likely more critical,

since it is the persistence and severity of inflammation that

appears to correlate with thin-cap fibroatheroma and clin-

ical events.

Fig. 2 Proposed schematic

representation of inflammatory

and calcification activity in an

atheroma. From [48]; reprinted

with permission (color figure

online)
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Ben Haim et al. [39] reviewed serial FDG PET/CT

studies for vascular FDG uptake and vascular calcification

in a series of cancer patients followed with FDG PET/CT.

Over an 8- to 26-month interval, she observed changes in

the intensity or location of FDG focal uptake in about 48 %

of FDG-positive sites. In a similar group of patients

undergoing surveillance FDG PET/CT imaging for cancer,

Meirelles [40] reported changes in FDG uptake in the

thoracic aorta in 55 % of patients over an interval of

21 days to 3 years. These reports suggest that focal vas-

cular inflammation is a waxing and waning phenomenon,

with changes occurring at varying intervals. A minority of

lesions demonstrated both FDG uptake and calcification.

Densely calcified lesions in the vasculature ([130 HU on

CT), on the other hand, were relatively stable.

Vascular calcification is a dynamic process, involving

inflammation and activation of bone formation pathways

[41]. Osteoblasts derived from mesenchymal precursors are

responsible for bone formation, while osteoclasts mediate

the opposing process of bone resorption [42]. Crystal size

is an important parameter, since small crystals of

hydroxyapatite are proinflammatory [43], while large dense

regions of vascular calcification appear to be more stable.

In contrast to the dense lesions identified on CT, locali-

zation of fluoride ions may identify proinflammatory

lesions. In the absence of osteoclastic activity, some com-

ponents of an inflammatory lesion, such as the persistence

of apoptotic bodies (which occur in advanced atheroma due

to lack of phagocytosis of apoptotic macrophages) serve as

a nidus for calcification [44]. This amorphous crystalline

structure has a surface composed of many different ions

including monovalent, divalent, and trivalent species of

both positive and negative charge. 18F-fluoride ions

exchange with hydroxyl ions (OH-). Because of the small

size of the individual crystals, an enormous surface area is

exposed [45] (Fig. 2). A major problem with the use of FDG

or 18F-fluoride PET/CT to identify vascular inflammation is

the limited resolution of the scanner. The 3–5 mm in plane

resolution often limits the ability to define the intense small

regions of focal inflammation that may be present in

symptomatic lesions. A study by Masteling and colleagues

[46] describes this problem very well. These investigators

incubated 17 fresh carotid endarterectomy specimens with

FDG, imaged the specimens with microPET, and correlated

the FDG uptake with the focal presence of macrophages

(identified by CD68 immunostaining). The investigators

observed a striking topographic correlation between the

sites of uptake and the location of macrophages, which was

not resolved in vivo on scans performed using standard

commercial PET/CT scanners, but was seen on the micro-

PET images of endarterectomy specimens. It is likely that

3 mm spatial resolution would also limit the ability to

identify microcalcifications with 18F-fluoride imaging. The

histopathology of atheroma suggests that small lesions with

high focal FDG or 18F-fluoride uptake are the most vul-

nerable. When these lesions are imaged reliably, vascular

PET imaging will be ready for routine clinical use.

Summary

The radionuclide armamentarium for imaging of the car-

diovascular system is expanding. This manuscript focused

on the development of new uses of existing, commercially

available radiopharmaceuticals. Applications in patients

with HF and novel approaches to detect inflammation and

calcification in atheroma suggest that the field is evolving

to meet the growing demands of personalized medicine. A

review of the literature suggests that new markers of

sympathetic function, inflammation, apoptosis, stem cell

migration and survival, and perfusion [47] will ensure a

scintillating future for this discipline.
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