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FOREWORD 

During the last decade many significant advances have been 

made in the in vivo diagnosis of disease. An area of partic

ular success has been the application of nuclear medical 

procedures to the detection of cardiac disease. 

Not only is it possible to detect infarction or ischemia 

by scintigraphic techniques but by the use of labelled metabol

ites and analogues of potassium the viability of myocardial 

tissue can be evaluated. The efficiency of the heart pump can 

be calculated and wall motility observed in one simple proce

dure. The use of ultra short life radionuclides has made the 

evaluation of rapid changes in myocardial function feasible. 

Altogether a broad and impressive diagnostic package. 

In this volume up-to-date reviews of all of the available 

techniques have been collected including methods which are 

still in the development phase. There is an inherent emphasis 

on European experience in Nuclear Cardiology which is then 

placed in context with world wide experience in the field. 

This volume will be of interest to all concerned with 

cardiac diseases and we hope that it will serve to stimulate 

further developments in the future. 

H.J. Biersack, Bonn 

P.H. Cox, Rotterdam 
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I. BASIC SCIENCE 



MYOCARDIAL ISCHEMIA: A PROFILE O~ ITS PATHOPHYSIOLOGICAL 
BASIS AND ITS DETECTION BY NUCLEAR CARDIOLOGY 

W.J. REMME 

INTRODUCTION 

3 

As a muscular pump with the specific task of ensuring the 

optimal circulation of blood under the most variable conditions, 

the heart continuously consumes energy at a very high rate. A 

large quantity of high energy phosphates are produced continu

ously to meet its specific requirements which makes a normal 

oxygen and substrate delivery, removal of wastage and an un

disturbed cellular metabolism essential. During myocardial 

ischemia however, myocardial blood-flow and hence the oxygen 

and substrate supply is reduced. Due to diminished venous 

efflux from the ischemic area metabolic endproducts accumulate 

and myocardial metabolism and function quickly deteriorates. 

By means of nuclear medical techniques coronary blood

flow and myocardial function can be monitored and metabolic 

and hemodynamic changes registered. In this chapter the normal 

physiology of myocardial perfusion, metabolism and cardiac 

function,the pathophysiological changes which occur during 

myocardial ischemia and possible approaches to a better under

standing of its inherent problems via nuclear medical proce

dures will be discussed. 

Coronary circulation 

The coronary arterial system can be subdivided into the 

large epicardial arteries (the conductance vessels), from which 

smaller arteries branch off to penetrate the myocardial wall 

at an approximate 90 0 angle and eventually form the arterioles 

and capillary bed. Resistance to coronary flow is determined 

mainly by the arterioles, the resistance vessels, which under 

maximal pharmacological vasodilation have the capacity to increase 
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coronary blood-blow by a factor 4 to 5. In the wide conductance 

vessels the resistance to flow under normal conditions will be 

low. The compressive forces of walltension exerted on intra

myocardial vessels also creates a certain resistance to flow, 

which will be especially noticeable in the subendocardial 

region where the walltension is highest (fig 1a). In the normal 

situation this already results in vasodilatation of the sub

endocardial resistance vessels to ensure sufficient coronary 

flow. This is particularly important in view of the higher 

oxygen consumption of the subendocardial cells which are 

subjected to higher loading conditions than the subepicardial 

cells. This, however, implies that during progressive proximal 

coronary artery narrowing and hence increase in conductance 

vessel resistance the possibility of further dilation of the 

coronary reserve, will be exhausted earlier in the subendo

cardial region compared with the subepicardial region. Thus, 

myocardial ischemia always begins in the subendocardium, and 

only progresses in a subepicardial and lateral direction during 

more severe and prolonged periods of reduced coronary blood

flow (fig 1b and 1c). 

The regulation of coronary blood-flow 

With equal myocardial performance, coronary blood-flow 

will be constant in spite of varying perfusion pressures. The 

continuous adjustment of coronary resistance and flow to meet 

the instantaneous oxygen need of the muscle exi~ts strictly 

on the basis of local mechanisms which are mainly metabolic. 

This is known as autoregulation. The most important and 

instantaneous regulator of flow is the nucleoside adenosine, 

the first catabolite of the high energy phosphates, which can 

diffuse across the intact cell membrane. This is formed as a 

result of cleavage of a phosphate group from 5 ' -adenosine 

monophosphate (5 ' -AMP) by the enzyme 5 ' -nucleotidase located 

at the cell membrane, which facilitates the release of 

adenosine into the surrounding interstitial fluid (1-3). It 

then presumably combines with specific adenosine receptors on 

the perivascular myocytes and directly influences arteriolar 
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ATP i(· 

PiA 
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Pi 
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vasodilatation 3 t 

Inosine 

J@ 

NH3 
.! . 

_ Pi G5 

Hypoxanthine -l® 
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Fig. 2. Adenine nucleotide breakdown during Il\Yocardial ischemia. In the 
absence of oxydative phosphorylation resynthesis of ATP from ADP is 
inhibited which results in the accumulation of AMP and P1. AMP can either 
be dephosphorylated to adenosine or dearninated to IMP. The latter reaction 
however will be inhibited by the accumulating P1, resulting in an increase 
of adenosine which is the first ATP cata)::x)lyte able to pass the cellmem
brane into the interstitial space. It then presumably combines with 
specific adenosine receptors on the arterioles and induces vasodilata
tion. Adenosine is easily and quickly deaminated to inosine and is only 
found in very small arrounts in the venous effluent. Its breakdown 
products inosine and especially hypoxanthine can be detected more easily 
and may be used as biochemical markers of Il\Yocardial ischemia. 
1. 5 ' -nucleotidase 
2. adenosine deaminase 
3. nucleoside phosphorylase 
4. xanthine oxidase 
5. adenylic acid deaminase. 
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vascular tone (4). This provides an immediate metabolic link 

between energy production and oxygen delivery. During ischemia 

adenosinetriphosphate (ATP) is not resynthesized from adeno

sine diphosphate (ADP) and 5 ' -AMP accumulates. Although 5 ' -AMP 

may be converted into 5 ' -IMP, by the enzyme adenylic acid 

deaminase, this is inhibited by the reduction of ATP and 

accumulation of inorganic phosphate (Pi)' which results in 

the formation of adenosine (1) (fig 2). An increase of adeno

sine or its breakdown products inosine and hypoxanthine in 

the venous effluent during ischemia has been demonstrated in 

both animal and human studies (5-10) and the release of these 

nucleosides by the heart are used as an indicator of myocardial 

ischemia. Hypoxanthine especially seems to be a promising 

metabolic indicator of myocardial ischemia in man (8,9). Work 

induced vasodilatation however is more difficult to explain. 

It is possible that relative decreases in p02 are sensed by 

chemoreceptors on specific pericyte type cells, which then 

increase local activity of the enzyme 5-nucleotidase and thus 

stimulate adenosine production (11). Other metabolic factors 

which influence coronary vascular tone without direct auto

regulatory effects are pH, pC02 , osmolarity changes and the 

prostaglandins (fig 3). Although a direct autoregulatory 

effect of pH and pc02 is unlikely on quantitative grounds, 

.i.e. nonphysiological large changes are needed to adapt the 

coronary flow to instantaneous 02 demand, changes in pH and 

pc0 2 presumably modulate the sensitivity of the autoregulatory 

(adenosine?) receptors. 

Metabolic acidosis will enhance coronary blood-flow while, 

on the other hand, alkalosis induces vasoconstriction with 

small decreases in flow, i.e. during hyperventilation. A 

continuous neural regulation of coronary vascular resistance 

exists; vasoconstriction being induced by sympathetic impulses 

and vasodilatation by parasymphathetic stimulation. A constant 

degree of neurally induced vasoconstriction normally exists 

which is continuously reflex modulated. However, these changes 

in coronary resistance are low (30-40%) when compared to the 

alterations caused by metabolic stimulation which can be 5-6 

fold (12). Furthermore, autonomic nerve stimulation is mainly 
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confined to the resistance vessels. Excessive sympathetic 

vasoconstriction which results in coronary artery spasm of the 

large epicardial vessels seems an unlikely event because of 

their sparse sympathetic innervation. 

Coronary insufficiency and myocardial ischemia 

Coronary insufficiency is a pathophysiological disturbance 

in coronary perfusion and therefore of oxygen and substrate 

supply to the myocardial cell in relation to demand. 'In nearly 

all cases coronary insufficiency is the result of a local 

stenosis in one or more of the greater epicardial coronary 

arteries. This stenosis can be fixed (the arteriosclerotic 

lesion) or dynamic (the coronary artery spasm). As a result of 

this local stenosis a regional disturbance of coronary artery 

flow occurs with a subsequent relative or absolute shortage of 

oxygen and substrates which results in regional myocardial 

ischemia. 

Although exercise-induced myocardial ischemia is nearly 

always caused by arteriosclerotic coronary artery lesions a 

clinical syndrome of myocardial ischemia in patients with 

normal coronary arteries without obvious spasm (syndrome X) 

has been described (13). In these patients a diminished 

coronary dilatory reserve was found without histologic abnormal

ities of the small intramyocardial vessels. Degenerative changes 

of the myocardial cell with mitochondrial alterations were, 

however, often present. 

The vasodilatory reserve of the coronary vasculature 

prevents flow reduction in a moderate coronary artery diameter 

narrowing of 40-50% or less. A progressive reduction of normal 

resting coronary artery flow was found with acute diameter 

reductions of 85% or more with minimal or absent vasodilatory 

reserve (14) (fig 4). With stenoses of more than 50% of 

diameter, the blood-supply can either be improved by peripheral 

arteriolar dilatation or will remain unchanged in the event of 

an exhausted coronary vasodilatory reserve. 

Whether coronary flow will be sufficient to prevent 

ischemia in lesions of 50 to 85%, depends both on the remaining 

vasodilatory reserve as well as on instantaneous myocardial 
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oxygen demand. The occurence of myocardial ischemia has now 

become critically dependent on the extent to which myocardial 

energy consumption, and therefore oxygen need, is raised and 

will be determined by the direct supply/demand ratio (fig 5). 

Recent studies in animals suggest an actual decrease in flow 

over a critical coronary lesion during maximal peripheral 

vasodilatation (15). A decrease in peripheral perfusion 

pressure and increase in stenotic resistance has been suggest

ed. Also, the occurrence of a steal phenomenon, during coronary 

vasodilatation, of blood from areas with a reduced coronary 

reserve i.e. supplied by collaterals to low resistance areas 

has been described (16,17). 

The myocardial oxygen demand depends only to a small 

extent on the basic cellular functions needed for cell 

viability. Whilst the beating canine heart consumes 8-15 ml/ 

min/100 gr oxygen only 2 ml/min/100 gr is needed in the 

quiescent non-beating heart (18). 

Walltension,.especially in the enlarged heart, contract

ility and heart rate are the major determinants of myocardial 

oxygen consumption. The occurence of ischemia in the event of 

a critical coronary lesion largely depends on these hemo

dynamic variables. 

Coronary spasm 

The concept of the supply-demand ratio for the development 

of ischemia is of less importance when spasm occurs in one of 

the epicardial vessels. Although originally described in 

patients with normal coronary arteries (19), pharmacologically 

induced spasm has been shown to occur predominantly in exist

ing arteriosclerotic lesions (20). Furthermore, even relative 

small luminal reductions due merely to increased vasotone 

rather than frank spasm can alter a moderate lesion into a 

critical stenosis with diminished coronary flow reserve (fig 

6). Depending on the severity of the constriction, clinical 

signs of only subendocardial or complete transmural ischemia 

will be found. In the same patient, exercise-induced angina 

pectoris due to a fixed arteriosclerotic lesion and angina at 

rest, presumably of vasopastic origin, may be found. 
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CONTROL 

5 MIN POST - PACING - NO ANGINA 

ATRIAL PACING 120 b/min 

ANGINAL PAIN 

SPONTANEOUS ANGINAL PAIN 

AT REST 

Fig. 7. Reduction of regional coron.cu:y flow during spontaneous angina 
pectoris at rest in the same area as during atrial pacing induced 
ischemia. In this patient Kr81m is · continuously infused into the left 
circumflex artery which has a 70-90% stenosis (arreM). During pacing
induced anginal pain Kr81m distriliution is decreased over the post
stenotic area with an increase over the nonnaJ. area. 5 min after pacing 
the l{rB1m changes have nearly ret.un1ed to the control situation after 
angina has subsided for several minutes. HCMever, thereafter, durirlg 
spontaneous anginal pain Kr81m again disappears in the same area with 
an increase over the nonnal region suggesting a reduction in coron.cu:y 
fleM due to spasm of the artery at the site of the stenosis. 



D~ring eur studies using intracerenary Kr81m (see later 

in this velume), several patients develeped angina at rest 
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with similar reductiens in cerenary bleed-flew as were ebserved 

during atrial pacing induced ischemia (fig 7). Varieus 

mechanisms have been prepesed to. expla\n the eccurrence ef 

spasm, including the effects ef a-adrenergic and seretenergic 

stimulatien (21). The eppesing effects ef arachidenic acid 

metabelites thrembexane A2 and the prestaneid PGI 2 (presta

cyclin) en bleed-platelets and vascular smeeth muscle are 

believed to. be relevant to. the pathephysielegy ef vasespasm 

and intravascular platelet aggregatien (22,23). The streng 

vasespastic preperties ef thrembexane A2 , released frem plate

lets adhering to. the reugh surface ef an arteriescleretic 

plaque, ceuld be ef impertance in the absence ef lecally 

preduced prestacycline (24). 

This prestaglandin which is fermed in the nermal, undamaged 

vessel wall has streng ceunteracting vasedilating preperties 

at lew deses. A vicieus circle may be envisaged with centinueus 

platelet adherence during spasm preducing small thrembusferma

tiens and thrembexane release, which in turn preleng arterial 

spasm and induce myecardial ischemia with the final eutceme 

of an eccluding thrembus and myecardial infarctien (20,25). 

Myecardia~ metabelism 

In centrast to. ether types ef muscle, the heart with its 

ever centinuing sequence ef centractien and relaxatio.n, is 

net allewed an exygen debt. It is in censtant need ef large 

quantities ef energy which are generated and kept as ATP with 

a small reserve ef creatinine phesphate (CrP). Under nermal 

cenditiens this ATP is formed exclusively by oxidative metabel

ism with enly 1% production via anaerobic pathways. Under 

nermal circumstances exygen extractien from the blood is al

ready maximal (± 75% compared to only 25% in ether types ef 

muscle) and any extra supply of exygen has to. be met by 

augmentatien ef the cerenary flew. The energy eventually 

generated will be used for centraction/relaxation of the cell, 

biesynthesis and membrane transport. 

The substrates used by the heart for its ATP-preductien 
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in declining order of importance are: free fatty acids (FFA), 

glucose, lactic acid and ketone bodies. Their rate of incorpora

tion and utilization will depend on plasmaconcentration, hormon

al activity (i.e. insuline, catecholamines) and the immediate 

metabolic rate. 

FFA metabolism 

Free fatty acids provide up to 60-70% of the total sub

strate during oxydative metabolism (26). Uptake by the cell 

depends on blood-concentration, the ratio of total FFA to 

high-binding sites on albumen and the chain length and degree 

of unsaturation. During the first passage 40-50% of labelled 

FFA is extracted by the myocyte (27). Membrane passage is 

both by diffusion as well as by carrier. Intra-cellulary FFA 

are mainly esterified to lipids and stored as glycerol (90%) 

or transformed to phospholipids to partake in membranefunction 

(10%) (28,29). A small portion remains soluble and another 

small, but rapidly replenished portion, is metabolized (fig 8). 

Before metabolism in the S-oxidation pathway can take place 

FFA must be transformed into the mitochondria by way of Acyl

CoA and carnitine. During S-oxydation Acyl-CoA is degraded 

stepwise to form Acetyl-CoA fragments, which then can enter 

into the tricarboxylic acid (Krebs) cycle. 

Glucose metabolism 

The normale rate of glucose utilization is low (10-30%) at 

a normal workload. When the only available substrate glyto

lytically derived acetyl-CoA can rise to 70% during extreme 

workloads, aerobic conditions and high glucose uptake, while 

at the same tome a slight increase (7%) of the anaerobic 

production of ATP is found (30). This, however, is insufficient 

for normal contractility. FFA will therefore always be required 

for optimal contractile function. 

Glucose is transported over the sarcolemma carrier-bound 

with increased uptake stimulation by insulin, adrenaline and 

intracellular hypoxia (fig 9). It is then transformed to 

glucose-6-phosphate by hexokinase and either follows the 

glycolytic pathway to pyruvate entering the Krebs cycle via 
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Fig. 10. Pathways of Acetyl-CoA. oxydation. a. Tricarboxylic acid cycle or 
Krebs cycle. Citrate is fonned after condenSation of acetyl-CoA. with 
oxaloacetate and eventually transfonned in the Krebs cycle to oxalo
acetate, during a process of oxydation and decarboxylation, where a 
number of reduced co-enzymes are fonned. b. Substrate level phosphoryla
tion. Each mole of enzyme-bound Coo released fran succiny l-Coo provides 
for the generation of a single mole of ATP. Fran Katz AM, Physiology of 
the heart, Raven Press, New York, p 57 (1977) with permission. 
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acetyl-CoA or is stored as glycogen. During its passage 

through the glycolytic pathway a net yield of 2 moles of ATP 

per mole of glucose is produced. 

Lactate 

Under normal conditions lactate is never produced by the 

myocardium. The net extraction pattern varies between 0-35%; 

largely depending on arterial lactate level, catecholamine 

stimulation and substrate competition (FFA). It enters the 

Krebs cycle via transformation to pyruvate and acetyl-CoA. 

Energy generation by phosphorylation 

After condensation with oxaloacetate to citrate, acetyl

CoA is oxidized and decarboxylated in the Krebs cycle, during 

which process substrate phosphorylation at the succinyl-CoA 

level yields 1 mole ATP (fig 10). 

More important is the formation of the reduced co-enzymes 

NADH and FADH 2 , which also occurs during S-oxidation. NADH 

and FADH2 are then oxidized during the respiratory chain 

phosphorylation, where under the influence of the mitochondrial 

membrane-bound enzymes (cytochromes and co-enzyme Q) the 

electrons initially carried by the reduced co-enzymes NADH 
2-and FADH2 are transferred to molecular oxygen, producing ° , 

which combines with 2H+ to H20. During this process chemical 

energy in the form of ATP is generated. Energy, that can be 

stored as ATP or CrP, or used for a great variety of chemical 

processes, including enzymeregulation, membranefunction, 

contractility and relaxation. To this purpose ATP has to be 

transported from the mitochondria into the cytoplasm, a process 

which is carried out by the adenine nucleotide translocase 

system. 

Although ATP is in part formed by substrate phosphoryla

tion, virtually all of the aerobic generated ATP is obtained 

by the respiratory chain linked phosphorylation with a total 

yield of 36 moles of ATP per mole of glucose. 
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Myocardial metabolism during ischemia 

During myocardial ischemia oxidative phosphorylation will 

soon be halted when no oxygen is available. Secondary to the 

diminished electron transport and subsequent rise in NADH/NAD 

and FADH2/FAD ratios in the mitochondria, an inhibition of 

S-oxidation occurs (31). This leads to accumulation of intra

cellular acetyl-CoA bound FFA, followed by a rapid decline of 

FFA cellular uptake, diminished transport into the mitochondria 

and an increased formation of triacyl-glycerol ("fat droplets") 

(32,33). The increased intracellular FFA levels are thought to 

induce various deleterious effects, including an inhibition of 

adenine nucleotide translocase, possibly also of the enzymes 

Na/K ATP-ase of the sarcolemma and Mg/Ca ATP-fase of the sarco

plasmatic reticulum with inhibition of the calcium pumping 

system into the sarcoplasmatic reticulum (34-36). At the mito

chondrial level uncoupling of the electron transport has been 

described (37). Elevated FFA levels could also lead to a 

detergent effect on the cellmembrane by disruption of enzyme 

binding function, resulting in an altered permeability with 

electrolyte loss and cell swelling (38). 

When FFA-utilization is reduced during ischemia, glyco

lysis will be activated mainly by the increased activity of the 

enzymes, phosphofructokinase (PFK) and glyceraldehyde-dehydro

genase (G3PDH) due to accumulation of the ATP-catabolites 

(ADP, AMP and P. (32) (fig 11). Uptake of glucose by the cell 
~ 

will be maximal (insulin), as well as the formation of glucose-

6-P by hexokinase. However, this supply of substrate is critic

ally dependent on the level of myocardial ischemia and the 

possibility of blood reaching the ischemic cells. 

Glycogenolysis will also be increased to supply as much 

substrate for glycolysis and anaerobic ATP-production as 

possible. However, these reserves are limited and during 

severe anoxia will be exhausted within minutes (39). The 

pyruvate formed during glycolysis cannot enter the Krebs 

cycle, but will be transformed to lactate. Myocardial lactate 

production rather than the normal extraction pattern is found 

very early during the ischemic process and serves as a sensit-
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ive marker of myocardial ischemia (40). In our experience 

lactate production during pacing-induced ischemia was observed 

in 92% of patients with left coronary artery disease, as 

compared to ECG-changes and anginal pain in only 72% and 78% 

respectively (41). However, although being a good indicator 

of short lasting periods of ischemia, lactate production will 

again decline during longer episodes of coronary flow reduction, 

due to inhibition of glycolysis, especially at the G3PDH level 

(42,43). This is mainly caused by accumulation of H+-ions and 

lactate due to reduced venous efflux from the ischemic area, 

which results in pH changes and a rise in the NADH/NAD ratio. 

The ensuing inhibition of glycolytic flux leads to a decrease 

in (anaerobic) ATP production. 

Hemodynamic and electrophysiological changes during 
ischemia 

Contraction of the myocardial myofilaments occurs as a 

sliding movement of the thin filaments (actin) over the thick 

filaments (myosin) under the influence of regulatory proteins 

(troponins, tropomyosin) and in the presence of a critical 

amount of Ca-ions. 

During this movement the actin filaments attached to 

either end of the sarcomere, the fundamental unit of myocardial 

muscle, shift to the centre of the sarcomere causing it to 

shorten; an energy (ATP) consuming process. 

ATP, which is bound to the myosin cross-bridges is hydro

lyzed by myosin ATP-ase stimulated by actin and forms an 

actin-myosin (+ADP+P.) active complex in which release of phos-
1 . 

phate bound energy results in a shift in position of the 

myosin cross-bridges and sliding of the filaments. This inter

action of actin with the myosin cross-bridges inhibited by the 

troponin-tropomyosin complex, attached to actin and being more 

or less "in the way" of the reaction at low free calcium 

levels in the cytoplasm (fig 12). The increase in cytoplasmatic 

free calcium as it occurs during excitation allows for binding 

of Ca 2+ to troponin C, which then results in are-arrangement 

of the troponin-tropomyosin complex and de-inhibition of the 

interaction between actin and myosin (44). The very complex 
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T 
I Tm 

'~_,~1.. 
Tm C~ 

RESTING 

, 2+ 
-Ca 

ACTIVE 

Fig. 12. Possible mechanism by which calcium binding troponin iniates 
contraction. In resting IlUlscle the troponin/tr~osin complex prevents 
interaction between actin (A) and myosin (M). Release of calcium upon 
excitation in the cytoplasm enables binding of ea2+ to troponin c (e) 
(right), thereby reducing the affinity of troponin I (I) to actin and a 
shift of the position of tropomyosin ('lin), which allows actin to inter
act with the myosin crossbridges and thereby to initiate IlUlscular 
activity. (From Katz AM, Physiology of the heart, Raven Press, New York, 
p 110 (1977), with permission. 
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phose 4 

300 Time (msec) 

v,2'! c 2+ 

I' "I." . 
2No1 2Nao 

Ca/Mg ATP-ase 

Fig. 13. Transsarcolemmal ionic fluxes during the various phases of the 
action potential. After an initial depolarization from the resting mem
brane potential (phase 4) to threshold level a fast inward current carried 
by Na+ions depolarizes the cell1nembrane to a positive value (phase 0) . 
This is immediately followed by a srrall repolarization (phase 1) 'due to 
ongoing Cl--ions and a voltage dependent inhibition of the fast inward 
current to the plateauphase (phase 2) , maintained by a voltage-dependent 
slow inward current (mainly Ca2+ and Na+ lea2+-ions) and the gradual onset 
of K+ movement out of the cell. After tennination of the slow inward 
current this K+-ion efflux repolarizes the membrane (phase 3) until phase 
4 is reached. During this phase active Na/K exchange (Na/K pump) Na/K
ATP-ase or sodium potassium pump takes place to reinstitute their respect
ive original intercellular levels. A different, voltage dependent K+ 
efflux is present during phase 4 which may result in a gradual depolariza
tion of the diastolic membrane potential. Apart from the slow channels 
transsarcolemrnal Ca2+ transport also depends on a 2Na+ (ea2+ exchange 
system and an active ea2+ pump (ea/Na-ATP-ase), which removes ea2+ from 
the cell. 
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series of processes beginning with depolarization of the 

sarcolemma to calcium-binding of troponin C is called the 

excitation-contraction coupling. Mainly because of the relativ-
2+ ely slow diffusion of Ca over the cellmembrane to the contract-

ile proteins other mechanisms for ca2 + delivery and removal 

are utilized, including various subcellular storage systems 

such as the sarcoplasmatic reticulum. 

Sarcolemmal permeability for ions is governed by the action

potential (fig 13). During diastole the sarcolemma iS,highly 
+ + 2+ , 

permeable for K i however not for Na and Ca lons. 

At phase 0 the rapid upstroke of the action potential is 

caused by a fast inward current, carried by Na+ ions. 

Sodium ion conductance through the fast sodium channels in 

the sarcolemma is a voltage dependent process starting after 

an initial partial depolarization of the cellmembrane to its 

threshold potential and terminating abruptly after complete 

depolarization (45,46). Full recovery of these channels takes 

place only after complete repolarization to the resting membrane 

potential, so similar ingoing Na+ fluxes can not be found 

until this period (phase 4). 

A brief period of rapid repolarization (phase 1) occurs 

immediately after the initial upstroke due to a transient 

increased chloride conductance into the cell. The ensuing 

plateau (phase 2) is caused by the slow inward current carried 

mainly ca2+ ions, however, in part also by slow Na+/ca 2+ currents 

K+ ions efflux starts during this phase and together with 

an' impermeability for Ca 2+ during phase 3 resu'lts in repolari

zation of the action potential to its original resting diastol

ic level. During this diastolic period (phase 4) intra- and 

extracellular Na+ and K+ ion levels have to be rearranged to 

anable the next depolarization. In order to achieve this 

against their gradients energy is required and a specific 

enzyme in the sarcolemma Na-K-ATP-ase, or the so-called 

sodium-potassium pump. Prerequisites for proper functioning 

of this sodium-potassium pump is the availability of sufficient 

ATP and Mg2+ ions. Digitalis glycosides are known to specific

ally inhibit Na/K-ATP-ase (47), depending on the extracellular 
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Fig. 14. calcium fluxes during excitation-contraction coupling. Calcium 
influx (A) is a "downhill" flux over the sarcolerma largely by the slow 
channels to the "activator pool", presumably the subsarcolerma cisternae. 
'Ihis Ca2+, entering the cell during each cycle, is in itself quantitativ
ely insufficient to occupy all binding sites on troponin C. A relatively 
snall Ca2+ flux fran the activator pool may trigger the release of a 
larger arnoW1t of calcium fran an intracellular pool, most likely the 
sarcoplasnatic reticulum (activation) to enable contraction (C). Relaxa
tion (D) occurs by a cyclic-AMP dependent Ca2+-ATP-ase, which purrps Ca2+ 
back into the sarcoplasnatic reticulum. 'Ihe resulting fall in cytosolic 
Ca2+ concentration causes calcium to becane dissociated fran its binding 
site on troponin C. 'Ihe sodium-calcium exchange system (B) can transport 
calcium in both directions, however is mainly involved in a nonelectro
genic exchange of Ca2+ for Na+, removing it out of the cell against its 
gradient. (Fran Karz AM, Physiology of the heart, Raven Press, New York, 
p 144 (1977) with permission. 
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K+ level and it is of interest that Thallium transport over 

the sarcolemma is partly inhibited both by ouabain and in

creasing extracellular K+ levels (48). Apart from the potassium 

fluxes mentioned above several other voltage dependent out

going K+ movements have been described, particularly in connec

tion with spontaneous phase 4 depolarization (49). Calcium 

fluxes within the myocardial cell are quite complex and at 

least 3 separate calcium pools are involved: the subsarcolemmal 

cisternae, the sarcoplasmatic reticulum and the calcium-binding 

sites on troponin C (50) (fig 14). Calcium entering the myo

cardial cell via the slow channels is apparently retained in 

the subsarcolemmal cisternae. This calcium, which in itself 

is quantitatively insufficient for binding with troponin C 

might serve as an activator for calcium release from the more 

important calcium pool: the sarcoplasmatic reticulum. While 

this process is non-energy consuming the successive removal 

of calcium from troponin C against its concentration gradient 

into the sarcoplasmatic reticulum however is carried out by 

hydrolysis of ATP by a cyclic-AMP dependent Ca 2+-ATP-ase. 

Impaired relaxation will be an early event during myocard

ial ischemia and can be found seconds after coronary artery 

occlusion. Depending on the severity and size of the area with 

impaired relaxation, a reduced compliance of the left ventricle 

develops with elevated enddiastolic pressures, which may 

account for the dyspnoe the anginal patients so often experience. 

The elevated enddiastolic and pulmonary wedge pressures 

may be the reason for increased T1 201 uptake in the lung 

during myocardial ischemia (51). Both impaired relaxation and 

reduced contractility can be attributed to derangements in 

intracellular ca 2+ metabolism. Shortage of ATP will effect 

both myosin-ATP-ase activity which results in diminished 

contractility and wallmotion disturbances as well as the ca2+

ATP-ase of the sarcoplasmatic reticulum leading to impaired 

relaxation. Contractility will further be effected by the 

development of acidosis during ischemia, when H+ ions tend to 
2+ replace Ca ions from its binding sites on troponin C (52). 

Ischemia also results in dysfunction of the sodium-potassium 
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Fig. 15. Im:nediate changes of intracellular high energy phosphate and 
lactate content after complete coronaxy occlusion in dogs. During the 
first 15 sec there is little change. However I a marked increase in 
lactate and decrease in CrP occurs during the following 15 sec I indicat
ing both the appearance of anaerobic glycolysis and the immediate effect 
of depression of aerobic metabolism on high energy phosphate metabolism. 
Note that ATP content decreases relatively little during the first 3 
min. (Fran Jerming RB, Reimer KA, Biology of experimental acute myocardial 
ischemia and infarction.· In: Enzymes in Cardiology I Diagnosis and 
Research. Hearse DJ I De Leiris J I (eds) I John Wiley & Sons I Chichester I 
p 30 (1979) with pennission. 
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pump of the sarcolemma (Na/K-ATP-ase) with K+ loss and Na+ 

gain of the cell (53). Accompanied by accumulation of H20 this 

eventually will lead to cell swelling and oedema (54). 

Progression to infarction 

All metabolic, hemodynamic and electrophysiological changes 

are completely reversible when the ischemic period is of short 

duration. With continuing coronary blood-flow reduction and 

ischemia, irreversible alterations develop. In animal experiments 

total occlusion of a coronary artery leads to complete utiliza

tion of oxygen dissolved in the cytoplasm during the first 

seconds. Anaerobic glycolysis increases with a quadrupling of 

lactate in 1 min (55) (fig 15). The CrP content will be 

exhausted to 20% within 3 min, while total ATP decreases at a 

slower rate. This does not mean that compartmentalized ATP 

pools (i.e. near the sarcoplasmatic reticulum) could not be 

deplenished at a faster rate, which is suggested by the 

immediate decrease in contractile force. Within 15 min total 

ATP will be diminished by 65% and by 85% in 30 min (56). Ultra

structural changes with swelling of the mitochondria can be 

seen after 20 min and small patches of subendocardial necrosis 

are observed. Disruption of lysosomes and leakage of lysosomal 

enzymes is found after 30 min with extension of the region of 

cell death, so that after 40 min an area of confluent sub

endocardial necrosis is present, which tends to spread in a 

lateral and transmural way. With continuing coronary obstruc

tion, 50-60% of the transmural wall will be necrotica£ter. 3 

hours and 75% after 6 hours (57). Throughout this process of 

progressive necrosis, the infarct area always is surrounded by 

an area of ischemic, but still viable tissue (58) (fig 16). 

,The application of nuclear techniques for the evaluation 

of myocardial ischemia 

The great majority of current nucl.ear cardiological inves

tigations are applied in the detection of myocardial ischemic 

events. Functionally they can be divided in the study of: 
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Fig. 17a. Kr81m distribution changes durmgatrial pacmg mduced myo
cardial ischemia m a patient with an 80% proxllIal stenosis of the left 
anterior descend:ing (arrow), and nonnal circumflex artery. Kr81m is 
contmuously mfused m the left coronary artery and images taken durmg 
succesive 15 sec mtervals (fig 7b). At rest there is nonnal, equal 
distribution. Durmg pacmg mduced angmal pam Kr81m distribution 
decreases over the poststenotic area with an mcrease over the nonnal 
area, signifymg the functional significance of this lesion. 
(b/m:in = beats/m:in; P-P = post pacmg). 

a. myocardial blood-flow 

b. myocardial cell perfusion 

c. myocardial metabolism 

d. hemodynamics or myocardial function 

e. myocardial cell necrosis. 

Myocardial blood-flow 

The application of microspheres, labelled with various 
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Fig. 18. Electrophoresis of K43cl and T1201Cl solutions daronstrating 
the negative charge on the '!ballium ion. 
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nuclides, is presently the most accurate technique for the 

measurement of regional myocardial blood-flow (59). However, 

precise and multiple determinations are limited to the animal 

experimental laboratory, where proper mixing of the micro

spheres in the arterial system and accurate counting after 

sacrifice of the animal is guaranteed. A variety of human 

studies have been carried out and the procedure reported to be 

safe (60-63). Nevertheless, only a few studies per patient can 

be performed which is an important drawback of this method in 

man. 

The inert gas technique for the measurement of myocardial 

blood-flow has been used for many years (64). Argon in partic

ular was shown to be a realiable tracer, even with high 

coronary artery flows (65,66). One disadvantage is its poor 

resolution in time; one measurement taking approximately 4-5 

min. The main drawback with this kind of technique, is that 

only left ventricular blood-flow is measured. 

Regional flow studies can be performed using the pre

cordial mapping technique with xe 133 or Kr81m as diffusable 

tracers (fig 17. xe 133 has been applied for many years and its 

potentials and disadvantages are well recognized (67-71). 
81m Kr has only recently been used in man and seems not to 

share some of the disadvantages of xe133 (72-75). The most 

important advantage is its very short half-life (13,3 sec), 

which together with its biological and chemical inertness 

makes it an ideal tracer for regional coronary flow studies 

when administered directly into the coronary artery system 

(76-79). The main drawback of both techniques however, is the 

invasive nature of the procedure. 

Myocardial perfusion 

Myocardial blood-flow studies as described above should be 

distinguished from the myocardial perfusion studies using 

radiopharmaceutical agents like radio-potassium (K43 ) or 

radioisotopes of its cationic analogues, rubidium and Thallium. 

Of these, T1 201 has gained widespread use for the detection of 

myocardial ischemia (80-84). The principal difference with the 
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inert gas or microsphere method for the determination of myo

cardial flow is that myocardial perfusion images with cationic 

tracers will not only depend on regional myocardial blood-flow, 

but also on their biological properties which affect uptake 

and release by the myocyte. Although the ionic radii of potas

sium and Thallium are close, their biological properties now 

seem not to be so identical as originally believed. T1201 

uptake by the myocyte is dose-dependent and of a greater 

magnitude that K43 Also, there is doubt about its dependence 

of the Na/K-ATP-ase system of the sarcolemma (85). It has 

been suggested that Thallium complexes in the presence of 

NaCl form T1C1 4- complexes, which in contrast with K43 chloride 

are negatively charged (86,87) (fig 18). Although precise 

knowledge about the cellular mechanism of Thallium uptake is 

lacking, widespread clinical practice has demonstrated its 

value in the visualization of ischemic areas and distinction 

between reversible vs irreversible myocardial injury. 

Application of quantitative measurements of uptake and 

redistribution and tomographic devices have improved its 

diagnostic potential (88,89). Yet, its relatively low energy 

profile (95% mercury K X-rays of 60-83 KeV) and long half-life 

of 73 hours calls for the search of other, better markers of 

myocardial (cell) perfusion. Promising results have been 

published with Rb82 (half-life 78 sec) (90) and N13 (half-life 

9.9 min) (91,92). These radionuclides however are positron 

emitters, narrowing down their application to a limited field 

of investigators. Also it has to be realized that these 

compounds do not behave as pure perfusion agents, but are 

dependent on cellular extraction as well. The intracellular 

behaviour of NH13 3 , which circulates in the blood as. an NH13 3! 
NH134+ complex, is complicated (93). Incorporation in gluta

mine and carbamylphosphate is believed to occur, so that its 

clearance from the myocardium depends on a variety of metabolic 

processes, including the Na+/K+-ATP-ase and glutamine synthe

tase activity, as well as the possibility of carbamylphosphate 

to enter the urea cycle (94-96). 
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Myocardial metabolism 

Free fatty acids, the most important substrates for oxydat

ive metabolism have been used increasingly for the detection 

of myocardial ischemia and infarction. Studie.s with C 11_ 

palmitate have demonstrated its usefulness in the detection 

and quantification of ischemic areas and infarcted regions of 

the heart (93,97-99). For this, positron emitting computer 

tomography (PECT) and an in-house cyclotron are required. 

Labelling of medium-chain FFA with 1 123 in the omeg~-position 
does not alter their normal biological behaviour significantly 

(100,101). Studies with labelled phenylpenta-, hexa- and hepta

decanoic acid have been conducted measuring its half-life of 

disappearance from the myocardium, which is believed to reflect 

their metabolic turnover in the S-oxydation pathway. Apart 

from visualization of infarct areas, abnormal turnover rates 

of I 123 _FFA in ischemic and infarcted regions can then be 

measured (102,106). In very recent publications, doubt has 

arisen whether the measured change in radioactivity really 

represents the metabolic turnover of FFA or merely the kinetics 

of free 1 123 (107,108). 

Glucose as the main fuel for energy production during 

anaerobic glycolysis is theoretically the more desirable sub

strate to indicate elevated glycolytic flux. Complete study 

of glycolysis with labelled glucose, have not been entirely 

possible so far. Fluoro-2-deoxyglucose labelled with F18 is 
18 trapped after being converted to F -2-deoxyglucose-6-P and 

does not enter the glycolytic pathway. It therefore only 

indicates the rate of cellular uptake and subsequent phos

phorylation. Although the latter is related to the degree of 

glycolysis it also is dependent on glycogen formation. In view 

of its long half-life (109.7 min, B+ 97%), the value of its 

use is dubious, especially in the event of a progressive 

reduction in regional coronary flow. 

99m Myocardial necrosis is visualized with Tc -pyrophosphate 

or tetracycline complexes, preferably administered 24-72 hours 

after onset of infarction (109-113). Uptake is determined by 
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the presence of myocardial necrosis and presumably by calcium 

deposits in the infarcted area (114,115), although in later 

animalstudies pyrophosphate uptake was shown not to correlate 

with calcium uptake (116). The time interval after onset of 

infarction and optimal pyrophosphate uptake, is presumably 

due to the development of collateral flow into the infarcted 

area. With this technique transmural infarcts consisting of 

more than 3 grams necrotic tissue can be demonstrated, as well 

as acute subendocardial infarcts in the majority of instances 

(110,117). Small nontransmural necrotic areas and inferior or 

true posterior infarcts can be missed by this imaging tech

nique (112,121). Although in most infarcts a positive Tc 99m_ 

pyrophosphate scan becomes negative after approximately one 

week it can persist for months in some patients (118,119). 

Also, positive scans may be found in patients with unstable 

angina without definite clinical signs of infarction (119, 

120). In these cases small multifocal areas with coagulation 

necrosis, myocytolysis or, with elder lesions, fibrosis have 

been found (121). 

A good correlation between estimated infarct size and 

Tc 99m_pyrophosphate was observed in experimental anterior 

infarcts, however, less consistent in subendocardial and 

inferior infarcts (122,123). The correct estimation of infarct 

size will be rather difficult in clinical practice because of 

imaging problems, when not utilizing a tomograph system, and 

the dependence of the infarct-avid isotope on (changing) 

collateral flow. 

Myocardial function 

Isotope methods for the assessment of myocardial function 

include first pass and dual or multigated equilibrium tech

niques which allow for the determination of overall ejection 

fraction, heart volumes and local ventricular wallmovement 

(124-135). In the detection of myocardial ischemia which is 

essentially a regional disease the study of local changes in 

contractility and relaxation and thus in regional wallmotion 

seems most important. The multigated blood-pool scan with 
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Tc 99m labelled erythrocytes and sufficient computer facilities 

provides an excellent opportunity for the non-invasive study 

of myocardial function, which compares well with angiographic 

techniques (129,136,137). 

A disadvantage here is the superposition of other intra

vascular structures, especially the right ventricle when 

investigations are performed in the antero-posterior or right 

anterior-oblique position. This problem is bypassed using the 

first pass technique, which permits the independent study of 

left and right ventricle due to temporal separation. The use 

of Tc 99m as radionuclide however, permits only a few studies 

to be carried out at short intervals (138). Recently, Au 195m 

has been introduced with a very short half-life of 30.5 sec 

produced from a Hg195m/AU195m generator (139). Multiple 

investigations using the first pass method are possible with 

an interval of 1.5 - 3 min with promising results in animal 

studies as well as in man (140,141). 

Potential drawbacks in patient studies are the contamina

tion with its motherproduct Hg 195m (half-life 41.6 hours) and 

its photopeak of 262 KeV, which is not ideal using the 1/4 

inch single crystal cameras currently employed in cardiology 

work (142). 

Conclusion 

Nuclear cardiology offers the clinical cardiologist a wide 

spectre of diagnostic possibilities. Its still growing 

potentials are made possible by the introduction of new radio

pharmaceuticals and the development of instrumentation. It 

contributes to the diagnosis of the main pathophysiological 

areas in myocardial ischemia: i.e. coronary blood-flow, myo

cardial perfusion, metabolism and myocardial hemodynamic 

function. However, various limitations, especially concerning 

the presently used radiopharmaceuticals, exist influencing 

their optimal application. Although positron-emitting radio

nuclides offer greater possibilities in the study of myocard

ial perfusion and metabolism, their use remains limited to 

only a few centers. Further research and development of new 



gamma-emitting radiopharmaceuticals is therefore necessary. 

New developments in this field are being discussed in this 

volume. 
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DATA PROCESSING IN NUCLEAR CARDIOLOGY 

R. KNOPP, C. WINKLER 

INTRODUCTION 

The introduction of digital data processing into nuclear 

medicine dates back to 1963/64 when first reports on the 

development of computer scintigraphic systems were published 

(1-4). With regard to dynamic cardiac studies, connecting the 

gamma camera to a dedicated computer was a major breakthrough 

in the late 60's (5-7). The linkage allowed data to be acquired 

in a digital format and subsequently analyzed to give quan

titative information on parameters of ventricular function. 

The latest generation of mini- and microcomputers have provided 

us with high speed data transfer rates and tremendous data 

storage capacity (8). These technological achievements have 

led to rapid advances in nuclear cardiology, which is more 

dependant on the computer than are any other areas of nuclear 

imaging. 

The purpose of the present survey is to outline some of 

the most important facts regarding currently available data 

processing techniques for scintigraphic evaluation of myocard

ial performance. 

Data collection 

By means of a gamma camera computer system the cardiac 

cycle can be scintigraphically framed into nummerous segments, 

each of which represents a different ventricle position in the 

course of the heart beat. For this purpose ECG-triggered 

imaging may be performed either during the first pass of a 

radiotracer through the heart chambers following its intra

venous injection as a bolus, or later, after the tracer has 
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equilibrated within the vascular system. The most commonly 

used types of data acquisition are the multi-gated frame mode 

(MUGA) and the list mode techniques. Although for some practic

al reasons the MUGA technique is in widespread use, there is 

no doubt that list mode acquisition is much more flexible and 

thus superior to MUGA in crucial respects. 

Multi~9ated frame mode acquisition 

Since, after tracer equilibration in the entire blood-pool 

the activity content in the ventricles is too low to give 

adequate count rates for segmental frame formation during one 

cardiac cycle alone, the scintigraphic data of several hundred 

cycles have to be accumulated. In this way, composite images 

of the ventricular blood-pool can be made in the different 

stages of the heart's contraction or relaxation. The R-waves 

of the ECG serve as triggers to define the cardiac cycle 

length which is divided into a number of time increments 

(16-64) • 

Each time when trigger pulses occur a pointer is set to 

the storage location of the first frame in the memory. All 

gamma camera data is then stored into this array during the 

defined time interval. Subsequently the pointer is advanced to 

start the next frame in the memory and the incremental data 

sorting process continues until the next trigger pulse occurs. 

Now the pointer is reset to repeat the acquisition process in 

the same fashion. The sequence is stopped after ,reaching a 

predefined number of cardiac cycles (300-500) and the data 

set can be directly used for analyzing ventricular function. 

Advantages of the MUGA technique are: 

1) only relatively little storage capacity is required, 

2) frames are generated in real time and are ready for 

analysis immediately after terminating the study, 

3) since the method is fully automated, no operator inter-

actions are necessary. 

There are, however, considerable limitations of the MUGA 

technique so that accurate results can be achieved only under 

special conditions. When there are arhythmias, for example, 
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the calculated ventricular function parameters may be mis

leadingly low. But even with normal sinus rhythm, statistical 

variations in R-R-intervals can lead to inaccurate assessment 

of the diastolic portion of the cardiac cycle and its function

al parameters. 

In order to overcome the latter disadvantages of MUGA, two 

modifications of the technique have been introduced: 

1) Data acquisition is buffered so that the computer is 

enabled to collect heart cycles of preselected R-R-inter

vals in order to minimize statistical variations. For this 

means, however, twice as much memory capacity is needed 

in comparison to the simple MUGA technique. 

2) The program for data acquisition is modified to allow 

image collection with constant frame rate per second 

instead of a constant number of frames per heart cycle. 

A time correction for acquiring the diastolic data accord

ing to the statistical distribution of the R-R-intervals 

is hereby rendered possible. Although the procedure leads 

to satisfactory results in cases of normal sinus rhythm 

it does not allow falsified parameters to be avoided 

completely (9). 

List mode acquisition 

In list mode acquisition technique the individual scintilla

tion co-ordinates are fed sequentially into the memory of the 

computer, usually in a 7 bit format for x and y. In addition, 

time markers and R-wave markers have to be stored so that the 

co-ordinates of the scintillations can be subsequently attached 

to different time increments or heart cycles. Time markers may 

be stored by an internal clock in either 1ms or 10ms intervals 

providing temporal resolution equal to 1000 or 100 frames/s, 

respectively. Since the 7-bit x-, y-co-ordinate pair is stored 

on the disc as a 16-bit-word, there are two bits available 

serving as time marker and R-wave marker (10). 

List mode data acquisition necessitates data formatting 

and sorting into image sequences after the acquisition is 

complete. The ability to sort the data and generate composite 
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image sequences once the R-R-interval is known provides great 

flexibility in rejecting data from disparate cardiac cycles 

and in selecting data from defined representative cycles. 

However, because each scintillation event requires a separate 

memory location, list mode acquisition of gamma camera data 

calls for a large storage space in computer memory, depending 

on the clinical applications (see below) . 

First pass list mode acquisition 

ECG gated list mode acquisition is excellently suited for 

use, both, with first pass technique and with tracer equilibrat

ed in the blood-pool. In ECG gated first pass acquisition, 

the data are collected following the intravenous injection of 

a compact bolus of radiotracer. Data acquisition starts as 

the tracer enters the right atrium and stops when it leaves 

the left ventricle. Generally up to 40000 to 60000 counts/sec 

are registered from a single crystal gamma camera during the 

measure time of about 20 seconds. The resultant volume of 

data from 500000 to 900000 counts requires up to 2 Mbytes of 

data storage. Thus, first pass studies can be performed by 

means of data systems with relatively small disc capacity of 

say 5 Mbytes without storage problems. 

In contrast to the gated frame mode technique, all list 

mode studies must be reformatted before calculation of the 

cardiac function parameters and evaluation of ventricular wall 

motion. Reformatting of such a study requires considerable 

operator interaction and takes about 20 min. First a rough 

frame sequence, each frame representing one sec time inter

vals, must be reformatted and displayed so that the tracer 

transit through the heart chambers and the lungs can be 

recognized. The next step is the construction of a heart 

cycle length histogram from the registered R-wave intervals. 

The vertical axis of the histogram represents the number of 

cycles with similar R-R-intervals and the horizontal axis the 

cycle length. By means of the histogram cycle length limits 

are chosen for use in further processing. Thus, any ectopic 

beats that have occurred during acquisition may be excluded. 
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Finally choice of different clock times is necessary for re

peated reformatting. For example, if left ventricular function 

is to be evaluated, time limits are chosen within which the 

tracer activity was noted in the left ventricle. If the deter

mination of right ventricular function is required, time 

limits corresponding to maximum activity in the right ventricle 

are set. 

On the basis of these parameters the computer program 

creates a final frame sequence by reformatting the primary 

list mode data in a manner identical to the real time format

ting of a conventional frame mode study. Only the preselected 

cardiac cycles are processed. The resultant frame sequence 

usually consists of the sum of 6 to 8 individual beats of 

equal beat lengths. It is then ready to be evaluated as in an 

equilibrium gated study. 

The advantage of the method is that heart imaging can be 

performed in any projection desired because right and left 

ventricular activity is temporally separated. The low count 

rate statistics of such a study is compensated by its high 

signal-to-noise ratio. 

Equilibrium gated list mode acquisition 

In addition to the first pass list mode acquisition tech

nique, methods have also been developed for recording left 

ventricular performance after tracer equilibration in the 

blood-pool (11-13). Data are again hereby acquired aS,a series 

of X, Y co-ordinates, time-markers and R-wave markers, in the 

same way as in the described first pass technique. Accordingly 

they have to be reformatted prior to quantitative analysis. 

However, reformatting does not require operator interaction to 

identify the left and right ventricular phases. Thus, the 

reformatting procedure can usually be performed automatically. 

Prior to frame generation for producing a composite dynamic 

scintigram of a cardiac cycle the variable cardiac beat-length 

have to be analysed from the stored R-wave intervals. The 

statistical distribution of the different beat lengths is 

determined from which a so-called representative cardiac 
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cycle - usually the most frequently occuring - is selected 

(automatically or by operator). Then the cumulative frame 

sequence is generated exclusively from cycles which are within 

the selected range. Distortion of results, e.g. by extrasystolic 

beats, is thus avoided. A high time resolution (frame rate) is 

obtainable since a great number of cardiac cycles can be 

cumulated with sufficient statistical accuracy. Usually a 

frame rate of 50 to 100 frames per sec is selected (frame size 

of 64 x 64) and up to 300 cycles are cumulated. 

Special frame generation by Fourier transform 

By means of discrete Fourier transform a time series can 

be substituted exactly or approximately by a trigometric 

progression according to 

F(t)~ 
n 

+ Z 
n=1 

2IT 2IT (an ·COS(n. 'f .t) + bn sin(n. 'f .t)) 

The time series substitution can be calculated for each pixel 

of a scintigram, whereby the Fourier coefficients a o ' an and 

bn may be, for instance, matrices of the size 64 x 64. 

T indicates the number of harmonic waves, base frequency being 

2IT/T. Since in radionuclide ventriculography 3 or 4 harmonic 

waves are sufficient to describe the ventricular volume curves 

and wall motion changes, the scintigram sequence is represented 

fully by only a few Fourier coefficient matrices. These matrices 

are calculated according to the equations 

2 T 
a =-. r 

n T k=1 

2IT 2 T 2IT 
I(k) ·COS(n. (k-1)-) i b 'Z I(k) .sin(n(k-1)-) 

TnT k= 1 T 

I(k) indicates the counts in one pixel during the time in

crement (k). It is obvious that the use of these equations 

does not necessitate previous frame formatting. In contrast 

the an and b n matrices can also be calculated from the un

formatted list mode data. We have developed a respective 



program for frame generation and regional Fourier transform 

from list mode data (14,15). 
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In a first step this program calculates the base frequency 

during selected "representative" heart cycle. The second step 

is the pixel by pixel calculation of the matrices of Fourier 

coefficients according to Fourier's formula. This is performed 

by only a single run through the list mode data file. Finally 

a series of frames - time increments being 20 ms - is generated 

by means of Fourier resynthesis. 

This method of Fourier image generation results in a 

considerable improvement of image quality or in a substantial 

reduction of acquisition time. Needless to say, it is frequent

ly of utmost interest to shorten the time of investigation, 

especially in the case of severely ill patients, who can only 

be exposed to relatively short ergometer exercise. 

Conclusions 

Once formatted into a single cardiac cycle, the list mode 

study provides the same options made available for analysis by 

multi-gated ventriculography, including global volume curve 

analysis, parametric imaging of ejection fraction, stroke 

volume, and Fourier coefficients. When special analysis of 

diastolic function is required, so-called backward gating can 

be useful (9). 

List mode acquisition at equilibrium requires an enormous 

amount of computer storage capacity. For example, if data are 

acquired at a rate of 30000 counts per sec for two min the 

storage requirement exceeds that provided by the standard 2,5 

Mbyte disk which is part of many computer systems. Even a 80 

Mbyte disk allows acquisition of only about 25 min. Further

more, reformatting in most of the usual data systems takes as 

long as the acquisition time or even more. However, gated list 

mode technique increases flexibility in the examination of 

individual patients by tailoring the acquisition method to the 

respective problem. If a patient has no arhythmias, any method 

can be chosen. If a patient does have arhythmias, however, 

gated list mode technique provides the assessment of all 
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distinct types of cardiac cycles (e.g. interrupted sinus beats, 

post extra systolic or ventricular primature beats etc). Heart 

cycles not belonging to the selected group can be excluded 

effectively. 

Evaluation of cardiac studies 

Global function parameters. Global parameters of ventric

ular performance are derived from the ventricular volume curve 

as attained from a composite frame sequence. The precise 

correction of extraventricular back-ground activity is absolute

ly necessary although problematic. Several groups have developed 

adequate procedures for back-ground correction combined with 

automatic or semi-automatic selection of respective ROIls 

using edge detecting algorithms or phase analysis (11,16,17) 

The back-ground activity represents about 50% of the 

maximum activity within the left ventricle region in standard 

LAO-view. A region surrounding the inferior and lateral walls 

is often used to estimate the back-ground. One method of ascer

taining that this region does not include from the ventricle 

is to note that the time-activity curve from the back-ground 

ROI does not change during the cardiac cycle. Because of back

ground inhomogeneity it is important to apply strict criteria 

for selecting the back-ground ROI. For this reason it seems 

advisable to use computer controlled back-ground ROIls. 

A firmly established method of selecting the back-ground 

is based on the fact that the activity at the endsystole in 

the area between the endsystolic and enddiastolic contour must 

originate from back-ground exclusively and can be subtracted 

as a constant rate from the incorrected time-activity curve. 

This so-called systolic-diastolic area difference can easily 

be ascertained by masking the enddiastolic ventricle ROI by 

means of the endsystolic frame whereby all pixels within the 

endsystolic contour are excluded (18). 

Two methods can be used to define the left ventricular 

ROI: either a constant ROI of the enddiastolic area is used 

throughout the entire cardiac cycle or the ROI varies accord

ing to the ventricular contraction. If the back-ground can be 
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adequately computed and if all of the ROI's include the entire 

left ventricle with no activity from other large blood-pools, 

then both of the methods should yield the same results (19). 

In fact, the two methods have been applied quite satisfactorily 

in clinical practice. One approved method for selecting the 

left ventricle ROI uses parametric amplitude and phase images 

(11). In the amplitude image moving structures - such as the 

ventricle and atria - show amplitudes which differ significant

ly from zero. Non-moving structures have amplitudes of less 

than two standard deviations and can therefore be easily 

removed. The phase image makes it possible to differentiate 

between ventricles and atria as well as large vessels, due to 

their different activity changes. The septum and also akinetic 

regions may be detected by comparing the parametric images 

with the enddiastolic picture. 

Because of the statistical noise, the back-ground correct

ed volume curves necessitate smoothing procedures, especially 

when determining the differentials ddVt and ddVt . (filling max mln 
and ejection rate). Smoothing by means of the simple sliding 

average method causes a systematic distortion of the systolic 

minimum. The curves smoothed in this way do not converge to

wards the original curve. Resynthesis after Fourier transform 

appears to be an ideal method of smoothing because of its 

convergence in the minimum quadratic error for th~_type of fun

ction concerned (20-22). Corresponding investigations have 

proven that resynthesis including four harmonic waves is 

sufficient, since higher frequencies represent only noise and 

do not contribute to the signal (23). 

Regional function parameters 

The simplest method for visualizing ventricular wall 

motion is the so-called cinematic display. For this purpose 

an endless loop of a series of images is used. Because of the 

large volume of data, the cinematic display causes special 

problems for the data system. If the display memory is large 

enough and if the study is sufficiently small then the entire 

cinematic data can be stored in the display memory. Otherwise 
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the frame sequence must be shortened by combining consecutive 

frames so that the new sequence - spanning one heart cycle -

can be stored. In most cases it is advisable to display the 

currently varying ventricle contour combined with the fixed 

enddiastolic contour instead of displaying the unprocessed 

frames representing the current activity distribution. 

Functional imaging 

Further possibilities for the assessment of regional 

cardiac function parameters can be achieved by frame-arithmetic 

procedures. After certain arithmetic operations on a pixel-by

pixel basis have been performed the resultant image (or images) 

do not exhibit anatomical structures but are representative of 

certain physiological functions. For example, a regional 

ejection fraction image is formed by dividing the image data 

of stroke volume (enddiastolic minus endsystolic image) by 

data of a back-ground -corrected image of the enddiastolic. In 

such an image the pixel intensities correspond to a function, 

which is - in this case - the regional ejection fraction and 

not, however, the original activity distribution. These calcu

lated images relating to physiological functions or mathematic

al parameters are usually called functional or parametric 

images (19). 

Among the procedures of functional imaging Fourier analysis 

has proved to be of great significance for data compression 

resulting in phase and amplitude images. This technique was 

developed in the early 1970's and has become firmly established 

as a useful instrument in nuclear cardiology during the last 

five year s (11,24,25). 

Since the cardiac cycle represented by a gated radionuclide 

ventriculogram is periodic the mathematical analysis known as 

Fourier transform is ideally suited to describe such a function 

by means of a set of cosine and sine waves. Using the Fourier 

transform the time-activity changes of each pixel of the image 

are approximated by the Fourier's formula (see above). As 

mentioned, the calculation of the Fourier coefficients an and 

bn can be performed directly from the unformatted list mode 



59 

data or from a reformatted or acquired frame sequence, respect

ively. Two significant parameters can be extracted from the 

first harmonic coefficients: 

Phase angle and Amplitude =lIa~ 

The phase angle is arbitrarily chosen as the time distance 

between the peak of the approximately wave and the R-wave. 

The amplitude corresponds approximately to one-half the stroke 

volume. As the back-ground pixels have random phase angles 

and small amplitudes, compared to the pixels in the heart and 

great vessels, they can be excluded by masking all pixels with 

amplitudes of less than a predetermined value, e.g. twice the 

standard deviation of the amplitudes within the heart. 

The resultant phase image is a temporal map of the sequence 

of cardiovascular chamber emptying. Another display mode which 

has been realized in some nuclear medicine data systems 

present the phase angle information in the form of a propagat

ing colour wave-front, that sweeps through the image linking 

pixels with similar phase angles moving from the earliest to 

the latest phase angles. Both the colour-codes "static" and 

the "dynamic" wave front displays allow for an effective 

visual presentation of the relative sequence of chamber empty

ing in the cardiovascular system during the cardiac cycle. 

The amplitude image is a picture of the "stroke volumes" 

of individual pixels. This image indicates the amplitudes 

independent from their time of peak. 

Since parametric images are derived from numerical values 

the quantification of regional wall motion is possible in 

order to assess the extent, grade and statistical significance 

of wall motion abnormalities. Quantification can be performed 

in two different ways (11,26): 

1) Distribution curves of the calculated parameters within 

the left ventricular area assessed and compared with the 

respective curves of a group of normal subjects. 

2) The enddiastolic left ventricular area is divided into 

segments or sectors, respectively. The values of the 
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parameters are averaged within the segments or sectors 

and compared with those of a group of normal subjects. 

However, for inter- and intra-individual comparisons normaliza

tion of the parametric images is necessary. 

To summarize, parametric images show the regional distribut

tion of one parameter in the heart. Of special interest are 

amplitude and phase of the base frequency of the Fourier trans

form. The amplitude image allows diagnosis, localizat~on and 

extent of regional wall motion abnormalities with high accuracy. 

The phase image makes the delineation of a dyskinetic area as 

well as unco-ordinated myocardial contraction possible. Thus, 

parametric cardiac imaging enables the exact definition of wall 

motion abnormalities with respect to localization, extent, form 

and type. 
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RADIOPHARMACEUTICALS 

P.H. COX 

INTRODUCTION 

A diversity of radiopharmaceuticals have been developed 

to cover the wide spectrum of in vivo nuclear medical proce

dures which have been applied to the study of cardiac disease. 

In order to examine their pharmaceutical and pharmalogical 

properties it is convenient to classify them into a number of 

functional groups: 

a. Reagents for imaging the cardiac blood-pool. 

b. Reagents for imaging the myocardial blood-pool. 

c. Myocardial metabolites. 

d. Non metabolites with an affinity for the myocardium. 

e. Reagents with an affinity for infarcted tissue. 

The first three groups are primarily utilized to evaluate 

the physiological status of the heart, primarily of the left 

ventricle, by providing information about the efficiency of 

the heart as a pump during stress and at rest, by showing up 

anomalies in wall motion, changes in regional myocardial 

blood-pool distribution or finally by delineating regional 

changes in cell metabolism. Reagents in group d show an 

affinity for normal myocardial cells. Their distribution is 

influenced by both changes in blood-pool distribution and cell 

metabolism whilst not being a true measure of either. Never

theless a number of substances, exemplified by Thallium, have 

been used with some success to distinguish between grades of 

ischemia and infarcted tissue even to the extent of predicting 

tissue viability prior to undertaking operative treatment. 

This important group of substances will be dealt with separate

ly. 

The last group of reagents show an avidity for infarcted 
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tissue and can be of value to identify infarcts at an early 
stage but which are less effective with older infarcts for 

reasons which will be examined in due course. Let us now turn 

our attention to each group in turn. 

Reagents for imaging the cardiac blood-pool 

The heart is a dual pump system, the right side receiving 

systemic blood and pumping it via the right ventricle to the 

lungs for oxygenation. The left side receives blood from the 

lungs and pumps it via the left ventricle to the systemic 

circulation. It is self evident that the capacity and work 

load of the left ventricle exceeds that of the right and indeed 

the most functional studies are carried out to evaluate the 

left ventricle. 

In studies involving the visualization of the cardiac 

blood-pool the activity in the left ventricle dominates and 

makes it difficult to see the other chambers. However as we 

shall see by a suitable choice of reagent and route of adminis

tration it is possible to evaluate right ventricular function 

successfully. 

Studies involving the cardiac blood-pool can be divided 

into two categories the so-called first pass study which 

requires a high level of activity for a short period of time, 

in the form of a bolus, or the gated equilibrium study which 

requires an even distribution of activity throughout the blood 

maintained at a constant level for a consi~~rable period of 

time but with a low radiation dose. With che use of Technetium 

labelled compounds it is possible to achieve both aims although 

the first pass study can then only be carried out effcstively 

once. 

Bolus injections for first pass studies. The cheapest 

reagent available for bolus injection is Sodium Tc 99m pertechne

tate which can be obtained in high specific activities in very 

small volumes from all modern generators but for a limited 

number of patients at certain hours of the day, nevertheless, 

every day of the week. The drawback associated with pertechne

tate is that it has a relatively slow blood-clearance and the 
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thyroid has to be blocked. A slow blood-clearance has the in

herent disadvantage that at the most one repeat bolus injec

tion can be given during a period of hours and this would be 

rendered less effective by the back-ground activity. 

A possible way around this, which has not been implemented 

in practice, would be to use a Technetium complex which is 

rapidly cleared from the blood to another target organ (1). 
Technetium diethyl ida or tin colloid are examples of such 

reagents which show a rapid clearance to the liver (T max 

in the liver of ± 12 min in both cases). The only drawback to 

this proposal is the high radiation dose to the target organ 

from multiple first pass studies. 

Combined single first pass studies followed by gated 

equilibrium blood-pool studies can be conveniently carried out 

using Tc 99m albumin the characteristics of which will be 

discussed later. 

Despite these possibilities however there has been an ex

pressed desire for a short lived radiopharmaceutical suitable 

for bolus injections to carry out first pass studies and this 

has led to the recent introduction of short lived generator 

products. 
195m The mercury~gold generator. Mercury produces ultra 

short lived Gold 195m by the decay reaction: 

EC 

40.5 hr7 

IT 

30.5 sec~ 

The long half life of mercury and the short life of the 

daughter make this an excellent system for generator produc

tion (2). At the energies used in the cyclotron no other signif

icant mercury isotopes are produced. 

Recently two such generators have become available for 

clinical study both of which have a three day effective shelf 

life. In the generator described by Bett et al (3) the mercury 

is absorbed as sulphide on to a column of vicinal dithiol 

cellulose a material which has been previously used to seques

trate mercurial ions from aqueous solutions (4). Gold 195m is 
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eluted from the column using a highly diluted sodium cyanide 

solution to give up to 15 mCi in an eluate volume of 0.5 ml 

with a gold/mercury ratio of 1 :10- 5 . A good correlation between 

ejection fractions calculated from first pass studies was ob

tained in comparison with Technetium studies in the same 

patients (5). 

An alternative generator system has been described by De 

Jong et al (6) which is now available for clinical evaluation. 

In this system the mercury 195m and its daughter product 

195, d 't d '1 h'd '1' 1 mercury lS eposl e as mercurlC su p 1 e on a Sl lca ge 

column. The Gold 195m is eluted by means of 2 ml eluates of 

Sodium thiosulphate solution. 

Radiation dose. There are a number of technical aspects 

related to the mercury/gold generator which warrant further 

discussion as they are also relevant to other potential 

generator systems likely to be used in cardiology. One of 

these is the radiation dose to the personel. In the clinical 

environment it is recommended to place the generator in a lead 

castle 6-8 cm thick which gives a total shielding of 9-11 cm. 

Under these conditions De Jong et al (6) have estimated the 

total absorbed radiation dose, for three days of clinical use, 

to be: 

for hotroom analyst: 

(assembly and testing) 

for clinical personel: 

a) radiographer 

b) supervising 
specialist 

8.9 mrem/week 

16 mrem/week 

22 mrem/week 

With respect to the patient Ackers and De Jong (7) have 

reported the radiation dose resulting from six consecutive 

eluate administrations as being: 



kidneys 

gonads 

total body 

1.5 rad (15 mGy) 

mGy) 

0.7 mGy) 

0.1 rad 

0.07 rad 
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Pharmaceutical considerations. The mercury/gold generator 

presents some interesting pharmaceutical problems. At the time 

of use the column contains a mixture of 195Hg , 195mHg , 195mAU 

and 195Au • The eluated bolus is injected immediately and there

fore there is no time to control the degree of mercury break

through. Hence the design characteristics and reliability of 

performance of the generator is all important. It is inevitable 

that some mercury breakthrough will occur because the elution 

media have a solubilising action on mercury salts, even in

soluble mercuric sulphide. This is minimized by flushing the 

column prior to use and after long periods of non usage. Depend

ing upon the system flushing may take up to 30 min to complete 

and during the periode of usage of the generator 70-100 ml of 

washings may be accumulated which contain 195Hg , 195mHg and 

195Au . These pre-washings can be controlled for untoward 

mercury concentrations, by means of a germanium-lithium detect

or, prior to commencing clinical studies. 

A direct test for pyrogenicity can be carried out daily by 

means of the one step limulus test. Sterility however can only 

be controlled in retrospect. Radioactive materials are normally 

tested for sterility when they have become cold. This is a 

potential difficulty because the eluate contains mercury 195m 

with a half life of 41.6 hours. However the problem can be 

surmounted by passing the eluate sample over a sterile 200 nrn 

membrane filter, which traps the bacteria, and incubating the 

filter with fluid culture medium. In this way the time lapse 

between sampling and test result can be reduced to normal 

proportions. 

Gold195m does not adhere to catheter or blood-vessel walls 

and the bolus is adequate for first pass studies. The gamma 

energy is excellent for multicrystal cameras but is not optimal 

for the standard cameras in use in most cardiology units. It 

is too soon to express a definitive opinion as to the value of 
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this reagent as a clinical tool. 

The osmium iridium generator. The osmium191 - iridium 191m 

generator developed for cardiology studies by Cheng et al (8) 

has a number of potential advantages over the mercury/gold 

system. osium191 can be produced rapidly and economically in 

a reactor. It has a half life of 15.4 days which allows ample 

time for the manufacture, control and delivery of the generator 

to centres at a distance from the manufacturer and yet still 

provide a useful. clinical shelf life of two weeks. 

rridium 191m has a half life of 4.9 sec, decays to stable 

rridium191 with the emission of 129 KeV y photons and 65 KeV 

X rays. These energies provide a high photon flux and are 

highly suited for use with standard gamma cameras particularly 

the thin crystal portable cameras in common use for cardiologic

al work. 

The osmium191 is loaded on to a column containing Biorad 

AGMP 1 anion exchange resin. The eluate is passed over a second 

column containing Dowex 2 x 10/pyrocatechol to prevent osmium 

breakthrough. The eluant volume is 0.6 - 1 ml and contains 

high specific activity 191mrr . This generator has been used 

successfully, in both adult and paediatric patients, for first 

pass studies at dose levels of 25 - 80 mCi 191mrr (9). The 

total osmium breakthrough is claimed to be less than 1 ~g/ml 

and the radiation dose to the patient is small since the osmium 

is the main contributing factor. A 25 mCi 191mrr dose administer

ed to a one year old patient has been calculated to give a 

whole body adsorbed radiation dose of 35.4 mrad of which 0.4 

mrad is attributed to 191mrr and 35 mrad to the osmium191 

The critical organ is the vein receiving the injection which 

receives ± 500 mrad. For comparison a 3 mCi dose of Technetium 

pertechnetate in a similar patient gives a whole body dose of 

195 mrad. Treves et al (9,10) have shown this generator to be 

suitable for visualizing both the right and left heart and for 

the evaluation of shunting. The long shelf life and favourable 

radiation characteristics of the generator make it an extremely 

interesting and economically viable radiopharmaceutical system. 
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k 81m K t 81m. . f 1 The fluid rypton system. ryp on 1S an 1nert ree y 

diffusable gas with a half life of 13 sec and an emission of 

190 KeV y radiation which is well suited for gamma camera 

studies. It can be obtained in solubilised form from a generator 

system in which the parent nuclide rubidium81 is absorbed on 
81m an ion exchange column. The krypton is eluted by means of 

5% glucose solution and provided no ionic substances are 

present the rubidium breakthrough is negligible. This system 

is more suited to continuous perfusion than bolus injection 

but its use for intermittent studies has also been reported. 
81m Krypton has been used to study pulmonary and cerebral 

blood-flow and, of course as gas, pulmonary ventilation. 

It has been used to study right ventricular function (11) 

by continuous perfusion directly from the generator via the 

antecubital vein. In the equilibrium situation insufficient 

activity reaches the left ventricle to interfere with the 

study and good results have been reported. The most important 

use for fluid krypton in cardiology has been its application 

to the study of regional myocardial perfusion and this will 

be discussed shortly. Let us now however turn our attention 

away from bolus injections to blood-pool imaging in the 

equilibrium state. 

Reagents for equilibrium blood-pool studies. For MUGA 

studies the optimal radiopharmaceutical will be homogenously 

distributed through the blood-pool and will remain in equilib

rium during the period in which data is acquired. 

One of the most elegant methods to label the blood-pool 

is to allow the patient to inhale 11c carbon monoxide which 

then becomes fixed in the erythrocytes as carboxyhaemoglobin. 

This method has the obvious disadvantage of being restricted 

to centres with a cyclotron and positron scanner (12). 

Technetium labelled human serum albumin. The most common

ly used reagent until recently has been Tc 99m labelled human 

serum albumin. This reagent is readily available in the form 

of stannous labelling kits but the in vivo stability leaves 

much to be desired (13,14). Dependent upon the formulation 

used up to 40% of the injected activity may be lost from the 
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blood-stream in the first hour post injection (15). In general 

commercially available labelling kits will produce in excess 

of 90% labelling the remainder being present as free pertech

netate or reduced Technetium in hydrolysed form. The amounts 

present can be determined by thin layer chromatography using 

a double solvent development. A primary development of the 

chromatogram using physiological saline separates hydrolysed 

Technetium which remains on the start line whilst a secondary 

development with 85% methanol separates the albumen complex, 

which remains on the sodium chloride front, from the pertech

netate which runs with the methanol front. 

This data, however, whilst relevant to the biodistribution, 

does not fully relate to the rate of blood-clearance. Miller 

et al (16) examined the radiochemical purity of four commercial

ly available stannous HSA kits and found between 73 - 93% 

labelling in vitro. The blood-pool retention after intravenous 

injection varied between 59.4% and 76.2% of the injected dose 

at 30 min post injection the lowest figure related to a product 

with 84% labelling whilst the product with the 73% labelling 

had a retention of 70.7%. There appears to be no relationship 

between vitro and vivo data which suggests that the albumin 

may be denatured to varying degrees by the various kits. 

Evidence to support this is offered by Miller in the same 

study by the fact that electrolytic labelling of Technetium 

albumin in two different kits, both using zirconium electrodes, 

produced a significantly more stable product with respect to 

biodistribution with 30 min blood-retention of 94.7 and 93.3% 

injected dose respectively. The electrolytic labelling tech

nique is chemically less aggresive than stannous labelling and 

the final product is buffered to a neutral pH which may also 

be significant. In view of this data it is regrettable that 

electrolytic labelling kits are no longer available. 

Technetium labelled erythrocytes. Technetium labelled 

albumin has now been largely replaced for blood-pool imaging 

by the use of Technetium labelled erythrocytes (13) which may 

be labelled in vivo (17) or in vitro (14). Technetium labelled 

erythrocytes have an effective half life in the blood of six 
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hours, equivalent to the physical half life of the label, and 

are ideal for gated equilibrium studies. A number of reagents 

have been used as labelling aid such as stannous citrate, 

DTPA and iminodiphosphonate but the most widely used is 

stannous pyrophosphate. 

In both the in vivo and in vitro labelling procedure the 

stannous ions are added to the erythrocytes prior to adding 

the pertechnetate. The in vivo procedure is the one of choice 

because it is simpler and does not involve taking and re

injecting a blood-sample. Further the pertechnetate can be in

jected as a bolus if desired so that a first pass study can be 

carried out prior to the MUGA study. The mechanism of stannous 

labelling has not as yet been resolved both in vitro and in 

vivo labelling results in a binding to the erythrocytes in 

excess of 80%. Binding to the choroid plexus also occurs with 

in vivo labelling (17-19). 

The amount of stannous ion injected is important for in 

vivo labelling the degree of labelling being related exponent

ially to the tin concentration up to concentrations of 10 - 15 

~g/kg body weight above which saturation occurs (19). The in

jected stannous ion has a biological half life of several days 

in the blood-stream (15) hence reinjection of pertechnetate 

will result in relabelling. 

Miscellaneous agents for blood-pool studies. The possib

ility of using 11C carbon monoxide for cardiac blood-pool 

imaging has already been mentioned, carbon dioxide ha~ also 

been prepared labelled with 11c of 150 and used for cardiac 

studies by Jones et al (20). When administered by inhalation 

it passes directly from the lungs to the left heart no activity 

reaches the right heart thus making it an optimal reagent to 

study the left ventricle. Such studies remain, however, limited 

to a few specialized centres. 

An alternative to Technetium is generator produced Indium 

113m which is readily available from a 113 Sn - 113mIn generator. 

Indium eluates can be obtained with a high specific activity 

which can be directly injected. The Indium binds to serum 

transferrin firmly which makes it an excellent reagent for 

gated blood-pool studies. Hosain et al (21), particularly in 
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view of its 100 min physical half life. Indium 113m DTPA has 

also been used because of its rapid blood-clearance which 

facilitates repeat studies (22). 

Reagents for the study of myocardial blood-pool 

The study of the blood-pool kinetics of the cardiac 

chambers and associated phenomena such as wall motion, partic

ularly of the left ventricle, provides valuable information 

concerning the efficiency of the heart as a pump. In order to 

obtain data of prognostic value to estimate the response of 

diseased myocardium to treatment more detailed information is 

required amongst other things about myocardial perfusion. 

The techniques used in the study of myocardial perfusion 

may be classified as invasive and non-invasive. 

Invasive techniques. Gaseous washout. The intracoronary 

injection of radiopharmaceuticals to evaluate myocardial 

perfusion in patients undergoing catheterization has provided 

useful information concerning both perfusion patterns and 
99m blood-flow. Tc pertechnetate and HSA have been used for 

this purpose (15). Solubilized inert gases such as xenon 133 , 

Xenon 127 and Krypton85 diffuse rapidly across capillary walls 

and into the cells. The degree of distribution is related to 

blood-flow, capillary permeability and cell membrane permea

bility. Ross et al (23) reported the myocardial to blood 

partition co-efficients for Krypton and Xenon to be 1.0 and 

0.72. The rate of build up in the tissue is thus related to 

the blood-flow but is also affected by the other factors. The 

rate of washout on the other hand is proportional to the 

relative blood-flow in different myocardial regions hence 

quantitative studies can be used as a measure of regional 

blood-flow. In such cases the gas is introduced into the myo

cardium by intra coronary catheter or direct intra myocardial 

injection (23,24). 

Krypton85 is a B emitter and only suitable for sampling 

methods whilst 133Xe has a long half life (5.3 days) which 

entails the use of trapping systems to recover exhaled gas. 

It is also poorly soluble which gives rise to storage problems 

and its y energy (79 KeV X-ray) whilst adequate for scintilla-
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t · t" t . If' . 127X lon coun lng lS no optlma or gamma camera lmaglng. e 

is better in this respect but has a long half life of 36 days 

which gives problems with storage and waste disposal (15). 

Microspheres. Technetium labelled microspheres or macro

aggregates injected by intracoronary injection become fixed 

in the capillaries in concentrations directly related to 

blood-flow patterns and have been successfully used in human 

subjects (26-28). Anomalous results may be observed however if 

the main branch of the coronary artery is short and prevents 

homogenous mixing (29). Both microspheres and macroaggregates 

are obtainable from commercial sources with carefully standard

ized particle size ranges and it is possible to label with a 

number of nuclides to facilitate repeat studies at short inter

vals of time or to carry out concurrent studies of the distribu

tion in different branches of the coronary system. Indium113m , 

and by implication Indium111 , and Lead 203 have been success

fully used as well as Technetium (28). 

Human serum albumin microspheres have the disadvantage that 

they are not cleared from the capillaries although the Tech

netium label washes off. Macroaggregates on the other hand 

undergo physical disintegration and eventually pass through 

the capillaries to be taken up in the RES. 

When considering organs with end-arteries, such as the 

heart, the question as to what is a safe dose level before 

alterations in perfusion are induced by the reagent is one 

which constantly arises. Chervu (15) reviewed the relevant 

literature and came to the conclusion that the injection of 

up to 200,000 particles was safe provided that the particle 

size range lay between 10 - 60)1 (;;: 0.4 mg HSA) and they were 

administered by slow intracoronary injection in a small volume 

of injection medium (up to 0.5 ml). At such dose levels no 

significant side effects have been observed but nevertheless 

the potential risk of an allergic response and the theoretical 

danger of embolus induction has inhibited the use of these 

reagents in clinical diagnosis. 

Gaseous perfusion. Continuous perfusion with solubilized 

Krypton 31m via selective catheterization has proved to be a 

useful technique which has yet to be implemented on a large 
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scale. Two methods of approach have been reported in the 

literature. Selwyn (30,31) introduced Krypton 81m by continuous 

perfusion into the aortic sinuses. At equilibrium a constant 

quantity of Krypton will enter the coronary vessels in rela

tion to blood-flow and it is possible to make quantitative 

studies. This approach however suffers from the technical 

disadvantages that small alterations in the catheter position 

may cause streaming and alterations in the mixing pattern with 

subsequent artefacts in myocardial distribution. Further, more 

than 90% of the infused activity passes directly into the 

circulation a less than optimum useage of the radiopharmaceutic

al. The alternative approach, which has been used to some ad

vantages, is continuous perfusion with Krypton 81m combined 

with selective coronary-catheterization (32-35). With this 

method all of the eluted activity enters the coronary circula

tion irrespective of the blood-flow. Depending on the degree 

of selective with which the catheter has been placed all or 

part of the coronary bed will be perfused. The distribution of 

Krypton within the perfused region reflects the physiological 

status of the vessels but is not a true measure of blood-flow. 

Nevertheless regional changes in perfusion are easily 

identified as redistribution of activity to or from perfused 

regions. With a 14-20 mCi generator and an elution rate of 

600 ml/hr satisfactory perfusion of the coronary vessels is 

obtained with negligible background activity. 

Potassium analogues and myocardial metaboli,tes. It has 

often been claimed that potassium analogues and labelled myo

cardial metabolites reflect myocardial blood-pool kinetics in 

their distribution patterns. In essence this is correct but it 

is also a fact that the myocardial accumulation of these sub

stances is affected by other factors such as cell membrane 

permeability, capillary permeability, diffusion patterns, the 

degree of intactness of the sodium/potassium pump and the 

availability of intra cellular binding sites. At the time a 

given study is made these factors may be affected for reasons 

unrelated to regional blood-flow and therefore some caution 

should be exercised in interpreting results. 
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N13 labelled ammonia, a positron emitter, has been claimed 

to be a useful reagent in this respect (36,37) since ammonia 

is rapidly cleared in the myocardium and enters the glutamine 

amino-acid protein pool where-upon no redistribution occurs. 

Knoebel et al (38) found a good correlation between 

rubidium84 distribution and microspheres at different myocardial 

flow rates and concluded that the inequalities of extraction 

ratios which were observed did not invalidate the findings of 

the rubidium studies. Similar findings have also been reported 

for Thallium (39). 

These reagents will be considered further in another context. 

The internal generator. An interesting concept for evaluat

ing myocardial blood-flow is the use of a so called internal 

generator. In this concept a mother element is required which 

decays to an radioactive inert daughter element which is then 

partially eluted from the myocardium in proportion to the 

degree of perfusion. Anomalies due to inhomogenous distribu

tion of the mother element can be corrected for by measuring 

regional Rb/Kr ratio. This ratio can then be used to examine 

both inter-regional differences and also intra-regional changes 

in blood-flow with time. 

Rubidium81 a positron emitter with a half life of 4.6 hr 

and a y emission at 253 KeV produces a daughter element 

krypton81m , with a half life of 13 seconds and a y emission 

at 190 KeV, which is biologically inert and therefore poten

tially ideal for this purpose (40). It has however not until 

now been implemented in clinical practice. 

Myocardial metabolites 

The accumulation of ionic substances, such as potassium 

in the myocardium is related to a number of biochemical para

meters and as such it is an indirect measure of myocardial 

metabolism. It is self evident that the evaluation of the 

turnover of a true metabolite is the most likely objective 

measure of cell damage and of the recovery potential of 

ischaemic cells. 

Fatty acids are rapidly assimilated by the myocardium 
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where they are converted into triglycerides by S oxidation 

thus providing a readily available source of energy. In 

ischaemic myocardium the prevailing anoxia inhibits this 

process and the myocardial cells switch to glucose metabolism 

as their primary energy source. It is therefore not surprising 

that a great deal of attention has been paid to the possibility 

of using labelled fatty acids and glucose derivatives to 

visualize the myocardium and detect metabolic defects. 

Fatty acids. A variety of radionuclides have been utilized 
. . 75 75 131 123 99m to label fatty acids lncludlng: Se ,Br ,I ,I ,Tc , 

Tc 123m , C1 34m , N13 and c11 . Acids with a chain length of up 

to C21 exhibit an enhanced uptake in the myocardium suitable 

for imaging studies, those with chain length greater than 

this are less effective. There has been some recent evidence 

(41) that much of the iodine turnover from fatty acids results 

from enzymatic removal of the iodine and not from true fatty 

acid metabolism although the results obtained mirror the 

clinical condition. The use of w-phenyl fatty acid to surmount 

this problem has been proposed by Machulla (42). 

Fatty acids are rapidly accumulated in the myocardium 

where they are primarily converted into triglycerides. Energy 

is released by S oxidation under normal conditions but in 

anoxia this is not possible and therefore the turnover rate 

of fatty acids is greatly reduced in ischaemic myocardium (43). 

Fatty acid studies therefore show ischaemic areas as regions 

with reduced uptake which show a slower turnover when time 

activity curves are generated. 

F18 De-oxy_glucose. Under anoxic conditions the cell 

metabolism switches from fatty acid oxidation to glucose 

metabolism. It is therefore of some interest to evaluate 

this parameter in relation to ischaemic cells and this is 

possible by use of Fluorine 18 labelled de-oxy glucose which 

partly follows glucose metabolism (44). It is possible that 

dual isotope studies using fatty acids and this compound may 

provide the optimum method for evaluation of the viability 

of ischaemic myocardium. In this context it should also not 

be forgotten that 150 is also available for positron studies. 
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Myocardial infarction 

When myocardial infarction is suspected scintigraphic 

techniques can give useful information concerning the location 

and size of the lesion. Two techniques are available, negative 

imaging in which the radiopharmaceutical is localized in normal 

tissue the infarct showing as a cold area and positive imaging 

when the reagent localizes in the infarcted area and not in 

normal tissue. 

Positive imaging 

Some fifteen Technetium labelled complexes have been report

ed in the literature as localizing in infarcted areas (45) 

The most widely used have been phosphate complexes and in 

particular pyrophosphate (46). With these compounds infarct 

to normal myocardium uptake ratios of around 25.1 have been 

obtained but imaging is hindered by skeletal uptake (47). It 

is thought that infarct accumulation is probably associated 

with increased calcium concentrations in ischaemic cells and 

a general tendency to localize in necrotic tissue. 

Attempts have recently been made to reduce skeletal uptake, 

to enhance cardiac imaging by administering vitamin D (48,49). 

Other Technetium compounds which only localize in necrotic 

tissue have not proved to be as effective in humans as in 

experimental animals (45) but many experimental studies are 

being made and it would appear that the uptake of some compounds 

such as Tc gluconate is proportional to the severity of the 

condition (50). Technetium heparin has given good results in 

dogs (51) but in our hands showed no infarct localization in 

humans. 

A potential drawback with all of these compounds is that 

they are only effective during the first few days of infarction, 

after four days no uptake can be observed. 

Negative imaging 

Thallous 201 chloride localizes in normal myocardium where 

some degree of intracellular binding occurs (52), ischaemia 

and infarction show reduced uptake. If the Thallium is injected 
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under exercise stress a redistribution occurs during recovery 

whereby ischaemic areas take up activity but infarcts remain 

negative. It has been shown that cells may become saturated 

(53) with Thallium so that the redistribution factor may 

become affected. Thallium may also be present as a negatively 

charged complex (53) which means that it does not always act 

as a potassium analogue a factor which may render distribution 

studies of dubious value. 

Recently Technetium arsine derivatives have been developed 

(54) which localize in normal myocardium in animals, these 

may well compete with Thallium in the future although the first 

results in humans have been disappointing. 

Cardiac thrombi 

The identification of cardiac thrombi has recently become 

possible by using Indium 111 labelled thromcocytes both in the 

heart chambers (55) and in extracardiac conduits (56) and 

appears to be a useful new technique. Tc labelled plasmin may 

also be useful in this respect although the slow blood clear

ance may yield too high a background activity for cardiac use. 
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Free fatty acidE are of paramount importance for structure 

and function of the heart muscle (1-3). They are (a) major 

constituents of complex lipids organized in the sarcolemma 

and subcellular membrane systems (2); (b) they modulate the 

activity of some important enzymes (1,2); and (c) are a major 

source of energy for myocardial metabolism. Under physiologic

al conditions, they are the main fuel for biological oxida

tion, i.e. energy production of the heart (1). Up to 80% of 

myocardial oxygen consumption is used for the oxidation of 

FFA under fasting conditions (1,2). The quantity of cardiac 

FFA-oxidized is primarily dependant of the mechanical

energetic demand of the heart muscle, the availability of 

competitive substrates and oxygen supply (1,2). 

In fig 1 the main steps of cardiac energy production are 

displayed schematically. The main alternate substrates for 

cardiac energy production are glucose and lactate (2). Amino 

acids are of minor importance for cardiac energy metabolism 

under physiological conditions (1). 

During the last 15 years the role of FFA as a source of 

energy in cardiac metabolism has stimulated several groups to 

work on the development of methods for the non-invasive 

evaluation of myocardial lipid metabolism by means of radio

labelled FFA (4-9). FFA can be tagged with isotopes of various 

radiohalogen (4-9),for example radioiodine, tellurium (10) or 

with positron emitting nuclides (11C, 18F ) (11,12). Iodination 

of FFA results in 'FFA-analogs' with primarily unknown biol

ogical properties, whereas 11C-substitution of a carbon 

molecule of FFA does not alter the biological behaviour of 

the labelled compounds (11). Evaluation of myocardial metabolism 
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with positron-emitting labelled substrates (i.e. 11C-palmatic 
18 13. 11 18 acid, F-fluor-desoxyglucose, N-ammonla or cj F-labelled 

amino acids) is beyond the scope of this chapter but has been 

the subject of recent excellent reviews (11,13,14). 

As early as 1965 Evans and co-workers were able to demon

strate myocardial uptake of 131I-labelled oleic acid in vivo 

by precordial scanning (4). They demonstrated reduced tracer 

accumulation in acutely infarcted myocardium (15). The low 

specific radioactivity of the tracer and the unsatisfactory 

imaging properties of 131 1 limited the broad clinical applica

tion of this radiolabelled fatty acid analog. However, in 

1976 Poe et al (16) were the first to tag FFA with 123 1 . With 

the introduction of this new isotope, considerable progress 

in the in vivo use of radioiodinated FFA was achieved due to 

the reduced radiation burden and the superior imaging proper

ties of the labelled FFA (16) and new prospects for the in 

vivo use of radioiodinated FFA in cardiology were opened. 

I-FFA proved to be excellent myocardial imaging agents 

(4-9, 15-20). Their uptake in heart muscle being closely 

related to regional tissue perfusion as assessed by K-43 

tissue uptake (16) or microspheres (21). 

In extensive animal experiments Machulla et al were able 

to show that terminal radioiodinated 17-I-Iodoheptadecanoic 

acid (IHA) is accumulated in the heart muscle in similar 

concentrations to 11c-palmitic acid (6). After rapid cardiac 

tracer uptake, the concentration of radioactivity of both IHA 

and 11c-palmitic acid were comparable (6). Preliminary results 

indicated similar findings in patients (22). It was concluded 

from these observations that the cardiac metabolism of both 

compounds was comparable. 123 1 was found in increasing amounts 

in peripheral blood after i.v. IHA-injection (6), indicating 

deiodination at one - still unknown - step of the metabolic 

handling of this tracer. 

Feinendegen, Vyska, Freundlieb, Hock, Van der Wall, Dudczak 

and others in extensive clinical studies described a good 

delineation of left ventricular myocardium after the i.v. 

injection of IHA and other terminal iodinated aliphatic FFA 
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(7-9, 17-20). Fast iodide clearance from the heart and probably 

also from the liver and other tissues (23) produced increasing 

"back-ground" radioactivity in blood and ECF, thus degrading 

image quality of myocardial scintigrams (16,17). 

Therefore several "back-ground correction" procedures for 

the correction of extra-cardiac radioactivity, registered in 

precordial scintigrams, were applied (18,29). High quality 

cardiac scans with homogenous cardiac tracer uptake were ob

tained after application of these back-ground correction 

algorithms (17,18). Acute and chronic myocardial infarcts were 

characterized by clearly delineated areas of focal reduced 

tracer uptake. Left ventricular segments supplied by highly 

stenosed coronary arteries had often reduced tracer uptake. 

Frequently a mottled tracer uptake pattern has been found in 

advanced congestive cardiomyopathy (19). 

Cardiac radioactivity clearance, determined from properly 

back-ground corrected I-FFA-scans, has been claimed to reflect 

a parameter of S-oxidative degradation of these tracers (17). 

Elimination half times of 20 to 35 min were recorded in healthy 

volunteers (8,17). Patients with coronary artery disease (CAD) 

frequently showed prolongations of cardiac tracer elimination in 

myocardial segments supplied by significantly stenosed coronary 

arteries (8,17). Prolonged tracer eliminations were found at 

investigations, performed at rest or immediately after maximal 

bicycle exercise, from cardiac regions supplied by highly 

stenosed vessels (8,17). In contrast increased tracer clearance 

from acutely ischemic myocardium has been reported (20'). 

Interpretation of these results is hampered by the rapid 

release of the iodine label from heart muscle tissue (6,24,25). 

Machulla therefore developed terminal phenyl-substituted fatty 

acids, labelled in the para-position of the benzene ring 

(fig 2) (26). This compound is not de iodinated in vivo due to 

the strong iodine-binding to the terminal benzene ring (26). 

Indeed, since principles of biological oxidation of FFA have 

been discovered by Knoop with "phenyl-labelled" free fatty 

acids (27), this tracer proved to be very promising for in

vestigation of cardiac lipid metabolism (28). 
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Recently 123mTe or stable tellurium has been incorporated 

into the aliphatic chain of various long chain FFA or phenyl

pentadecanoic acid (10,29,30). These types of FFA analogs, 

labelled at the terminal C-atom of the aliphatic chain or in 

para-position of the terminal benzene ring, exhibit pronounced 

cardiac uptake in comparable amounts as other I-FFA but are 

retained in the heart muscle (10,29,30). Retention of these 

tracers is probably due to inhibited oxidation or intracellular 

complexation of the tracer with cytosolic proteins (31) Where

as 17-iodo-9- tellura-heptadecanoic acid was rapidly deiodized 

in the rat heart, introduction of the iodine label at the 

terminal benzene- or vinyl group resulted in stable iodine 

binding at the FFA-molecule and in tracer retention in the 

heart muscle (31). Similar to other FFA-analogs, tellurium 

fatty acids are taken up by the heart in close relation to 

rMBF (10). Since metabolic degradation of these tracers is 

inhibited, tellurium-FFA, radioiodinated at a terminal phenyl

or venyl-group, may have potential for non-invasive assess

ment or rMBF. Similarly, branched chain radiolabelled fatty 

acids like 8-methyl-FFA, which are taken up but are not 

degraded in heart muscle (32), may be promising for non

invasive assessment of rMBF in conjunction with SPECT (fig 3) 

In the following chapters biokinetics of various radio

iodinated FFA will be discussed in more detail. Results will 

be grouped according to the metabolic sequence of cardiac 

FFA-metabolism, i.e. 

1) Cardiac uptake and flow dependence of I-FFAaccumulation 

in the heart 

2) Tracer turnover in the heart muscle 

a) hydrophilic metabolites 

b) lipophilic metabolites 

and 

3) SPECT studies of I-FFA-metabolism as well as 

4) principal clearance patterns of cardiac I-FFA-turnover in 

patients. 



1. Cardiac uptake of I-FFA and flow-dependence of I-FFA 

accumulation in the heart 
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First experiments of Poe et al indicated a very close 

relation of cardiac IHA-uptake to regional tissue perfusion in 

normal and acutely ischemic myocardium. Recent studies in our 

laboratory - using I-PPA as FFA-tracer - confirmed these 

observations (21). In addition, at increasing pacing-induced 

cardiac demand and consequently increased regional myocardial 

blood-flow (rMBF), only a moderate increase of I-PPA-uptake 

was found indicating limitations in the use of long chain 

I-FFA as flow tracers at increased rMBF. Transmural distribu

tion of I-PPA uptake was grossly homogeneous despite signific

antly higher subendocardial rMBF, supporting the hypothesis 

of inhomogeneous substrate-utilization in the heart muscle with 

preferential glucose utilization in subendocardium (33). 

Dependence of cardiac I-FFA uptake on important modulating 

factors of the heart's FFA utilization as albumin/FFA-ratio, 

alternate substrate utilization, hormonal control, intracellular 

binding proteins or availability of free HS-CoA has not been 

established as yet. 

2. I-FFA-turnover in the heart 

Kinetics of I-FFA in the murine heart has been the subject 

of extensive investigations. After i.v. tracer injection, IHA 

and other radioiodinated aliphatic FFA, as well as I-PPA are 

rapialy taken up by the heart muscle (fig 4). After maximal 

heart uptake at 1-2 min p.i., a subsequent two component 

elimination pattern was found (6). Velocity of IHA elimination 

is comparable to that of 11c-palmitic acid. In contrast, I-PPA 

elimination seems to be somewhat delayed (34). Bimodal time 

course of IHA-elimination has been explained by the combined 

effect of immediate B-oxidation and subsequent washout of the 

"final" catabolite 123I-iodide (35); the second cardiac clear

ance component might be related to the fractional tracer turn

over in cardiac lipids. I-PPA-clearance from the heart was 

found to be governed by velocity of 123I-benzoic acid product

tion rate - the final catabolite of I-PPA degradation - and 
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from turnover in cardiac lipids (36,37). 

2a. Turnover of hydrophilic metabolites in the heart 

muscle 

The complex cardiac kinetics of I-FFA led to the investiga

tion of the intracellular tracer distribution in myocardium. 

After injection of radioiodinated aliphatic FFA the main 

radiolabelled fraction in heart muscle was a hydrophilic 

catabolite, which turned out to be 1123-iodide (24,38). 

This finding, confirmed by several authors in several ex

perimental models in vivo and in the isolated perfused 
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Langendorff rat heart (24,25,39), introduced considerable 

controversy and doubt in the applicability of aliphatic I-FFA 

as metabolic tracer for cardiac FFA metabolism (35). However, 

the metabolic step of aliphatic I-FFA deiodination and the 

rate limiting step for metabolic degradation and/or deiodina

tion and subsequent wash-out of the iodide (or conceivably 

short chain labelled metabolites) from the heart have not yet 

been determined exactly. More confusing, in clinical studies 

of patients with congestive cardiomyopathies - most in advanced 

stage - inhomogeneous tracer wash-out was observed in a clinic

al situation of at least at the level amenable to coronary 

angiography-homogeneous and undisturbed tissue perfusion. 

These findings leave--to the authors opinion - the applicabil

ity of aliphatic I-FFA as metabolic tracer of certain steps 

of cardiac FFA-metabolism open for discussion by now. 

Intracardiac turnover of terminal phenyl-substituted 

123I-Iabelled pentadecanoic acid (I-PPA) has been extensively 

studied by our group (21,23,34,36,37,40). It was found that 

I-PPA is rapidly oxidized to a hydrophilic catabolite comigra

ting in TLC with 123I-benzoic acid indicating rapid oxidation 

of I-PPA in the heart muscle (36). A recent gaschromatographic/ 

mass spectrometric (GeMS) study in isolated Langendorf-perfused 

rat hearts proved cardiac oxidation of I-PPA to 123I-benzoic 

acid (28). Moreover no significant tissue retention of the 

terminal catabolite(s) was found in this study (28). In keeping 

with these results we found - despite a transitory high prod

uction of hydrophilic catabolites in heart muscle - no signif

icant catabolite retention in vivo (23) (fig 4). 

In Langendorf-perfused rat hearts a close correlation of 

the production rate of 123I-benzoic acid and 14C02 was found 

indicating a high relation of I-PPA and 14c-palmitic acid 

oxidation under control conditions, as well as during stimu

lated or partially inhibited cardiac lipolysis (36). Precordial 

registered radioactivity clearance, assessed in Langendorff 

rat hearts after intra-aortic bolus injection of 14c-palmitic 
123 acid and I-PPA simultaneously, was closely related to I-

benzoic acid and 14co2-production, i.e. cardiac FFA oxidation 
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intensity of labelled lipids on 14C autoradiograph is due to the much 
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fraction, FFA: free fatty acids, PL: phospholipids. 

(36). Therefore it is suggested that quantitative parameters 

of cardiac lipid metabolism may be derived from cardiac radio

activity clearance after i.v. I-PPA injection. 

2b. Kinetics of in vivo I-FFA labelled cardiac lipids 

Kinetics of in vivo labelled cardiac lipids after i.v. 

injection of aliphatic or phenylated radio iodinated fatty 

acids has been studied by several authors. Results presented 

by Oaus et al and others indicated IRA-uptake into main cardiac 
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lipid fraction (phospholipids, triglycerides, FFA) (34). 

Interestingly a recent study performed in our laboratory showed -

compared to distribution of 14C palmitic acid labelled lipids 

in heart muscle (24), an atypical tissue distribution of IHA

labelled cardiac lipids with relative high uptake in the phos

pholipid fraction (PL) and relative slow uptake in cardiac 

triglycerides. 

In contrast I-PPA labelled cardiac lipids showed in vivo 

labelling of the main myocardial lipid fractions (fig 5) in 

nearly identical amounts as values reported for 14c-palmitic 

acid (23,41) (fig 5). A double tracer study, where 14c-palmitic 

and 131 I _PPA were used, showed a significant correlation of 

relative radioactivity uptake in main cardiac lipid fractions 
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(R = 0.7 - 0.88 for TG-, PL-, DG- and FFA-fraction (23). I-PPA 

was identified in 127 I _PPA labelled cardiac lipids by GC/MS. 

Uptake of I-PPA, determined by GC/MS (127 I _PPA or radioactiv

ity (123 I _PPA ) was identical over a range of carrier free 

tracer delivery to about O.S mg/min I-PPA-supply to the heart 

(28) . 

Kinetics of in vivo labelled cardiac lipids showed - after 

an initial tracer clearance period - low levels of "free" 

I-PPA, diglycerides and phospholipids (23). In contrast, pre

dominant fast tracer uptake and bicomponent tracer elimina

tion was found in cardiac triglycerides, indicating a meta

bolic heterogeneity of myocardial triglyceride-pools. Similar 

results have been reported for 14c-palmitic or 3H-oleic acid 



-Fig. 6a. SPOCT of a dog's heart with an acute myocardial infarct in 
anterolateral wall i cardio-CT after contrast infusion ot" the same dog 
(fig 5b) shows excellent correspondence of location and extent of 
ischemic myocardium, visualized with both methods. Note side-inverted 
display of cardio-CT due to different reconstruction algorithm. 
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labelled cardiac triglycerides (41,42). Although far from a 

complete understanding of metabolic turnover of radiolabelled 

iodofatty acids in heart muscle, data reported for cardiac 

kinetics of certain fatty acids deliver a framework for inter

pretation of relative metabolic flow rates of overall cardiac 

lipid metabolism through externally recorded myocardial tracer 

turnover curves. 

3. SPECT studied of cardiac I-FFA turnover 

Single photon emission computed tomography (SPECT) bears 

a great potential for evaluation of regional tissue integrity 

and function. There are a few recent studies, where cardiac 

I-PPA metabolism has been studied by means of this new imaging 

modality. Rellas and co-workers were able to evaluate myo

cardial clearance of I-PPA in control dogs and animals with 

acute myocardial infarct with quantitative SPECT (43). These 



96 

Fig. 6b. 

authors reported encouraging results for non-invasive assess

ment of regional myocardial fatty acid metabolism during 

evolving myocardial infarction. Their results indicated pros

pects of this investigation modality for prediction of cell 

viability and control of therapeutic interventions. 

Using I-PPA as tracer and quantitative sequential SPECT 

acutely ischemic myocardium could be localized in dogs by our 

group (44). Good image quality of the tomograms, acquired at 

rest, indicated the great potential of this investigation 

modality for myocardial infarct detection and quantitation 

(fig 6). With serial SPECT we could show highly reduced tracer 

turnover in animals with acute ischemic myocardium and reduced 

cardiac mechanical function (30% reduction of left ventricular 

ejection fraction compared to control animals). In control 
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Fig. 7. Myocardial scintigram, cardiac tracer-clearance curves (0-10 min 
p.L) and coronary angiogram in a control patient (upper row) and a 
patient with 90% LAD stenosis (lower row). I-PPA injection into left 
coronary artery. Note reduced tracer uptake and slower monocornponent 
tracer clearance in CAD patient after first vascular spike. 

animals, I-PPA turnover showed a bicomponent radioactivity 

clearance (44) very similar to cardiac clearance determined 

by means of 11c-palmitate clearance and PET (11). These 

results have been confirmed by I-PPA-turnover studies in 

comparable experimental models with tissue counting techniques 

by Kulkarni and co-workers (45). 

A recent study reported by Rosler and co-workers tried to 

assess regional cardiac lHA uptake and metabolism in patients 

by repeated 7-pinhole tomoscintigraphy. Myocardial infarcts 

(up to 4 weeks post event) and scars (with a history of more 

than 4 weeks post event) were detected with 80-85% sensitivity. 

These authors however were not able to extract relevant in

formation from "radioactivity elimination rates" of normal 



98 

HOMOGENOUS MYOCARDIAL rRACER CLEARANCE IN NORMAL PERFUSED TISSUE 

100 

>-
~ L 
> ::::> 
~ 

L 
LJ X 60 
<{ <{ 

L 
....J 
~ W 

a: 0 

40 

20 

10 20 30 40 

. --. SEPTUM 

l::i.--l::i. POSTERO 
LA TERAL 
WALL 

so 60 70 

TIME(min) 

80 90 

Fig. 8. Homogeneous cardiac tracer clearance in a control patient with 
nonnal coronary arteries after Lv. I-PPA injection. Back-ground corrected 
time activity curves. 

myocardium. They found t however, certain types of cardiac 

lesions with prolonged tracer clearance, which might be 

associated to the patient's prognosis (46). 

4. Principle clearance patterns of cardiac I-FFA turnover 

in patients 

In patients IHA and related compounds as well as I-PPA 

are rapidly cleared from peripheral blood after i.v. injection 

(47). Only after 10 min p.i. is a slowly increasing amount of 

blood radioactivity observed, necessitating back-ground 

correction procedures if cardiac tracer clearance is to be 

determined (40). "Background" radioactivity is due to 1123-

iodide after application of aliphatic I-FFA or 123 1 _ benzoic

and 123I-hippuric acid as well as probably 123I-benzoic acid

glucuronide (40) if I-PPA is used. 
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Cardiac uptake of I-FFA is rapid and in the normal heart, 

homogeneous (47) (fig 7). Maximal heart uptake is achieved 

5-10 min p.i. at studies performed at rest. In studies performed 

immediately after ergometric exercise maximal heart uptake is 

earlier due to increased HMV, increased MBF and reduced circula

tion time of the tracer. 

Cardiac radioactivity clearance is homogeneous in the 

normal heart (47( (fig 8) after i.v. injection of I-FFA. If 

data are acquired sufficiently long - usually 70-90 min - a 

bicomponent tracer clearance is found in normal myocardium 

(40,47). Half times of 20 to 35 min have been reported, if 

tracer clearance is followed for only 40 min and cardiac 

clearance is fitted with a monoexponentialfunction (17). 

Dudczak reported values of 9.55 ± 1.43 min (x ± SD, N = 22) 

and 54.9 ± 18.2 min (x SD, N = 20) for IHA elimination from 

normal myocardium (9). Using I-PPA, elimination half-times of 

11.2 ± 1.41 min and 75.8 ± 31.6 min (x SD, N = 40) have been 

found for tracer clearance from normal myocardium of patients 

(47) . 

After bicycle exercise several authors failed to demon

strate an enhanced cardiac tracer elimination of control 

patients after IHA injection (8,48). It is unclear, if these 

observations are due to the properties of the tracer itself, 

if cardiac lipolysis, which is expected to raise with in

creasing demand (1) was not sufficiently (long?) stimulated 

or if alternate substrates (i.e. lactate and glucose) exerted 

a partial inhibitory effect on myocardial lipolysis, thus 

preventing the expected increase of the heart's lipid metabol

ism. Preliminary results obtained with I-PPA in patients with 

severe CAD and symptom-limited exercise revealed an increase 

of cardiac radioactivity clearance from normal perfused seg

ments (49). Half times of 6.3 ± 1.3 min (x ± SD, N = 9) after 

exercise versus 11.2 ± 1.41 at rest (x ± SD, N = 40) were 

reported for the first elimination component (49). Thus, 

similar to increased cardiac tracer clearance after Isoprotere

nol-stimulation of myocardial lipolysis, observed in the 

isolated Langendorff rat heart, increased cardiac demand is 



100 

100 ra... 
~ .. '. . - . ANTEROLATERAL WAL L 

:r: • • . - . INTERVENTRICULAR => • • :r: . '\. ---. SEPTUM x ~ . , « 
:r: •• • 
'"- ... , 
0 • • ••• ~ 50 .. ... 

0 ......... , 
>- ••• I-

~ .......... 
m I- (2) ( 3 ) (4) w 

« 

--l-~ ~ ...,j 
I..LJ 
c:: 

25 mm/s 50 mm/s 
0 

10 20 30 40 50 60 
TIME (min) 

Fig. 9. Initial ischemia-induced delay of myocardial tracer clearance in 
the territory of a severe coronary stenosis, ccmpared to nonnal clearance 
pattern in no:rmal perfused area. ECG findings are shown in the insert 
(lead 4) at peak exercise (1), 15 min p.i. (2), 40 min p.i. (3) and 
60 min p.i. 

probably associated with increased cardiac lipolysis resulting 

in increased turnover of I-PPA. However, it is unclear, to what 

8xtent this demand-induced stimulation of cardiac lipid metabol

ism is counter-balanced by increasin0 utilization of competitive 

substrates in normal and diseased heart muscle. 

In the territory of significantly obstructed coronary 

arteries, two different metabolic patterns of I-FFA turnover 

have been observed: 1) using IRA or I-PPA as tracer, I-FFA turn

over can be markedly prolonged (17,8,47) (f ig 10). This 

finding may be interpreted as metabolic sequelae of reduced 

oxygen delivery and consequently reduced FFA-oxidation (1,2). 

Biochemically the metabolic fate of I-FFA might be shifted 

from predominant primary oxidation and/or turnover via a fast 

turnover fraction of cardiac triglycerides to turnover in the 

slow turnover fraction of cardiac lipids (phospholipids and a 

pool of cardiac triglycerides with delayed turnover) . 

Preliminary results reported from our laboratory establish

ed an association of exercise-induced myocardial ischemia -
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Fig. 10 a, b. COImlOn I-PPA clearance pattern in the territory of highly 
(>75%) stenosed coronary arteries; (fig 10a) : delayed cardiac tracer 
clearance; (fig 10b): enhanced cardiac tracer clearance; back-grolU1d 
corrected-time activity curves; investigations performed at rest without 
clinical or EX::G-findings of Il1Yocardial ischemia. 

documented by stress-induced ECG abnormalities and significant 

angina - and a delay of regional cardiac I-PPA turnover (49) 

(fig 9). For a comprehensive discussion of the clinical results, 

the reader is refered to Dudczak's contribution in this book 

(50) . 

2) Markedly accelerated turnover of I-PPA in the territory of 

some highly stenosed coronary arteries has been described in 

studies performed at rest or after maximal exercise (47,49) 

(fig 10). This metabolic pattern has been occasionally observ

ed as well if 11c-palmitic acid is used as tracer of cardiac 

FFA-metabolism (51). The interpretation of these findings is 

still unclear, since cardiac lipid turnover is expected to 

be rather slow in these segments. Interestingly, however, 

severe ultrastructural disturbances of cardiac tissues with 
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increased amounts of functionally incompletely decoupled mito

chondria have been observed in heart muscle specimens of 

patients with severe CAD (52,53). Thus increased cardiac lipid 

turnover might be related to the amount and functional integrity 

of cardiac mitochondria and may be indicative of an adapt ion 

of the myocardium to repetitive ischemic events,. In addition, 

incomplete I-FFA oxidation (54) or increased lipid washout 

documented in acutely ischemic myocardium (36,55) has to be 

taken into consideration. Further studies are needed to eluci

date this very interesting metabolic pattern. These studies 

are not only of theoretical interest, but are also beyond any 

doubt, clinically important since increased cardiac turnover 

of I-FFA has been observed in our laboratory exclusively in 

severe CAD, indicating a poor prognosis of this special 

metabolic pattern. 

In conclusion, there are promising new tracers for evalua

tion of cardiac lipid metabolism. Evaluation of tissue perfu-
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sion should be possible by the use of these tracers - at least 

in relative terms. Localization and quantitation of acute 

myocardial infarction, especially in conjunction with quantit

ative SPECT-imaging, has great potential by means of I-FFA. 

Qualitative or semiquantitative assessment of parameters of 

overall cardiac lipid metabolism seems to be possible on a 

regional basis using at least certain radioiodinated fatty 

acids with stable iodine-binding in vivo. 

Ischemic inhibition of cardiac lipid metabolism is probably 

associated with a delay of cardiac turnover of phenylated 

I-FFA and can be regionally displayed in clinical examinations. 

Conceivably the use of these tracers in conjunction with a 

dedicated imaging modality may deliver a clue to the quantita

tion of myocardial ischemia and evaluation of reversibility 

of ischemic tissue ihjury. In patients with CAD certain metabol

ic patterns of cardiac phenyl-fatty acid turnover seem to 

imply a relation to the patients prognosis. Although far from 

a complete understanding of cardiac I-FFA metabolism, a new 

diagnostic tool for clinical, non-invasive assessment of one 

important metabolic branch of the heart's energy producing 

capacity is emerging, thus expanding our diagnostic armamem

tarium in completion of the well established procedures for 

assessment of perfusion and mechanical function of the heart. 
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ASSESSMENT OF LEFT VENTRICULAR GLOBAL FUNCTION 

H.-P. BREUEL, M. BAHRE 

INTRODUCTION 

Radionuclide ventriculography (RNV) , i.e. the noninvasive 

evaluation of left ventricular performance following the applica

tion of radionuclides has had a major impact on many aspects of 

cardiology and has proven its clinical value and reliability in the 

last few years. Nowadays it is an accepted method in clinical 

practice and permits the assessment of both regional and global 

cardiac function. Although the following deals mainly with the 

changes in global left ventricular function, this cannot be regarded 

separately from changes in regional function (1-6), in terms of 

describing impaired left ventricular performance, they are both 

complementary and interrelated aspects of the same problem. 

Method 

There are two principal approaches, Gated Equilibrium Blood 

Pool Scintigraphy and First Pass Radionuclide Angiocardiography 

(7,8). 

Clinically, the most frequently performed procedure is Gated 

Equilibrium Blood Pool SCintigraphy. In this approach, the entire 

equilibrium blood pool, which is homogenously mixed with an intra

vascular tracer (almost exclusively autologous red cells labelled 

with Tc 99m_pertechnetate), is imaged. Because externally detected 

counts are proportional to left ventricular volumes, evaluation of 

changes in counts permits the noninvasive evaluation of changes of 

left ventricular volumes during the cardiac cycle by synchronizing 

the collection of scintillation data with a physiological marker 

suitable for temporally identifying the sequence of the cardiac 

cycle, i.e. the R-wave of the ECG. Repetitive sampling of the 
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Fig. 1. Left ventricular volume curve. 

cardiac cycle thus can be performed until an adequate count density 

is achieved. 

The "gating" technique, first described by Hoffmann and Kleine 

(9) was developed because there are too few counts recorded within 

an individual cardiac cycle to give sufficient quantitative data. 

These data of the volume change during the heart cycle are stored 

in a computer memory. During or after data acquisition is finished, 

the recorded data of the volume changes of the left ventricle are 

sorted for a defined R-R-interval of the same length and a left 

ventricular volume curve is created which can be analysed (fig. 1). 

The conventional method of gated equilibrium blood pool scinti

graphy employs a simple frame mode data acquisition (10-12). The 
cardiac cycle is divided into constant time segments, usually 16 

to 64, each represented by an image. Space for the images is 

reserved in the memory of the computer, which simply adds the 

particular images. The advantages of this frame mode technique 

include the modest amount of the required computer data storage 

and the fact that the data are formatted in real time during 

acquisition and thus are immediately available for creating the 

left ventricular volume curve. The important disadvantages of the 

frame mode technique are the limited time resolution, which only 
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permits the calculation of the ejection fraction, and the need 

for a uniform heart rate, because in the presence of a slight 

arrhythmia - even the respiratory arrhythmia of normal subjects -

the variations in R-R-intervals cause inaccurate temporal position

ing of events in the diastolic portion of the cardiac cycle (12,13), 

preventing calculation of peak filling rates of the ventricle. 

These shortcomings of the frame mode data acquisition can be 

overcome by the list mode data acquisition (10,11,12,86). In this 

acquisition technique, the computer memory stores individual 

scintillations as separate events together with time markers and 

R-wave markers, instead of complete images of the left ventricle 

as in the frame mode technique. These time markers may be spaced 

by very short intervals (usually 10 msec), thus providing temporal 

resolution e~ual to 100 frames per sec. After the data acqui

sition is complete, the data are sorted and reformatted by means 

of the time and R-wave markers into image sequences represent-

ing a "representative" cardiac cycle, which is not influenced by 

cardiac arrhythmias. However, list mode acquisition of radionuclide 

data calls for significant storage space in computer memory and 

requires a time consuming (10 to 20 min) reformatting before 

analysis. 

First Pass Radionuclide Angiocardiography is completely 

different from gated blood pool scintigraphy. In this approach to 

describing left ventricular function, only the initial transit of 

a radioactive bolus through the central circulation is analysed. 

The analysis of these first pass data is derived with indicator 

dilution principles (14-16). The main assumption of the first pass 

radionuclide angiocardiography is the homogenous mixing of the 

intravenously injected bolus with blood in the left ventricle. On 

the other hand, an important pre-requisite to be met for quantit

ative analysis of indicator dilution methods is the immediate entry 

of the indicator in the compartment to be measured (delta function). 

That is true regardless whether the indicator is labelled or not 

and whether the indicator concentration is measured invasively 

within the compartment or noninvasively above the compartment as 

in radionuclide angiocardiography. Of course these two requirements 

(homogenous mixing and rapid entry of the indicator bolus in the 
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compartment) cannot both be fullfilled simult~neo~sly but, in 

clinical practice, first pass radionuclide ventriculography has 

proven to be of identical value as gated equilibrium blood pool 

scintigraphy with frame mode acquisition provided that the tracer 

is really injected as a compact bolus. Injection of the tracer 

into the femoral vein instead of an antecubital vein can reduce 

the number of patients whose results cannot be analysed because 

of technical reasons (17). For analysis, a representative cardiac 

cycle can be created with either the R-wave of the electrocardio

gram or the peak of the volume curve to align end-diastoles of 

several consecutive beats {usually three to six cycles). Alter

natively, in the gated first pass technique, data are stored 

directly in a series of equal frames starting immediately after 

the R-wave. The picture file is identical to that obtained in 

equilibrium blood pool imaging wi"th frame mode data acquisition, 

except that only a few cardiac cycles are used. 

Parameters 

The most important parameters for the assessment of left vent

ricular global performance derived from the left and right vent

ricular volume curve by RNV are the ejection fraction (EF) under 

resting and exercise conditions and the peak filling rate of the 

left ventricle at rest. 

The left ventricular ejection fraction (LVEF) describes the 

percentage of left ventricular end-diastolic volume (EDV), which 

leaves the heart during systole: 

( 1 ) EF EDV ESV 
x 100 ( %) 

EDV 

Left ventricular ejection fraction can be directly obtained withou 

further calculation from the RNV-left ventricular volume curve and 

has proven to be a reliable parameter of left ventricular systolic 

function. A decreased resting left ventricular ejection fraction 

indicates an impaired left ventricular performance, whereas a 

diminished LVEF at exercise generally does not. This is because 

left ventricular ejection fraction is a complex parameter which is 
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influenced not only by intrinsic myocardial performance but also 

by preload and afterload changes (18,19), heart rate (19-21) and 

other factors. Left ventricular ejection fraction measured by RNV 

may also be influenced by the method of background correction 

(22-26) and to a smaller extent by the time resolution of data 

acquisition (27,28). In innumerable studies the accuracy (25,26, 

29,30,31,32) and high reproducibility (30,33,34,35,36,37,38,39,40) 

of both resting and exercise LVEF measurements by radionuclide 

ventriculography, as a prerequisite for widespread clinical applica

tion and serial measurements, has been demonstrated. The variabil

ity of RNV-ejection fraction calculations between two independent 

observers is less than 2% and the absolute difference between two 

sequential studies is about the same (39), so that a change in 

LVEF of 5% or more (absolute percentage) can be considered as a 

significant change (3,41,42), whether due to exercise or pharma

cological interventions. 

Usually, LVEF is determined both at rest and during exercise. 

Since patients with heart diseases are mainly symptomatic only 

during exercise, it is logical that the hemodynamic evaluation 

also should be performed during exercise. Exercise is at present 

the safest and most convenient means of stimulating the myocardium 

to demand maximal or near maximal blood flow and is the only way 

of stimulating such a high demand for oxygen delivery that even 

moderate impairment of coronary blood flow capacity becomes detect

able (43). Even when the diagnosis is certain, stress testing is 

used to determine the approach to therapy, i.e. to evaluate the 

degree of benefit from vasodilator, beta-blocker or surgical 

therapy. 

The stress testing most commonly employed in RNV is the upright 

or supine bicycle exercise. Even if there are some differences in 

the hemodynamic responses to exercise in the upright and supine 

position (43,44,45,46,47), the increase in LVEF in both methods 

is comparable (but more pronounced in the upright position). In 

patients, who cannot achieve maximal exercise levels (limited 

exercise capacity because of peripheral vascular diseases or in

adequate heart rate to exercise because of disorders associated 

with chronotropic incompetence), some other methods of stress 
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testing have been recommended: cold pressor test (1,48,49) iso

metric handgrip stress (1,45,50,51) and atrial pacing (21,52,53). 

The cold pressor stimulus is a sympathomimetic response 

associated with a reflex increase in blood pressure (49). Its 

sensitivity and specificity for detecting patients with left 

ventricular dysfunction is reported to be similar to bicycle 

exercise testing (48,50). 

Isometric handgrip exercise has the advantage that it 

requires minimal movement of the patient thus reducing the 

potential problem of motion artefacts. The normal left ventricle 

responds to stress of isometric exercise with little change in 

its filling pressure but with an increase in stroke work. In 

contrast, the ventricle whose function is impaired displays an 

increase in filling pressure but little increase, or even a fall, 

in stroke work (54,55). Isometric handgrip testing is safer for 

patients with coronary artery disease and might be superior to 

bicycle exercise or the cold pressor test in examining patients 

by RNV, but the data available so far are insufficient to permit 

a final decision on the value of this technique. 

In recent years, a technique for the determination of right 

ventricular EF has been developed that corrects for the contribu
tion of right atrial activity to right ventricular activity and 

thus permits the RVEF calculations (8,56,57,58,59). 

The left ventricular peak filling rate is another sensitive 

indicator of abnormal left ventricular function, being reduced 

even at rest in many patients with only slightly impaired left 

ventricular performance and a normal LVEF at rest (60,61,62, 

63,64,65). 

Usually the peak filling rate is normalized to the end diasto: 

ic counts. Reliable and reproducible results necessitate consider

able computing facilities; left ven~Ficular filling rate should 

only be evaluated if the following prerequisites are met: 

a) time resolution of at least 50 Hz (28,66); 

b) averaging of the volume curve by Fourier analysis (4,6,27); 

c) calculation only by means of heart cycles of the same length 

to avoid image shift in the diastolic part of the volume curVE 

which influences the peak filling rates (11,12,13,66). 
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In practice, calculation of left ventricular peak filling 

rates therefore requires data acquisition in list mode (12). First 

pass radionuclide angiography and frame mode gated equilibrium 

blood pool scintigraphy generally cannot be used to estimate this 

parameter accurately. 

Up to now it is unclear whether the response of the filling 

rate to exercise provides information of additional diagnostic 

importance. The calculation of left ventricular peak ejection rate 

as an index of left ventricular systolic function as well as the 

calculation of the times of the end-systole, of the peak filling 

rate and of the peak ejection rate is much easier but usually adds 

no further information to that obtained from left ventricular 

ejection fraction. 

Whereas the estimation of relative left ventricular volumes 

during systole and diastole is, by definition, easy to perform 

(changes of counts in the left ventricle are identical to changes 

in volume), the calculation of absolute left ventricular volumes 

involves serious problems. The application of the area-to-length 

method (as used in echocardiography and ventriculography) to RNV 

does not provide reliable results in individual patients (67). 

However, in the last few years RNV-methods have been published 

which are independent of geometric assumptions (68,69,70,71,72) 

and which may result in an accurate estimation of end-systolic 

and end diastolic left ventricular volumes. If these results are 

confirmed by other groups, the noninvasive determination of left 

ventricular volumes might add information of tremendous importance 

to single ejection fraction evaluations, since changes of loading 

conditions can be recognized which influence the ejection fraction 

and thus may conceal left ventricular impairment by RNV-exercise 

testing. 

Coronary artery disease 

In patients with CAD the resting LVEF (table 1) is often 

decreased (5,63,76,80), but is in most cases not significantly 

different from normal subjects (61,62,73,75,77,78,81), even if 

some groups have demonstrated a strong connection between the 

amount of LVEF decrease and the number of vessels which are 
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Table 1. Resting EF, peak ejection rate and peak filling rate in nonnal 
subjects and patients with CAD 

normal subjects patients with CAD 

peak peak peak 

" ejektion filling Er ejektion peak filling rate 
rate rate rntp 

Borer, 1978,{J:n 57 . 1 48 

ilreuel. 1978 (63) 69.3:3,8 4.hO.S 4.3tO.6 44.2d2.J 2.StO.9 2.0:0,8 

t-1addox, 1979 (5) 65 % 8 ., , 17 

Breuel, 1979 ( 74) 69.J±J.8 4.hO.5 4.3:!:O.6 pta. with on. vesel'll 

CAD: 51. 2:!:lJ. 2 J.l:!:G.9 2.6:0.9 

pts. with two vessel 

CAD: 4J.6:d4;4 2.5!O.S 1.9:0",6 

lindsay, 1980 (7S) 65 % 2 pt :1. with Ye'!I('\ 

1"1111: (,2 , 2 

I)tn. with two vease 1 

CAD: 54 , 3 

pta. with th.ree 

CAD: 52 • 2 

Biihre, 1980 (76) 71.l:!:5.8 4.2!:O.5 4. hO. 6 44.2tl1. 7 2. St1.0 2.0:0.7 

Dehmer. 1981 (77) 72 % 2 pta. with on. veaael 
CAD: 68 , 4 

pta. with two_ 0" 
thrce-vr.~H)I!'l CAD; 

56 , , 
Bonow, 1981 (6D) 55 , 6 2.7:0.5 3.3::.0.6 pta. with normal 

resting Er: 

54 , 7 2.B!;O.6 2.1:::0. :; 

pta • .,.jth decreased 

resting EF: 
32 , 7 1.9;1:0.5 l.J:O.4 

Reduto, 1981 (61) . 67 , 9 3.1,0.8 57:13 pts. with normal 

Er at rest: 

2.7 :0. 7 

pts. wit., abnorT:la~ 

EF at re~t : 

1. i!O. ~ 

Hecht. 1981 (78) 68 • 8 59:10 

Simon, 1981 (79) 66 • .5t5.1 J.6:!:O.7 4.l±O. J 42.5::!:17.8 2.6!1.1 2.l:tD.9 

Bonow I 1982 (62 ) 55:6 2.3:0.6 
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Table 2. Left ventricular perfonnance in patients with CAD at rest 
and during exercise. 

Borer, 1978 (73) 

I<l'nt. 1978 (53) 

lindsay, 1980 175) 

(. 

a t teat 

4B 

51 :!: 

CAD: 

62:!: Z 

2-vessel-

CAD: 

54!: J 

'-veasel-

CAD: 

52 ~ Z 

:>'echwatal, 1980 (84) 59 1,2 

Upton, 1980 (85) 61 1: a 

Simon, 1981 (80) 34 t 14 

Schwaiger, 1981 (40) 60:t 10 

Oehme:-, 1981 (77) 

ReGuto, 1981 (61) 

Ratib, 1982 0) 

Tan, 1982 {tP} 

~'echt, 1982 (J9) 

l- .... essel

CAO: 

68:!: 4 

2-and·3· 

vessel CAD: 

56!: J 

57 13 

54 12 

40:!: 9 

56 !: 14 

(' 

during 

!!)(ercise 

J6 

59 , 2 

50 , J 

4B 

50 16 

52 , B 

JJ , 11 

58 14 

78 , 2 

52 

57 16 

50 1> 

" 11 

51 18 

peak !!jection peak ejection peak filling peak filling 

tate tlite during ;ate rate during 

a t res t at rest 

1.6 t 0,6 1.5 to,S 1.2 0.4 1.5 :t 0.6 

3.6 :1 0.8 3,9 :!: ILl 2.6 :t 0.9 4.} :t 16.9 

1.8 0.7 2.5 0.9 

I 
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involved (74,75,77,82). Nevertheless, the sensitivity of RNV 

to detect a CAD by means of the resting left ventricular ejec

tion fraction is only about 20 to 30%. 

At exercise however, typical changes can be demonstrated which 

permit the diagnOSis of CAD even in patients with normal resting 

LVEF. Left ventricular ejection fraction at exercise fails to 

increase, or may even decrease (table 2), and/or new regional 

wall motion abnormalities appear (2,3,39,49,61,73,75,77,80,84,85, 

86,87,88). In normal subjects however, LVEF increases at exercise 

more than 5% (EF units) and wall motion abnormalities and regional 

disturbances can never be demonstrated. This typically different 

behaviour of the EF-exercise response results from an increase in 

end diastolic volume (EDV) and a decrease in end systolic volume 

(ESV) during exercise stress in normal subjects (87), whereas 

patients with CAD are characterized by a more pronounced increase 

in the already enlarged end diastolic volume (77,85). The different 

EF-exercise response pattern between patients with CAD and normal 

subjects was first described by Borer et al (73,81) and has subse

quently been confirmed in principle by other groups. False positivE 

results, i.e. an increase in EF-response to exercise in patients 

with CAD, are mainly caused by inadequate exercise stress (88), by 

a treatment with beta-blocking drugs or by technical errors due to 

underestimating the resting EF or calculating the maximal (=exer

cise) value (41). False negative results (i.e. no change in exer

cise EF-response in normal patients) is mainly due to the presence 

of beta-blockade (89), which has been shown to reduce the restigq 

EF slightly and to blunt (but not to eliminate) the normal increaSE 

in EF during exercise (90,91,92). 

If adequate exercise is maintained (developing of chest pain 01 

depression of at least 1 rum or a pressure-rate product greater thar 

250), the sensitivity of RNV in detecting patients with CAD is 

about 94% but this falls to only 62% with inadequate exercise test

ing (88). 

All studies dealing with the diagnosis of CAD by exercise 

RNV have concluded that this method is a sensitive tool for the 

noninvasive detection of patients with CAD (1,3,39,41,73,77,78,81, 

93-99,164). Its overall sensitivity is about 80 to 90% and its 
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Table 3. EF in patients with cardiomyopathy or congestive heart failure 

£f at .. eat rr dUl'in\l exerel •• 

Schoolme •• ter, Group I. chronic congesUve .. ardiomyopathy 

1981 (100) 22."6.1 16.7t6.8 Group I. ischemic cardiomyopathy 

Group II. Group I I • primary cardiomyopathy 

19.h4.7 24.616.4 

francis, 1982 (10) 20 t 2 - congestive heart failure 

Ricci, 1982 (104) 29.7t7.5 - congestive heart failure 

franciosa, 1982 (l05) 25 t 6 - chronic heart failure 

Massie, 1982 (] 06) ]9 t 6 - chronic conqpstive heart failure 

Firth, 1982 (l07) 19 t 5 - conqestive heart failure 

Hecht, 1982 (lOll 19.8t9.6 18.8tl1.4 chronic congestive cardiomyopathy 

specificity about 90 to 100%, but only if other heart diseases 

with a similar exercise ejection fraction response as seen in 

patients with CAD (e.g. valvular heart disease, cardiomyopathy 

(100-102) can be excluded (e.g. by echocardiography), if truly 

maximal exercise testing is performed and if a therapy with 

beta-blockers has been stopped before RNV. 

As has already been observed in 1978 by Breuel et al (63,64), 

peak filling rate is a more sensitive parameter of left ventric

ular performance than is the left ventricular ejection fraction, 

even under resting conditions. Subsequently these findings have 

been confirmed by others, who demonstrated that the peak filling 

rate is altered, even at rest, in up to 90% of patients with CAD 

and impaired left ventricular systolic function (4,60,61,62). 

The abnormalities of left ventricular diastolic filling are 

not specific for CAD and may appear in patients with valvular 

I 
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heart disease and hypertrophic cardiomyopathy. However, that is 

also true for the lack of LVEF-increase in these patients (table 

3) and for the appearance of regional wall motion abnormalities, 

as was demonstrated by Hecht (78). The cause of abnormal left 

ventricular diastolic filling in the absence of abnormal systolic 

function and/or evidence of active ischemia is unexplained (62). 

The reduced peak filling rate at rest in patients with CAD and 

normal systolic function may be caused by an asymptomatic decrease 

in myocardial perfusion. During active myocardial ischemia dia

stolic dysfunction develops from impaired early diastolic left 

ventricular relaxation or increased diastolic tone, thus decreas

ing the peak filling rate; myocardial relaxation during early 

diastole is an active, energy dependent, process and previous 

investigations have shown that hypoxia may impair the rate of 

myocardial relaxation by reducing available substrate for ATP

dependent dissociation of actin and myosin. Additionally, acidosis 

appears to increase the affinity of sarcoplasmic reticulum for 

calcium, thereby resulting in prolongation of relaxation time (61). 

Reduction of peak filling rate in patients after myocardial 

infarction results from myocardial fibrosis with alterations in the 

distensibility characteristics of the left ventricle. 

The volume ejected early in systole has also been proposed as 

an indicator of abnormal left ventricular function at rest in 

patients with CAD, a normal EF and normal wall motion (108). 

However, it could be demonstrated (109) that resting left ventric

ular emptying curves are identical in normal subjects and patients 

with CAD who have a normal EF and no wall motion disturbances. 

Therefore, not only is the "first third" ejection fraction unable 

to detect patients with CAD but also the entire resting left vent

ricular emptying curve obtained with RNV can probably not be 

used to distinguish between patients with CAD and normal sub

jects. 

Further to the diagnostic evaluation of patients with suspected 

CAD, the functional assessment of known disease is an important 

indication for the use of RNV. Several studies have dealt with 

patients who have had an acute myocardial infarction (MI) (table 4). 

Resting LVEF is reduced in about 70% of all patients with acute 
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myocardial infarction (112). The type and degree of ventricular 

dysfunction depends on the localization of the acute infarction. 

A depressed ejection fraction is more common in patients 

with anterior (90 to 100% of all patients) than in those with 

inferior infarction (about 60%). In patients with inferior infarc

tion the mean EF is lower in patients who have concomitant ST

segment depression in the precordial leads (104,120). In patients 

with anterior infarction, regional EF as a quantitative measure 

of regional left ventricular performance is uniformly depressed in 

the infarcted zone, whereas in patients with inferior infarction 

abnormalities of regional performance are less severe and can only 

be demonstrated in 70% of patients. 

Only 30% of patients with inferior infarction but 69% of those 

with anterior infarction also have an abnormal regional performance 

in noninfarcted zones (111). These findings demonstrate a close 

dependance of global on regional function in noninfarcted as well 

as infarcted zones. Furthermore the mean resting LVEF is signific

antly lower in patients with higher clinical classification (112, 

116), but the clinical classification as well as the X-ray-findings 

fail to correlate with EF in individual cases. Thus early radio

nuclide ventriculography adds significantly to the discriminant 

power of clinical and radiographic characterization of ventricular 

function in patients with acute myocardial infarction. Further

more, from the clinical point of view it is important that RNV 

allows an assessment of the prognosis of patients with acute 

myocardial infarction. Several recent studies have stressed 

the prognostic importance of the resting LVEF as a predictor 

of early mortality and the subsequent development of congestive 

heart failure (CHF) or sudden death. 
Death due to pump failure occurred in 55% of patients with an 

EF of 30% or less but only in about 5-10% of the remainder (110, 

113). A scintigraphic LVEF equal to or less than 52% measured 

early after the event is seen in 93% of patients who die; but is 

also seen in 58% of patients who survive and provides a positive 

predictive accuracy for death of only 35% (118). The negative 

predictive accuracy of LVEF measurements is generally greater than 

the positive predictive accuracy - i.e. it is more certain that a 
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Table 4. Radionuclide ventriculography after myocardial infarction (MI) 

t ilTJe after HI Er 

Pichler, 1979 ( 110) 24 hours anlerior infarction: 34 , 10 

Inferior infarction: 61 , 8 

Wynne t 1980 (111) 40 hours anterior infarction! 31 , ) 

inferior infarction: 51 ± J 

Battler, 1980 (112 ) day 1 to 4 "'1 Rll Class I : 48 ± 10 

after ad- Clas9 II : 45 • 18 

mission Class III: 36 ± 10 

Shah I 1980 ( 11) 24 hours anterior infarction: 34 ± 9 

inferior infarction: SO ± 14 

Corbett, 1981 ( 114) 19 days no cRrdiac event in the 6 month follow-up I 
rest U: 66 

Ex U : 76 

mlnor C(Jrc.!! <.Ie evpnt: 

res t U: 51 

Ex U : 47 

major c<!rdiaC' event: 

rest [f: 44 

Ex Ef : J 7 

Wackers, 1982 (IH) 800n .fter anterior infarctionl )6 • 6 

admission inferior infarction: 45 ± 15 

Sanford, 1982 (116) day 1 to 4 Killip Cles9 I : 50 ± 14 

after ad- Clas9 I I • 42 " 17 

mission Cla99 !ll: 27 • 7 

--

Uolan, 1982 017 ) 3 ~Qk81 3 weeks: 

B week a anterior infarction: rest (F" , 35 ± 10 

subm.'" • E". Er. J6 • 1) 

inferior infarctionl reet (r I 51 • 11 

Bubmax. Ex. Er. 50 t D 

previous inrarctionl rest U I 2) • B 

Bubrna ... Ex. Er. 26 ± 10 

8 weeks: 

anterior infarction: rest rr I }6 • 10 

malt, Ex. Er. 37 • 13 

inrerior inforct Ion: rest rr , 53 , 11 

mill( , [x. cr. 50 , 1 ) 

pre".iou9 infOfction: rent U . 2) , 9 

mUll;, [, . cr, 2B , 10 

Perez-Conselea, 1982 4 deye U related to tho late prognoalel 

( 11B) asymptomat ic patienle I 54.1 

patients with anqina , 52.5 

patients with CHr . 42.7 

patients who died of cerdic causes: 40.2 

Wa8aerman, 1982 (119) at least 8 entr.rior inrarction: 

weeks sinqle vE'sse 1 disease: re9t Er : 45' 3, Ex cr: 43, 3 

. mu It i ves5p.l disease : re~t £r : 40, 2, Ex U: 34 ± 2 

inferiBr infarction: 

single vessel diseBse: rest Ef : 5) • 2, Ex Ef. 57 ± 3 

mult i vessel disease : rest cr : 50:- 2 j Ex Er: 4; , 2 
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patient will not develop CHF or die if LVEF is less abnormal. 

Nemerowski et al (121) demonstrated that LVEF (and RVEF) changes 

variably during the hospital course of acute myocardial infarction. 

Early determination of LVEF has prognostic implications whereas 

its subsequent changes are less closely related to short-term 

prognosis. These changes tend to occur mostly within the first few 

days after the acute event and appear to be unpredictable according 

to the demographic, clinical and hemodynamic status on admission. 

These LVEF changes typically occur without concurrent change in 

regional wall motion, suggesting changes in ventricular loading 

rather than changes in intrinsic myocardial performance. 

The evaluation of left ventricular function at rest and during 

submaximal exercise in the convalescent phase at 3 and 8 weeks 

following acute myocardial infarction appears to be more sensitive 

and specific than stress ECG in detecting exercise induced myocar

dial ischemia and permits the identification of patients with 

depressed resting ventricular function or exercise induced myocar

dial ischemia who may benefit from intensive medical or surgical 

therapy (117). Furthermore, patients at risk of future cardiac 

events during the ensuing 6 months can be identified by exercise 

RNVi in 88% of patients without important cardiac events (death, 

recurrent myocardial function, unstable angina) during the 6 months 

follow-ups there was no abnormality in the response of LVEF to 

submaximal exercise (114). 

RNV has also been used to evaluate the effects of several 

potential therapies for CAD, including coronary bypass surgery, 

aneurysmectomy (122) and coronary angioplasty (62). 3 to 6 months 

after successful coronary artery bypass graft surgery, LVEF levels 

after maximal exercise are significantly higher than preoperatively 

whereas in patients with blocked or stenosed grafts LVEF decreases 

significantly during exercise (79,83,123,124,125). The improved 

LV-functional reserve postoperatively is associated with clinical 

improvement. 

Important observations have been made by Freeman et al (126) 

and Bahre et al (79) that patients with normal left ventricular 

function preoperatively frequently demonstrate an abnormal left 

ventricular reserve postoperatively. Even in patients with success-
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ful coronary artery bypass surgery and normalized EF response 

postoperatively, the peak filling rate at rest shows unchanged 

pathological values. A preoperatively reduced peak filling rate 

(equal to or less than 2.0) is associated with a worse prognosis 

as far as the postoperative improvement of left ventricular 

performance is concerned, regardless the preoperative LVEF-exer

cise response (79). 

Bonow (62) recently demonstrated that, in patients with one

vessel CAD, no evidence of previous myocardial infarction, normal 

resting left ventricular ejection fraction but abnormal LV dias

tolic filling peak (peak filling rate >2.5), the LV diastolic 

filling improved after Percutaneous Transluminal Coronary Angio

plasty and became normal in the majority of patients. These data 

suggest, that in this subgroup of patients with abnormalities 

of LV diastolic filling as the earliest parameter of impaired lef 

ventricular function, these abnormalities are not fixed but appea 

to be reversible manifestations of reduced coronary flow. 

Furthermore RNV permits an assessment of the results of drug 

therapy in patients with CAD. 

During the last decade beta adrenoceptor blocking drugs have 

become widely accepted for treatment of patients with angina 

pectoris. Their effectiveness is attributed primarily to a dec rea 

in myocardial oxygen consumption requirements, indirectly reflect 

by a reduction in heart rate and systolic blood pressure during 

exercise. 

Propranolol has either no effect on the basal left ventricula 

function in normal subjects (92), improves resting left ventricul 

ejection fraction (91) or even reduces left ventricular performan 

(90) . 

During exercise, a dose-related negative inotropic effect 

produces a decline in exercise left ventricular ejection fraction 

(90,91,92) in normal subjects, thus reducing EF-response to exer

cise during treatment with beta blocking drugs. In patients with 

CAD, the effect of propranolol on exercise ventricular performanc 

depends on the presence or absence of ischemic dysfunction during 

exercise (92). In patients with an ischemic functional response t 

exercise (unchanged or decreased delta EF), propranolol signific-
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antly improves regional and global performance during and after 

exercise and prevents exercise-induced left ventricular dysfunc

tion (41,84,91,92,127,128,129). In CAD patients with a normal 

response to exercise, propranolol has no significant effect on 

exercise and post-exercise ventricular function (92). This implies 

that the ischemic myocardium is more sensitive to the effects of 

beta-blockade. Whilst therapy with beta-blocking drugs usually 

improves left ventricular regional function, acute beta-blockade 

may, however, result in an impairment of regional wall movement 

despite improvement of ischemic signs (ST-lowering and anginal 

symptoms) (84). 

RNV following the administration of nitroglycerin may be 

useful in evaluating the variability of abnormally contracting 

ventricular segments in patients with CAD (130,131), thus detect

ing abnormally contrac>ting ischemic segments by improvement or 

non-improvement respectively of dyssynergies resulting from 

nitrates. In patients with CAD, nitroglycerin reduces exercise

induced regional wall motion abnormalities (73), which can be 

mitigated by prophylactic nitroglycerin. 

In normal subjects, as well as in patients with CAD, both 

resting and exercise EF increase (73,80,130,131,132,133,134) but 

the improvement is more striking in the normals. However, the 

most important effect of nitroglycerin is the improvement of the 

exercise EF-response in patients with CAD, which might be explained 

by a reduced myocardial oxygen demand (preload and after load 

reduction) or by a reduction in ischemia due to improving myocar

dial oxygen supply. 

Valvular heart disease 

RNV does not permit the detection of patients with valvular 

heart disease (as opposed to CAD) but resting and exercise vent

ricular performance studies are uniquely suited for defining 

functional status in these patients. 

Most studies have dealt with the evaluation of patients with 

aortic regurgitation (table 5). The severity of valvular regur

gitation is conventionally assessed by contrast ventriculography. 

However, this approach is highly invasive and does not allow 
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Table 5. Left ventricular perfonnance in patients with aortic 
regurgitation 

rf peak 
rf exercise filling 
at rest during rate at 

rest 

Borer at aI, 1978 47 38 - symptomatic pts., 

( 135) 62 57 - asymptomatic pts. 

Borer et aI, 1979 46 J7 - symptomatic pts. 

( 136) 

Manyari et aI, 1981 61 54 - asymptomatic pts. 

( 137) 

Dehmer et aI, 1981 59 50 - symptomatic pts., 

( 138) 73 72 - asymptomatic pts. 

Henze et aI, 1982 56 45 - symptomatic pts. 

( 139) 

Schuler et aI, 1982 62 63 - asymptomatic pts. 

(18) 

Lewis et aI, 1982 50 49 - symptomatic pts. 

(140) 57 64 - asymptomatic pta. 

Breue1 et aI, 1983 56 - 2.3 symptomatic pts. 

(141) 

serial measurements of left ventricular performance for evaluatinc 

effects of therapeutic interventions, i.e. valve replacement or 

drug therapy. Additional problems may arise in the accurate deter· 

mination of left ventricular volumes from altered left ventricula: 

geometry in valvular heart diseases. These shortcomings can be 

overcome by radionuclide methods. 

At rest, mean LVEF in aortic insufficiency, even in symptom

atic patients, is usually not significantly different from that 
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of normal subjects (18,56,78,135,137,138,139,140,142,143) but, in 

some patients, may be slightly decreased (136,138,140,141,142,144). 

The average resting LVEF is higher in asymptomatic than in symptom

atic ones (135,138,140). 

During exercise, the mean left ventricular EF is unchanged in 

up to 50% of all asymptomatic patients (135,136,138,139) and. 

declines in the majority of symptomatic patients (18,135,138). 

Whereas during exercise EDV increases and ESV decreases in normal 

subjects, patients with symptomatic aortic insufficiency show an 

increase in EDV and ESV, which are both already increased in the 

resting state (138,139). These changes in left ventricular volumes 

during exercise may be helpful in the characterization of left 

ventricular performance in patients with chronic aortic regurgita

tion. Resting RVEF is unaltered but increases significantly with 

exercise (56). 

An abnormal resting LVEF is not necessarily predictive of 

abnormal LV exercise reserve (140). Therefore only exercise testing 

permits evaluation of the left ventricular performance of patients 

with aortic regurgitation. The response of EF during exercise is a 

sensitive and useful clinical index of the functional reserve of 

the left ventricle in patients with aortic regurgitation (135). 

Subnormal EF during exercise generally appears before the manifes

tation of left ventricular dysfunction, commonly assessed non

invasively or at cardiac catheterization. Therefore a depressed EF 

at rest implies diminished left ventricular performance but a 

"normal" resting EF does not necessarily imply normal left vent

ricular function. 

The presence of left ventricular dysfunction induced only by 

stress probably represents an intermediate point between normal 

left ventricular function and the development of left ventricular 

dysfunction at rest, which is associated with a poor long-term 

prognosis (135, 136). 

Furthermore, exercise induced regional wall motion abnormal

ities (which have been thought a reliable indicator of CAD only) 

were found in 42% of patients with aortic insufficiency without 

CAD, predominantly in the infero-apical segment of the left vent

ricle (78). The mechanism of these wall motion abnormalities is 
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unclear. They may be produced by the relative reduction in both 

minor and major axis shortening with exercise. On the other hane 

the ventricular hypertrophy of patients with chronic aortic 

regurgitation produces uneven gradients of regional myocardial 

perfusion, so that a disparity between oxygen demand and supply 

during exercise might result in regional changes in those areas 

with relatively poor perfusion (78). 

These abnormalities in the EF during exercise in patients 

with chronic aortic regurgitation do not generally indicate 

impairment in the intrinsic contractile state of the myocardium, 

because EF is also affected by alterations in preload and after

load (18). The development of an acute pressure load during 

exercise might preclude an increase in EF even if ventricular 

function is normal. 

However, the presence of important intrinsic left ventricula 

dysfunction in patients with aortic regurgitation and an abnorma 

ejection fraction response to exercise is suggested by studies 

indicating that EF during exercise, although improved, most 

often does not revert to normal after aortic valve replacement i 

patients with preoperatively depressed EF (136,142). Only in 

asymptomatic patients with normal resting LVEF and a decreased 

ejection fraction response (137), the EF at exercise increases 

after valve replacement and cannot be distinguished postoperativ 

ely from that of normal subjects. The lack of adequate ejection 

fraction response during exercise in patients with chronic aorti 

regurgitation as an early indicator of impairment of intrinsic 

contractile state of the left ventricle is also indicated by the 

observation that, in patients with chronic aortic valve insuff

iciency, both maximal ejection rate and maximal filling rate are 

markedly decreased, even under resting conditions, but are not 

altered in patients with aortic stenosis or mitral valve insuff

iciency (141). That is consistent with the finding (18), that 

the slope of the end systolic pressure-volume relation, a sen

sitive indicator of myocardial contractility (145), is within 

the normal range in patients with a normal left ventricular 

exercise reserve but significantly lower in patients who 

experience left ventricular dysfunction during exercise. In any 



Table 6. Left ventricular performance in patients with other types of 
valvular heart disease than aortic regurgitation 

Type of EF EF 
valvular disease at rest during 

exercise 

Henze at a I, 1981 mitral valv!! 52 42 

( 56) insufficiency 

Henze et a I • 19A2 ",itral v n 1 v p 56 4} 

( 1 39 ) insufficlency 

Boucher et a I • 1981 mitral valvl! 66 -
(144) insufficiency 

Newman el ai, 1981 mitral valve 61 71 

( 146 ) prolapse 

Gottdil'ner et a 1 • mItrAl valve ')7 64 

1981 ( 147) prolapse 

AOfl'f d n 1. 1 'J!1 1 nortlc stpn05is 68 57 

( 14 H) 

Hofman et lJ 1 • 1981 Aortic stenosis 69 -
( 142 ) 
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event, the potential usefulness of radionuclide ventriculography 

during exercise in the evaluation of left ventricular performance 

of patients with chronic aortic regurgitation does not depend on 

whether an abnormal ejection fraction always indicates intrinsic 

myocardial dysfunction (135). LVEF during exercise has proven 

valuable emperically as an early indicator of diminished left 

ventricular functional reserve and can help to assess the approp

riate timing of operative interventions. 

Only a few studies have dealt with other types of valvular 

heart disease (table 6). 

In patients with severe aortic stenosis, a normal (141,142,148) or 
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a slightly decreased ejection fraction (142) is present at rest. 

Whilst aortic valve replacement does not change the EF at rest, 

it significantly improves the EF response during exercise (142, 

148) . 

In patients with mitral valve regurgitation or mitral valve 

prolapse, the resting EF is either slightly decreased (56), or 

within the normal range (139,144). With exercise, LVEF as well 

as RVEF decrease rapidly in patients with mitral valve regurgita

tion, thus behaving differently from patients with chronic aortic 

regurgitation, in whom the RVEF increases (56,139). 

After mitral valve replacement, EF decreases early in the post

operative period because of loading changes but remains slightly 

depressed at late postoperative follow-up (144). 

Thus, further studies are needed to assess the clinical use

fulness of RNV in patients with aortic valve stenosis, mitral valve 

insufficiency and other valvular heart diseases. 

RNV in clinical pharmacology and drug therapy monitoring 

Assessment of the global left ventricular function by radio

nuclide techniques can be used not only to design and optimize 

therapy in a specific patient (7) but is an accepted part of the 

methodological approach for evaluation new drugs and a suitable 

tool for noninvasive sequential drug therapy monitoring. 

The application of RNV can be recommended for the study of two 

different problems. 

a) To exclude adverse drug effects on left ventricular performance 

in the process of drug safety evaluation. To answer that impor

tant question, mainly the left ventricular peak filling rate 

should be used, since isolated assessments of LVEF provide only 

limited evidence because of dependence on preload and after

load changes. The demonstration of an unchanged peak filling 

rate during or after drug therapy excludes a harmfull effect 

on left ventricular myocardial performance. 

b) To demonstrate hemodynamic effects of new drugs particularly 

after long-term medication (106,149,150). Although the demonstra

tion of a drug-induced cardiovascular effect is not equivalent 

to therapeutic efficacy (which principally has to be demonstratec 
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by its clinical benefits), RNV 

type of hemodynamic changes to be expected, as well as information 

on the mode of action and the onset and duration of the pharmacol

ogical effects. 

Noninvasive RNV in this indication has not only the advantage 

of a lacking risk for the patient but, above all, in contrast to 

classical cardiac catheterization, does not itself cause hemo

dynamic changes. Compared with echocardiography, RNV is superior 

in two respects: 

in 30 to 40% of all patients (32,151) and, furthermore, the calcula

tion of LVEF and volumes is afflicted with unpredictable errors in 

patients with non-uniformly enlarged or dyskinetic left ventricular 

such as occur in patients with CAD and/or congestive heart failure. 

From the great number of studies conducted in this field a few 

examples have been selected to demonstrate the capabilities and 

limitations of RNV for the assessment of global left 

function: 

The traditional role of digoxin and other cardiac glycosides 

in the management of ventricular dysfunction has recently come 

under scrutiny. In the absence of overt cardiac failure, the 

administration of glycosides has been variously reported as having 

a deleterious, beneficial or no effect on ventricular dysfunction. 

Firth et al (152) thus performed a study to assess the effects of 

chronic oral digoxin therapy on left ventricular ejection fraction, 

end diastolic and end systolic volumes, stroke volume and cardiac 

output at rest and during supine exercise with multigated blood 

pool imaging. They could demonstrate that chronic digoxin therapy 

in patients with stable ischemic heart disease provides improved 

ventricular function at peak exercise in patients with well 

preserved left ventricular function at rest. 

The afterload-reducing agent prazosin, an alpha-l blocking 

agent, improves left ventricular function and increases performance, 

with decreased left ventricular end systolic volume and increased 

EF and cardiac output in patients with heart failure refractory 

to other treatments (153). In patients with chronic stable heart 

failure, long-term therapy with prazosin does not influence the 
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resting EF during treatment but the exercise EF increases signif

icantly (154). 

In terms of the application of RNV to assessment of the hemo

dynamic effect of vasodilators the reports of Hag (155) and of 

Firth (107) provide the important information that the changes 

in ventricular size produced by these drugs might be too small 

for detection with echocardiography of RNV in patients with severe 

left ventricular dilatation and an EF of less than 30%. However, 

it is probable that, in these particular patients, the estimation 

of pulmonary transit times (MPTT) by simple radiocardiography 

(156) might add diagnostically important information for the 

monitoring of patients with vasodilator therapy (151). 

Terbutaline is a member of another group of pharmacological 

agents that has been studied in relation to the effects on left 

heart function. Terbutaline, a beta agonist, was shown in several 

studies to increase right heart as well as left heart performance 

in patients with chronic obstructive pulmonary disease (8,157, 

158), patients with congestive heart failure (159) and patients 

with previous myocardial function (160), especially those with 

depressed global cardiac function. 

Oral theophylline, a widely used bronchodilator in chronic 

obstructive pulmonary disease, produces a sustained modest enhance

ment of resting biventricular performance (161). 

Furthermore the cardiotoxic effect of the highly efficacious 

therapeutic agent doxorubicin (Adriamycin) has been evaluated 

in several clinical studies (162,163). Serial assessment of left 

ventricular EF by radionuclide ventriculography allows identifica

tion of patients at risk for the development of congestive heart 

failure before clinical signs of left ventricular dysfunction 

occur and predicts the onset of doxorubicin cardiotoxicity. 

Conclusions 

Radionuclide ventriculography (RNV) is a simple noninvasive 

method for evaluating regional and global cardiac performance at 

rest and during exercise and is useful in a wide variety of 

clinical settings. RNV is indicated: 
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in suspected CAD: 

to exclude a CAD: normal regional and global left ventricular 

function both at rest and during maximal exercise. 

to identify left ventricular contractility abnormalities. 

to detect a myocardial ischemia: no change or decrease in 

EF at maximal exercise (often a reduced peak filling rate 

will already exist at rest), evidence of wall motion abnormal

ities and/or appearance of new regional function disturbances 

at maximal exercise (only if a valvular heart disease can be 

excluded) • 

in known CAD: 

to assess the functional status of a coronary artery stenosis. 

to evaluate a therapeutic effect. 

to provide information on prognosis of patients following 

myocardial infarction. 

in diseases other than coronary artery disease 

to assess the left ventricular function in a known valvular 

heart disease, particularly after surgical therapy (aortic 

valve replacement). 

to assess the left ventricular performance in patients with 

idiopathic cardiomyopathy. 

Because sequential studies can be easily performed, RNV 

appears ideally suited for studying the natural course of heart 

disease and determining the effects of medical and surgical inter

ventions. At the present time, patient categorization should 

involve both resting echocardiographic indices and the RNV exercise 

left ventricular response, since they appear to provide complement

ary information. 
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INVESTIGATION OF REGIONAL WALL MOTION OF THE HEART BY 
MEANS OF RADIONUCLIDE VENTRICULOGRAPHY (RNV) 

R. BAUER, H.W. PABST, H. LANGHAMMER 

INTRODUCTION 
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Various heart diseases result in global and/or regional 

wall motion disorders, causing changes and reduction in heart 

function. The most cornmon of these is coronary artery disease 

(CAD), in which stenoses of coronary arteries result in an 

insufficient blood and oxygen supply to the myocardium involved. 

In the early stages of the disease, this hypoperfusion only 

becomes significant during exercise, but as the disease 

progresses, hypoperfusion will also cause symptoms when the 

patients are.at rest. This hypoperfusion at first produces 

reversible wall motion disorders, which may, however, develop 

into irreversible myocardial infarctions, as has been shown 

by Tennant and Wiggers in 1935 (1). 

Other heart disorders such as hypertensive heart disease, 

incompetent valves, peri- and myocarditis, irregularities of 

the conductive system or primary myocardial diseases (COCM, 

HCM) may also result in a reduction of global and regional 

heart function, although in these cases, however, the manifes

tation of the contraction disorders and the heart function at 

rest and during exercise will differ according to the disease. 

If the disease is known, global parameters of heart volume 

such as ventricular volume, ejection fraction (EF) and rates 

of volume will indicate the severity of the disease to the 

clinicia~:~nd he will be able to assess the reduction of the 

heart fun~tion (2-5). However, when a diagnosis or differential 

diagnosi~·.is to be made, or during follow-up after surgery or 

control after the intervention by pharmaceuticals, the assess
ment of regional wall motion is of decisive help to the 
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clinician (7-12). 

Method 

The regional motility of both the left and right ventricles 

can best be assessed if the areas of interest are viewed 

tangentially. Consequently, it is necessary to take recordings 

from different views. Usually in anterior views the antero

basal, antero-Iateral, apical and inferior parts of the left 

ventricle form the lateral contour, as can be seen in fig 1. 

ALT 

API 

Fig. 1. Enddiastolic image of the heart in an anterior view and schematic 
representation of the contour with the antero-basal (ABS), antero-Iateral 
(ALT), apical (API) and inferior (JNF) wall. 

Another recording is usually performed in the left anterior 

oblique view, LAO-35 to LAO-45. In this position, the septum 

interventriculare which lies parallel to the recorded gamma 

rays can be discerned and the apex of the heart and the 

postero-Iateral and postero-basal wall of the left ventricle 

form the lateral contours, as is shown in fig 2. 

Additional recordings are performed in the case of special 

queries. The motility of the anterior wall can be assessed in 
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PT 

Fig. 2. Enddiastolic image and schematic contour of the heart in LAo-40 
view, showing the postero-basal (PBS), postero-lateral (PLT) , apical 
(API) and antero-septal (ASP) wall. 

the right anterior oblique view, RAO-30, whereas the LAO-70 

and lefiC-tateral views (LL) are particularly useful for the 

examination of the postero-basal wall of the left ventricle. 

Two prerequisites for the correct assessment of regional 

wall motion using RNV are both the reliable acquisition of 

data and reconstruction of representative cycles using EKG

gating after equilibration of the tracer. It takes a recording 

time of 200 to 300 s after injection of 15 - 25 mCi of an 

intravasal tracer to reproduce statistically significant 

representative heart cycles. During this period of time the 

heart rate will change according to respiration, the changing 

activity of the vegetative nervous system or in response to 

ergometric stress. 

According to which recording techniques are used, varia

tions in heart rate will lead to a significant decrease in the 

acquisition time of the last images of the representative 

heart cycle. On account of this, the visual assessment of the 

heart function using the "cine-mode" is rendered more difficult 

and a correct computation of amplitude and phase images is 
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Fig. 3. Data acquisition in arrhythmia: A trigger signal (1-6) and a tirre 
window (w1 - Ws) are generated fran the QRS-canplex of the EKG. V depicts 
the tirre-volurne-curve of the left ventricle. Data acquisition is only 
perfonned if the trigger i falls within the time window wi-1 of the 
preceeding beat. Data are stored in frame rrode in 16 frames of time 
length T/16 each. At the end of the acquisition, all the frames are 
normalized to the total acquisition tirre t1 of the first frame. 

made impossible. Whereas only the first two thirds of the 

heart cycle are necessary to calculate most of the glob~l 

parameters of the heart function, an exact ana'lysis of the 

regional motility necessitates an accurate recording of the 

whole of the heart cycle. 

We have developed an acquisition program which makes 

acquisition and reconstruction of a significant representative 

heart cycle possible, even when patients are suffering from 

severe arrhythmias (13). A schematic reproduction of this type 

of data acquisition is depected in fig 3. The essential 

characteristics of this program are as follows: 

1) recordings are only made following heart beats of a well 

defined length and 

2) the individual frames are all normalized according to an 
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Fig. 4. The 16 :images of a representative heart cycle in an anterior view 
and the enddiastolic (1 st) and endsystolic (7th) :image with aorta (A), 
a.pulmonalis (p), right and left atrium (RA, IA) and right and left 
ventricle (RV, LV) (fran 6) . 

equal acquisition time. 

This program can be easily implemented in any computer. Since 

the recording is performed in "frame-mode", there is no neces

sity for special, expensive hardware. 

The regional wall motion can be assessed both after equi

libration of the tracer with the RNV or during the first pass, 

radionuclide-angiocardiography (RNA). When the RNA is employed, 

a multicrystal camera should be used, because only this special 

device can guarantee a high enough count rate to yield suf

ficient statistics (14-16). Nevertheless, first pass tech

niques always afford two injections of tracer when two differ

ent views of the heart have to be obtained. Therefore, we 

only apply the RNV for the assessment of regional wall motion, 

which in addition allows for recording heart function over 
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Fig. 5. The 16 images of a representative heart cycle in LAO-40 view, and 
in addition the enddiastolic and endsystolic images with aorta (A), 
a . puJ..rronalis (P), right atrium (RA), right and left ventricle (RV, LV) 
and septum interventriculare (S) (from 6) • 

several hours in different views and functional states. 

Regional wall motion can be assessed from the images of the 

representative heart cycle in 5 different ways: 

1) visually by means of the "cine-mode", which is a film-like 

sequential representation of the frames of the heart cycle 

on a television monitor, 

2) by means of isocontours, which allow for a quantification 

of the degree of contraction during systole, 

3) by quantitative analysis of regional ejection fraction, 

4) by means of ejection fraction images and 

5) by the parametric images of the amplitudes and ph~ses as 

obtained from Fourier analysis. 
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Fig. 6. 16 images of a representative heart cycle of a healthy patient 
with isocontours of the enddiastolic image (white) and of all the 
respective images (black), showing normal regional contraction. 

Visual assessment of regional heart function. 
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Figs 4 and 5 depict the frames of a representative heart 

cycle of a healthy patient at rest in the anterior and LAO-40 

view. The first image on the upper left represents the heart 

at the beginning of the QRS complex. At this point in time, 

both atria are contracted and both ventricles are filled to a 

maximum. Consequently, this image is known as the "enddiastolic 

image", since it represents the ventricles recorded at end

diastole with respect to the hemodynamic situation. 

During systole, both ventricles contract, reaching their 

maximal contraction in the 7th or 8th frame at rest. At this 

time, both atria are filled to a maximum. Afterwards, the 

atria empty themselves into the ventricles, which in turn 

enlarge continuously. At the end of the heart cycle, i.e. in 

approximately the 15th or 16th frame of the LAO-40 view, the 

contraction of the atria in response to the P-wave of the EKG 
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Fig. 7. 16 images and isocontours (as in fig. 6) of a patient who had an 
extended transmural myocardial infarction. The antero-septal and apical 
wall is hypo- to akinetic. 

can be observed. This presentation of the 16 individual frames 

of the representative heart cycle demonstrates that all the 

lateral parts of the left ventricle contract simultaneously 

and equally well. 

The contraction and relaxation process can be much better 

evaluated visually by means of the "cine-mode". Here, all the 

individual images of the representative heart cycle are 

projected sequentially on to a TV monitor. This projection 

takes the form of a continuous cycle, with the first image 

following immediately on again from the last. 

This technique permits a very detailed assessment of 

regional wall motility. Usually, wall motion is defined as 

normo-, hypo-, hypo- to a- and a- to dyskinetic. Occasionally, 

in patients suffering from aortic or mitral regurgitation at 

an early compensated state or who have had some small myo

cardial infarction, a hyperkinesis of the vital myocardium 
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can be observed (17). 

When using the cine mode to investigate heart function, a 

monochrome representation of the scintigrams is necessary 

which is capable of differentiating between at least 50 differ

ent tones of grey. The images should be normalized, so that 

the brightest grey tone corresponds to the maximal intensity 

of the brightest image. Enhancing the contrast by substracting 

the background can also facilitate the investigation. 

»owever, the original recordings should always be taken 

into consideration prior to any manipulation of the images 

(such as back-ground subtraction, for example). If Tc 99m 

labelled red cells are used as tracer and a good labelling is 

achieved with a negligible concentration of Tc 99m , the para

cardial background must be low (18). If an elevation of the 

background is encountered, a left heart insufficiency must be 

assumed. 

Various authors have been able to obtain a very good 

correspondence between the scintigraphic and contrast-angio

graphic obtained results of regional heart function using 

cine-mode techniqu~s described above, or even simpler, only 

enddiastolic and endsystolic images, differentiating between 

normo-, hypo-, a- and dyskinetic areas (4,8,9,12,14). 

Isocontours 

Regional wall motion can be quantified by computation of 

isocontours. This method is presented in the figs 6 and 7. 

The isocontour of the enddiastolic image is projected onto 

all 16 frames of the representative cycle. In addition, from 

the 2nd to the 16th frame the isocontours at the same level 

are computed and displayed concurrently for each respective 

frame. 

The isocontours of a patient with normal global and region

al heart function demonstrate a regular, even contraction of 

all the tangentially recorded walls of the ventricle during 

systole. In contrast to this, however, the apex of the heart 

and the antero-septal wall of the patient shown in fig 7 are 

akinetic, following a large transmural myocardial infarction. 
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-Fig. 8. Segmentation of the left ventricle into 8 segments for computing 
regional (segmental) ejection fraction (REF): Segments # 2 and 3 re
present the antero-septal, #4 and 5 the apical and * 6 and 7 the postero
lateral wall. 

Using isocontours, normal values of percentual contraction 

of the different sectorial parts of the left ventricle can 

be computed. These values can be used for comparison with 

regional motility disorder values, thus quantifying them. 

However, one essential limitation of the procedure should be 

mentioned, which is that an isocontour does not represent the 

exact lateral edge: for example, if an isocontour provides a 

clear depiction of the antero-lateral wall, this means normally 

that the apex of the heart will be cutout, whereas if the 

apex is delineated clearly, the rest of the ventricle will be 

out of proportion and too large. In addition, large vessels 

behind the ventricle distort every isocontour and the septum 

can never be depicted by means of an isocontour. Consequently, 

isocontours only have a limited usefulness in the quantifica

tion of regional wall motion, which is why they are not very 

often used for this purpose. 
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SEF 

234 5 6 7 8 

Fig. 9. Subdivision of the left ventricle into 9 sectors in computation 
of sectorial ejection fraction (SEF) and representation of a sectorial 
EF-profile. 

Regional ejection fraction 

Some investigators have computed regional ejection fractions, 

using segmental or sectorial s~bdivisions of the left ventricle. 

In the segmental analysis, the largest hemiaxis of the ventricle 

is sought - a procedure similar to the computation of EF in 

contrast angiography . Some short axes are then drawn perpendic

ular to this axis, which subdivide the ventricle into a certain 

number of segments. The EF can then be regionally computed 

within these segments (REF). 

As can be seen from fig 8, Maddox et al (19) subdivided 

the ventricle in this way into 8 segments. Using a parallel 

slant-hole collimator, they recorded the left ventricle in a 

modified LAO-40 view. The antero-septal REF was computed in 

segments 2 and 3, the apical REF in segments 4 and 5 and the 

postero-lateral REF in segments 6 and 7. They also computed 

the normal values of REF in a group of 10 healthy patients: 

66 ± 13% antero-septal, 85 ± 12% apical and 74 ± 16% postero

lateral. In 33 patients, motility disorders were found using 

contrast angiography, which in 27 regions were hypokinetic and 
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in 17 regions akinetic. The mean REF of hypokinetic segments 

was 44% and the mean value of the akinetic segments as low 

as 24%. 

Standtke et al (20) computed a sectorial EF (SEF) using 

an almost fully-automated computer program. As shown in fig 9, 

nine sectors are drawn around the center of gravity of the 

left ventricle and the resulting SEF's are displayed as EF 

profile. In a group of 42 healthy patients, the highest SEF of 

about 80% was determined at the apex of the heart, whereas 

the lowest SEF of about 45% was found at the basis of the 

heart. This normal SEF profile can be used as a point of 

reference when examining the SEF of patients with various 

different heart diseases. The results of these analyses are 

highly reproducible, since they are performed with minimal 

operator intervention. For this reason, it is particularly 

easy to investigate relatively slight changes in regional 

motility, e.g. induced by drug treatment or ergometric 

exercise, via intra-individual comparison. 

Since, in scintigraphy, contours and edges are not very 

clearly discernable, this means that the various hemiaxes can 

not be very well defined. This results in a certain amount of 

uncertainty and variability of segmental regional EF (REF). 

On the other hand, however, the centre of gravity of the left 

ventricle can be easily computed and sectorial regional EF 

(SEF) is highly reproducible. Consequently, we consider SEF to 

be an appropriate method for the evaluation of regional wall 

motion disorders, and superior to REF for this particular 

purpose. 

Ejection fraction images 

Maddox et al (21) computed images of regional ejection 

fraction in order to assess regional wall motility. Firstly, 

stroke volume images were computed as the difference between 

the enddiastolic (lED) and the endsystolic image (IES )' After

wards, these volume changes were normalized according to the 

local enddiastolic volume. The ejection fraction image (IEF ) 

is defined as: 
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(1 ) 

In equation 1, the operations '-' and 'I' denote matrix 

operators, which must be appl-ied for each individual pixel on 

the image matrix. 

Using this technique, it is possible to display some 

essential aspects of regional ventricular dynamics during 

systole. Maddox et al (21) were able to achieve a satisfactory 

correspondence between scintigraphical and contrast angio

graphical results. The IEF images are operator-independent 

except for the determination of the background. Using this 

technique of ejection fraction images, it was possible to 

distinguish a number of wall motion abnormalities located not 

only tangentially but also in the middle of the ventricle. 

However, in spite of these advantages, this technique has not 

been widely used by investigators for the following reasons. 

The IEF is computed as the difference between two individual 

images, and the result is divided by the pixel value of 

another individual image. As a consequence, the single pixel 

values are subject to considerable statistical variations. 

Secondly, if the maximal and minimal volumes in different 

pixels are not obtained at the same time, disorders in the 

conductive system can lead to incorrect results and the IEF 

values will be too low. These advantages are overcome in the 

Fourier analysis method, which in addition to an amplitude 

image that is comparable to the IEF image, also provides 

information on the time course of contraction and relaxation 

by means of the phase image. Consequently, with the intro

duction of the Fourier method, the computation of regional 

ejection fraction images was abandoned. 

Fourier analysis 

The principles of Fourier analysis are demonstrated in 

fig 10. The time activity curves of both the atria or the 

ventricles can be approximated in first order by a single 

sine wave. 

A sine function is given mathematically by: 
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c Ventrikel 

cjly 

0 2n 

!blaU griin gelb rot Yiole~ 
0 ~ cjI < 256 

r-----------------~~~~ 0 ~ 
h(t) · ho ~ A · sin (wt + cjI) 

0 ~ A < 256 

Fig. 10. Principles of Fourier analysis: Approaximation of a time-volume 
curve by a sine wave h (t), which is canpletely detenuined by the 
amplitude A and the phase <1>. The parameters A and <l> are normalized to 
values between 0 and 255 which can be represented by a suitable color 
scale. 

h (t) ho + A ·sin (wt + <I> ) (2 ) 

A sine wave is completely defined by two parameters, the 

amplitude A and the phase <1> . w is the frequency which is re

lated to the cycle time T by: 

w 2 7T / T ( 3) 

The amplitude gives the amount of change in activity relating 

to the volume change during a heart cycle. The phase correlates 

to the time dependence of contraction and relaxation relative 

to the maximum of the time activity curve. Computation of 



amplitudes and phases is performed by the usual equations, 

which are to be found in every mathematical textbook. 

n 
s= 2/n L 

i=1 
sin 

and ¢=arc tan (c/s) with 

(2TIi/n) and 
n 

c=2/n L 
i=1 

c. cos 
1 

( 2TIi/n) 
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(4 ) 

(5 ) 

n means the number of images per representative cycle (which is 

16 in our acquisition program, ci means the counts in the 

region of interest of image number i. 

Not only can this analysis be used to approximate the time 

activity curve obtained from a large ROI, but it can also be 

extended and refined so as to produce the time activity curve 

of every individual pixel of the image matrices. Thus, amplit

ude and phases can be computed regionally for every pixel, 

yielding the two images of amplitude and phases. This applica

tion of the Fourier analysis was first performed by Adam and 

Bitter in 1977 (22) for the assessment of regional wall 

motion. The Fourier analysis is particularly important because 

an essential part of the dynamic information contained in the 

time sequence of the individual images within the represent

ative cycle can be displayed in just two parametric images -

the amplitude and the phase image. 

The amplitude image provide a good representation of the 

maximal volume change and the phase image displays the time 

course and the synchronicity of regional contraction. Fourier 

analysis employs the information from all the corresponding 

pixels of the n images of the complete representative heart 

cycle. Therefore, the resulting amplitudes and phases are 

statistically well defined. Since neither the contours of the 

heart nor the back-ground have to be computed, reproducibility 

is 100%. As a result, amplitude and phase images provide a 

reliable, operator-independent and exactly reproducible method 

of assessing regional wall motion with maximally high resolu

tion. 

In order to obtain a better insight into amplitudes and 
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Fig. 11. Results of a sphere model with different_patterns of contraction 
and filling, showing "diastolic", "systolic", amplitude and phase images 
with phase histograms (from left to right) and time activity curves from 
distinct regions (A1, A2, e1 and e2): 
Upper line (A): concentric, sinusoidal volume change. 
Middel line (B): excentric, sinusoidal volume change and 
IDwer line (e): excentric, saw-tooth shaped volume change. 

phases, the behaviour of the left ventricle was simulated 

using a simple sphere model (23,24). 16 images were computed 

of a sphere which was filled homogeneously with activity. Its 

volume was periodically altered. The resulting images simulate 

a "representative cycle". Amplitudes and phases were computed 

according to equations 4 and 5. Fig. 11 shows the images when 

the sphere was filled maximally, corresponding to the "end

diastolic image", the "systolic image" of minimal filling, 

the amplitude and the phase image and a phase histogram and 

below time activity curve obtained from different parts of 

the pulsating sphere. 

The upper line shows the result of a concentric, sinusoidal 

decrease and increase in volume. The phases of all parts of 

the sphere are exactly the same and the phase histogram only 

shows a single line. The amplitude of the border zones is 

higher than that in the center of the sphere. This can be 

explained by means of the time activity curves. Whereas the 

activity in the center falls from 100% at "diastole" to only 

55% at "systole", activity near the lateral wall drops from 

100 to 0%. 

The middle line shows the result of another sinusoidal 

change in volume, although here the movement is not concentric. 

The center of gravity of the sphere moves during contraction, 

simulating the behaviour of the left ventricle. Accordingly, 

the amplitude of the contralateral side is higher than that 

of the side the sphere is moving to. Nevertheless, the phase 

is exactly the same for all the parts of the sphere. 

The lower line shows the results of an excentric movement, 

which was not sinusoidal but shaped like a saw-tooth with a 

rapid contraction and a retarded filling. In this case, the 

phases of the outer contra-lateral side of the sphere are 
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retarded with respect to the phases of the rest of the sphere. 

This result becomes comprehensible if one compares the time 

activity curves from the center of the ventricle (C1) with 

those of the lateral wall (C2). When approximating the curve 

C1 by a sine wave, the pixels of the images at the middle of 

the representative cycle influence the result as much as the 

images of the beginning and end of the cycle. Because the 

minimum appears early, the minimum of the approximating sinus 

curve is shifted from the middle of the cycle to the beginning. 

In contrast, the phase of the approximated sine wave of the 

curve C2 is determined mainly by the information from the 

very first and last images of the representative cycle, where

as the images in the middle of the cycle have no activity and 

therefore cannot influence the phases. For these reasons, the 

minimum is computed at a point in time near the middle of the 

representative cycle. 

A correct interpretation of the results of the lower line 

would therefore be as follows: the phases of the middle parts 

of the sphere and of the parts near the basis (the ipsi

lateral side of the movement of the center of gravity) are 

premature. However, the number of pixels with a premature 

phase is much larger than that with a normal phase. Since all 

the phases are relative and since it is tempting to assume 

that the majority is "normal" and the minority "pathological", 

the phase image is interpreted as a retardation of the phases 

of the lateral part of the sphere with respect to the rest of 

the phases. 

Clinical relevance of regional wall disorders 

Fig 12 shows diastole, systole, amplitudes and phases as 

well as a 201 Tl myocardial scintigram of a patient with severe 

CAD and previous myocardial function. The left ventricle is 

enlarged, the antero-lateral wall is akinetic and the apex is 

even dyskinetic. As is to be expected, the myocardial scinti

gram shows a hypoperfusion or a complete perfusion deficiency 

of the walls with contraction disorders. The combination of 

all these findings is typical for a large transmural myocardial 

infarction. 
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Fig. 14. Diastolic and systolic images at rest (aboVe) and under exercise 
(below) in a patient with CAD and exercise induced akinesis of the apex 
and hypokinesis of the postero-lateral wall of the left ventricle. 

On the other hand, fig 13 shows diastole, systole, amplit

udes, phases and myocardial scintigrams of a patient with 

progressive primary cardiomyopathy. The left ventricle is 

also massively enlarged. The contraction of the ventricle in 

the basal region of the heart is relatively good, whereas the 

antero-lateral wall is shown to be hypo- to akinetic and the 

apex is quite distinctly dyskinetic. However, in contrast to 

the myocardial scintigram in fig 12, the 201 Tl scintigram of 

this patient shows a more or less homogeneous perfusion of 

the heart, even in the dyskinetic apical area. These findings 

are typical for a primary cardiomyopathy. 

If, however, the case history of the patient is not 
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typical for CAD, then the assessment of motility disorders, 

which do not change significantly during exercise compared to 

the rest study, is not enough to justify the diagnosis of a 

CAD with previous myocardial infarction. If, for clinical 

reasons, it is only possible to perform a rest study, the 

case for diagnosing CAD will be strengthened if 201 Tl scinti

graphy reveals perfusion abnormalities which are topographic

ally concordant with the wall motion abnormalities. It is 

true that a hypoperfusion accompanied by a hypokinesis could 

also be due to a specific infiltration - e.g. in patients with 

sarcoidosis - but this diagnosis is unlikely, since this 

disease is not very prevalent. If it is only possible to 

perform a RNV, wall motion abnormalities induced merely 

through exercise become decisive in diagnosing CAD. In our 

patient population, specificity of RNV in diagnosing CAD was 

100% in those cases in which only exercise-induced wall motion 

abnormalities were counted. Exercise-induced wall motion 

abnormalities are defined as those which arise as the result 

of exercise or those which, although present in the rest-state, 

are severely aggravated by exercise. An example is given in 

fig 14. 

In most publications to date, the problem of a differential 

diagnosis between CAD and primary cardiomyopathy has not been 

very thoroughly discussed. Since COCM is not diagnosed very 

often in a normal patient population, this problem does not 

arise very often in practice and so the incorrect diagnosis of 

COCM as CAD would only minimally impair the specificity of 

RNV in the diagnosis of CAD. However, in the patient popula

tion examined in our hospital with RNV, around 15% were found 

to have a COCM, which lent a new importance to the different

ial diagnosis between CAD and COCM and often made a 201 Tl 

scintigraphy necessary. 

Regional hypo- or akinesia of the apex of the left 

ventricle is often observed in patients with severe aortic

valve regurgitation (17). Naturally, this disease is diagnosed 

by auscultation and should figure in the case history of the 

patient prior to scintigraphical examination. Differential 
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Fig. 15. Diastolic and systolic images at rest (left) and during exercise 
(right) without a drug (upper line) and 2 and 5 hours after administra
tion of Nifedipine i(below): The Ca-antagonist prevents the myocardium 
fran an exercise induced coronary spasm (from 7) . 

diagnostic problems could arise, however, in the case of a 

physician interpreting the scintigrams without first making a 

short clinical examination and if the case history of the 

patient is incomplete as well. However, the basal parts of 

the left ventricle in these patients do usually reveal a 

hyperkinesis. In addition, a hemodynamically significant 

regurgitation could be demonstrated scintigraphically by 

comparing right and left ventricular stroke counts. In 

patients with competent valves and without an intracardial 

shunt, the quotient from left to right ventricular stroke 

counts varies between 0.8 and 1.4, whereas a value above 1.4 

is only observed in patients with shunt or regurgitation. 

If stress tests are performed in connexion with the 

diagnosis of CAD, all drug treatments with beta-blocking 

agents and Ca-antagonists must be discontinued for a 
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sufficient period of time. Beta-blockers limit the maximum 

heart ~ate during exercise, which can mean that the myocardium 

will be preserved from becoming ischemic. The effect of Ca

antagonists is more complex. 

Angina pectoris is caused by a (stress-induced) myocardial 

ischemia. In some patients, the organically fixed stenoses 

are sufficient to limit the perfusion under stress. In other 

patients, however, especially those with low-grade stenoses, 

exercise-induced spasms can increase the effect of the stenoses 

and finally lead to angina. Ca-antagonists seem to have two 

therapeutic uses, firstly to reduce the pre-load by widening 

the periphery and on the other hand to prevent the onset of 

spasms. 

We studied a group of 21 patients at rest and under exer

cise without drugs and after administration of Nifedipin. All 

these patients showed a significant global and/or regional 

deterioration in left ventricular function without drugs. 

After Nifedipin, 60% of the patients responded with either no 

or a significantly diminished deterioration in heart function 

under exercise (25). An example for the effect of Nifedipin is 

given in fig 15, showing an exercise-induced akinesia of the 

apex of the left ventricle at 50W work load prior to Nifedipin 

whereas 2 hours later following drug administration, left 

heart function was normal even at a work load of 100W. Where

as in the control study EF had decreased significantly and 

the endsystolic volume had increased by about 100% under exer

cise, EF raised from 65% to 74% and the ESV decreased by 30% 

2 hours after drug treatment. Even 5 hours later Nifedipine 

was effective and the exercise induced increase in ESV was 

limited to 20% as compared to 100% prior to drug treatment. 

In patients with a bundle-branch block or with ST-segment 

depression during digitalis, it is not possible to diagnose a 

CAD with exercise EKG. However, digitalis doet not inter-

fere with a radionuclide study, and the ascertainment of an 

exercise-induced regional o~ global wall abnormality justifies 

the diagnosis of CAD. In patients with a bundle-branch block, 

regional wall motion can look pathologically due to the ab-
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,Fig. 16. Diastolic, systolic and phase images with phase histograms and 
time-activity curves at rest (above) and under exercise (below) with an 
exercise induced left bundle-branch block (from 7) • 

Fig. 17. Diastolic, systolic and phase images with phase histograms 
and tinle-activity curves at rest and under exercise in a patient with 
exercise induced left bundle-branch block due to CAD and deterioration 
of global and regional heart function under exercise. 
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normal electric conduction. The regional wall disorders can 

increase in concordance with the increase in disturbances of 

the electric conduction, making a diagnosis of CAD impossible 

from the interpretation of the regional wall motion alone. In 

these patients, the global behaviour of the left ventricular 

pump function can be decisive for the diagnosis of CAD. If 

the EF of the left ventricle increases during exercise and 

the endsystolic volume decreases, a CAD is very unlikely even 

if the regional wall abnormalities seem to increase. On the 

other hand, CAD is very likely if the global function deter

iorates. Figs 16 and 17 show diastole, systole, phases, phase 

histograms and time-curves of 2 patients, who both developed 

a bundle-branch block during exercise. In the case of the 

patient in fig 16, ESV decreased during exercise while EF 

increased from 66 to 81%. Therefore, a CAD seems very unlikely, 

despite the fact that the apex appears to be hypokinetic 

during exercise. In contrast to this, the patient in fig 17 

showed a marked increase in enddiastolic volume and EF fell 

from 63 to 56%. In this case, the deterioration in the func

tion of the left heart can not be explained by the disorders 

in the electric conduction alone, and in fact the diagnosis 

of a CAD was proved to be correct by contrast angiography. 

In the case of patients with suspected ventricular 

aneurysm, an exact diagnosis is essential on account of the 

therapeutic implications. Whereas an aneurysm necessitates an 

anticoagulative therapy, this is not indicated in the absence 

of an aneurysm on account of the side effects. Using RNV, an 

aneurysm can be diagnosed by a dyskinesia. The Fourier analysis 

technique may be of especial help in this particular investiga

tion, if the aneurysm can not be recorded at a lateral edge 

in the usual views. If an aneurysm is found in the middle of 

the ventricle near the septum, a paradoxical movement can be 

shown by means of the amplitude and phase images, as seen in 

fig 18. In this patient, only the amplitude image in connec

tion with the phase image (which is not reproduced, because a 

black and white representation is not adequate) revealed a 
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dyskinesia, whereas none of the views demonstrated a dyskinetic 

movement of a lateral wall. 

The Fourier analysis technique is the most sensitive method 

of evaluation which one can use for the investigation of small 

regional wall motion disorders. However, regional phase retarda

tion can not be taken as proof of the presence of CAD, since 

it can also result from essentially global disorders in the 

left ventricular function. A "phase retardation" of the lateral 

wall of the ventricle can be observed in many patients with 

incompetent valves, primary cardiomyopathies and especially 

in patients suffering from hypertension. However, most of 

these patients also have a global retardation in left ventric

ular filling, as is documented by the filling rate VD 

(-dV/dt) /EDV. Therefore, when a retardation of phases is max 
observed laterally, especially in the postero-lateral wall, 

this abnormality can only be accounted for as the first sign 

of regional wall motion abnormality due to CAD, if a global 

reduction of the compliance can be excluded. Otherwise, all 

the heart diseases cited above, and above all hypertension, 

must be taken into account in the differential diagnosis. 

Conclusion 

The RNV is a very important non-invasive method of diagnosis 

for cardiologists, since heart function can be assessed both 

globally and regionally at rest, under ergometric aad pharma

ceutical intervention for a period of some hours. In many 

cases, the assessment of regional wall motion is the only 

accurate method of producing an exact diagnosis and reliably 

controlling surgical and medical therapy. The experienced 

investigator can very often evaluate regional heart function 

using the cine mode representation by itself. But in doubtful 

cases, when the investigators have not a great deal of ex

perience or as a means of standardization regional motility, 

quantifying, operator-independent methods such as the computa

tion of the regional ejection fraction and the Fourier analysis 

method, with the demonstration of the dynamics of the bearing 

heart by means of 2 static images of the amplitudes and phases, 

are extremely helpful and important. 
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The quantification of regurgitated bloo~-volume in patients 

with aortic or mitral valve regurgitation is still difficult. 

Usually, angiographic methods are used to evaluate valvular 

incompetence. However, it is highly desirable to have a sen

sitive and specific non-invasive diagnostic procedure especially 

for severely ill patients, in cases with dubious severity of 

regurgitation and for follow-up studies. Radionuclide tech

niques proved to be a reliable tool. 

Non-invasive radiological methods were tested for establish

ing a relation between heart size and left ventricular volume. 

Lewis (1) found a close 'linear r~lationship between these inves

tigations in patients with isolated aortic r~gu~gitation. How

ever, this procedure proved to be inadequate (2). Similarly, 

the criteria originally established by Rackley and Hood (3) 

(enlarged left ventricle, normal ejection fraction, left heart 

failure) are inconclusive in diagnosing left ventricular volume 

overload due to aortic or mitral regurgitation. 

Angiographic techniques 

Two angiographic methods are used in the clinical routine. 

1. Semiquantitative method: The valvular regurgitation can be 

quantified in four or five grades of severity (4-14). The 

following criteria are used: 

The amount of contrast medium appearing in the left ven

tricle (or left atrium) after injection into the aortic 

root (or left ventricle,respectively). 

The number of cycles necessary for clearing the contrast 

material. 
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:he reliability of this semiquantitative method can be influenc

~d by the size of the ventricular or atrial cavity and according

Ly by the distribution volume of the contrast material, by cardiac 

lrrhytmias and the position of the catheter during the injection. 

In general, this method reveals clinically sufficient values (15) 

~giographic regurgitant fraction: The second more precise 

technique is the method of Sandler and Dodge (16): The amount 

Jf blood regurgitated into the left ventricle and left atrium 

is calculated from the difference between the left ventricular 

stroke volume, determined by the left ventricular cineangiography, 

and effective stroke volume, determ~ led by Fick's principle. This 

difference as a fraction of left ventricular stroke volume is 

considered to represent the angiographic regurgitant fraction. 

Even this method has its limits. It is sometimes difficult 

to assess the exact enddiastolic and endsystolic boundaries of 

the left ventricle during cineangiography. Second, it is necessary 

to determine the left and right ventricular stroke volume simul

taneously. However, the reproducibility of cardiac output measure

ment during ieft ventricular cineangiography is poor, probably 

due to the influence of deep inspiration and occuring arrhythmias 

(17). Finally, arrhythmias induced by contrast material will limit 

the value of this method, since the heart rate and ventricular 

pressure at the time of angiography must be comparable to the 

rate and pressure at the time of determination of cardiac output. 

Nevertheless, this method represents the most reliable invasive 

technique available. 

Radionuclide techniques 

Several radionuclide methods were developed earlier to deter

mine the regurgitated blood volume in patients with left-sided 

valvular incompetence (18,19). Attempts by Morch et al (19) to 

quantitate mitral regurgitation using continuous infusion of 

133xe were abandoned. Today, two basically different methods are 

used in the daily routine. 

Left-right ventricular (lv-rv) stroke volume ratio. The ratio 

of left and right ventricular stroke volume is well established 

to assess left-sided valvular incompetence (17,20-39). It 
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quantitates left ventricular volume overload without separating 

mitral and aortic regurgitation. The ratio is calculated as the 

ratio of enddiastolic-endsystolic count-rate differences of the 

left and right ventricle. 

counts lv (EDV ESV) 

a 

counts rv (EDV ESV) 

Five different techniques are used to evaluate the lv-rv stroke 

volume ratio: 

fixed single enddiastolic region of interest (20) 

separate enddiastolic and endsystolic region of interest 

(25) 

evaluation of ventricular stroke counts directly from the 

stroke volume image (30) 

evaluation of ventricular stroke counts from Fourier phase 

image (35) 

first-pass investigation (36). 

Most authors determine the lv-rv stroke volume ratio during 

equilibrium radionuclide ventriculography. For patients without 

valvular incompetence, the normal range of this parameter, 

using a single enddiastolic region of interest, in our laboratory 

is 0.7 - 1.7 (28). Kress et al (17) investigated 33 patients 

with aortic and/or mitral regurgitation. Their study revealed 

a moderate correlation between the scintigraphically and hemo

dynamically determined lv-rv stroke volume ratio (r= 0.75). 

Taylor et al (34) found the reliability of this parameter to 

be even lower: the spread of the values of stroke volume ratio 

for the different regurgitation groups was so high to ensure 

that this technique can not be regarded as an accurate method 

of assessing left-sided valvular heart disease. In general, the 

sensitivity is about 80%, the specificity 100% (17,28,34,37). 

The reduced sensitivity, even in patients with distinct aortic 

or mitral regurgitation, is mainly due to two problems: 

First, for geometric reasons (40) (i.e. an overlap of the two 

ventricles, different distances of left and right ventricle to 

the gamma camera) equilibrium radionuclide lv-rv stroke volume 

is normal up to about 1.7, corresponding to a regurgitant 
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fraction of 41%. By using the first-pass technique (36), a 

slant hole collimator (26) or phase analysis (35), it was 

possible to approximate the Iv-rv stroke volume ratio to the 

ideal value of 1.00 in healthy subjects. However, the reliabil

ity of these techniques is still under discussion. 

Second, another even more important disadvantage of this 

parameter can not be overcome by these new techniques: in 

patients with left- and right-sided incompetence or shunt 

lesions the stroke volumes of both ventricles may be equivalent, 

leading to false-negative results. 

Similarly to the values obtained by the method of Sandler 

and Dodge (16), the Iv-rv stroke volume ratio is insufficient 

to differentiate aortic from mitral regurgitation: in patients 

with an incompetence of both left-sided valves, the total left 

ventricular regurgitation is determined, consisting of aortic 

and mitral regurgitation. 

Radionuclide regurgitant fraction (Combined first-pass-/ 

equilibrium technique). This method goes a step further. It is 

based on the technique of Sandler and Dodge, and was initiated 

by Van Dyke (41) and Weber (42): the effective stroke volume is 

derived from the first-pass radionuclide ventriculography; the 

total left ventricular stroke volume is determined by equilibriuI 

radionuclide ventriculography. The difference between these two 

volumes as a fraction of total left ventricular stroke volume is 

taken as the radionuclide regurgitant fraction (28). We studied 

the practical value of this technique in 24 patients with isolat· 

ed aortic regurgitation. 16 men with normal valvular function 

served as control. All patients underwent ventricular and aortic 

cineangiography. The amount of aortic regurgitation was estimate( 

semiquantitatively using the classification of Hunt (6): 

grade 0 corresponds to "no contrast material reflux into the 

left ventricle during aortography" 

grade 2 to 4 to increasing amounts of contrast material in 

the left ventricle 

and grade 5 to a reflux of contrast material clearly out

lining the left ventricle with the density of ventricular 

contrast medium being equal to that of the aortic root withil 
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three beats. 

In addition, to determine the validity of the scintigraphic

ally derived enddiastolic volume, we calculated this volume in 

16 patients with aortic regurgitation from the cineangiographic 

film. We used the biplane technique described elsewhere (43). 

Within one day in patients with acute aortic regurgitation, 

and ten days in all others, prior or after cardiac catheterisa

tion, radionuclide ventriculography was performed. 

First-pass technique: Cardiac output determination. In vivo

labelling of the red-blood cells was achieved by pre-injection 

of Sn pyrophosphate followed by a bolus injection of 15 mCi 

Tc 99m into a brachial vein (44). The first passage of the activ

ity through the heart was registered in LAO 45 0 position by a 

gamma camera-computer system (Picker small field of view camera 

4/11, Informatek computer SIMIS 3). Two minutes later the 

"equilibrium activity" (Coo) was imaged in the same camera 

posi tion. No background s.ubstraction was performed. The down

slope of the time-activity curve, generated from the list mode 

study using time intervals of one second, was extrapolated to 

baseline by a monoexponential fitting program (fig. 1). Accord

ing to the formula (below), the effective stroke volume (EffSV) 

was derived from the product of equilibrium count rate (coo) 

and blood volume (EV) devided by the integral of the extra

polated time-activity curve of the first-pass study and the 

mean of the momentary heart rate (HR): 

Coo BV 

EffSV (41,42,45) 

J c(t) dt HR 

o 

In favor of practical performance we predicted the blood-volume 

from the weight, height and sex of the patient (46). 

~quilibrium technique: Total left ventricular stroke volume. 

Subsequently to the first-pass, equilibrium radionuclide ventric

ulography was performed in a one-step procedure: acquisition tlme 

5 min, 64 frames, 32 • 32 pixels. The acquired data were processed 
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Fig. 1. First passage of a bolus of 15 nCi Tc99rn through the heart, 
registered in LAO 45°. The downslope of the time-activity curve was 
extrapolated to baseline by a rronoexponential fitting program (see text) • 

by a fully automated computer program (47-49). Left and right 

ventricular enddiastolic region of interest were set automatic

ally, using functional and morphological criteria. Background 

activity, used for background correction, was taken sectorically 

in the endsystolic image outside the left ventricular region of 

interest, but only at the lateral wall. 

The following parameters were calculated: 

radionuclide lv-rv stroke volume ratio 

global left ventricular ejection fraction (EF) 

left ventricular enddiastolic volume (EDV), using a geo

metric approach; the enddiastolic region of interest is 

assumed to consist of cylindrical slices, each of them 

with the height of one image element (fig 2). According 
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Fig. 2. Calculation of the radionuclide enddiastolic volume (see text) • 
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to the formula in fig 2, the enddiastolic volume is 

calculated with a calibration factor (cal) in consideration 

of the spacial dimension of one image element 

total left ventricular stroke volume as a product of ejection 

fraction and enddiastolic volume 

LVSV = EF • EDV. 

The regurgitated blood-volume (RBV) was calculated from the 

difference of total and effective left ventricular stroke volume: 
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Fig. 3. The radionuclide and angiographic enddiastolic volume is 
compared in 17 patients with aortic regurgitation. The values 
correlate closely (r= 0.87). 
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Fig. 4. Comparison of the radionuclide lv-rv stroke volume ratio and the 
aortographic grade of severity in 24 patients with aortic regurgitation. 
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Fig. 5. Sensitivity and specificity of the radionuclide lv-rv stroke 
volume ratio in 24 patients with aortic regurgitation • 
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Fig. 6. Comparison of the radionuclide regurgitant fraction and the 
aortographic grade of severity in 24 patients with aortic regurgitation. 
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Fig. 7. Sensitivity and specificity of the radionuclide regurgitant 
fraction in 24 patients with aortic regurgitation. 

RBV EF. EDV - EffSV 

The radionuclide regurgitant fraction was taken as the ratio 

of the regurgitated blood-volume and the total left ventric

ular stroke volume. 

Radionuclide vs angiographic results: The results of our 

study are shown in figs 3-7. 

The individual paired data for radionuclide and angiographic 

enddiastolic volume are demonstrated in fig 3. The values cor

relate closely (r= 0.87). 

The radionuclide lv-rv stroke volume ratio and aortographic 

grade of severity of aortic regurgitation are compared in fig 4. 

Fig 5 shows that 5 of 24 patients with aortic regurgitation had 

lv-rv stroke volume ratios within the normal range, correspond

ing to a sensitivity of 79%. Specificity was 100%. 
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The sensitivity of Iv-rv stroke volume ratio for detecting 

mild to severe valvular regurgitation using other previously 

mentioned methods ranges between 37,8 and 62,2% (30). 

The sensitivity is said to increase when left the ventricular 

ejection fraction is greater than 35% (30). When excluding 5 

patients with an ejection fraction lower than 35%, sensitivity 

in our study increases to 94%. The reduced sensitivity of this 

parameter in patients with an ejection fraction lower than 35% 

is probably due to a -clinically silent- additional pulmonic or 

tricuspid regurgitation, which lead to an increase of the right 

ventricular stroke volume. 

The radionuclide regurgitant fraction and aortographic grade 

of severity of aortic regurgitation are compared in fig 6. Fig 7 

demonstrates that in the control group the regurgitant fraction 

never exeeded +10%, whilst patients with aortic regurgitation 

never had values lower than +20%. 

Sensitivity and specificity of the combined first-pass-/ 

equilibrium technique therefore were 100%. 

Advantages of radionuclide regurgitant fraction. Consequent

ly, the combined first-pass-/equilibrium radionuclide ventriculo

graphy shows many advantages. The overlap of the heart chambers 

plays only a minor role. The effective stroke volume, derived 

from the first-pass study, is not influenced by any valvular 

incompetence or shunt lesion within the left and right heart. 

The radionuclide regurgitant fraction can easily be determined 

during the daily routine. The time needed for the whole proce

dure is 15 min including 3 min for data processing. Patients 

with hemodynamically insignificant reflux were not represented 

in our study because they were not subjected to cardiac catheter

isation. For these cases the accuracy of our technique can not 

be derived from this study. 

Limitations of radionuclide regurgitant fraction. Several 

factors can influence the reliability of our technique. Similarly 

to the method of Sandler and Dodge and the Iv-rv stroke volume 

ratio, an additional mitral regurgitation will contribute to 

the "total regurgitant fraction" consisting of mitral and aortic 

regurgitation. Gated cardiac blood-pool studies share the dis-
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advantage not to be applicable to patients with atrial fibril

lation or multifocal tachycardia (22). 

We decided to predict the blood-volume from sex, weight 

and hight of the patient~ the enddiastolic volume is calculated 

using a geometric approach. The potential disadvantages of both 

methods can probably be avoided when substituted by a counts

based method (50-52). However, in our opinion this distinctly 

invalidates the practicability of our method during the daily 

routine. Furthermore, counts-based methods are less reliable 

in patients with enddiastolic volumes larger than 300 ml (53), 

as observed in patients with aortic regurgitation. Fig 3 demon

strates, that our geometric model permits a reliable evaluation 

of the enddiastolic volume in patients with aortic regurgitatior 

when compared with the enddiastolic volume, determined from the 

left ventricular cineangiography. 

Until now, we have only limited experience regarding the 

reliability of the first-pass-/equilibrium technique in patientE 

with mitral regurgitation. However, on theoretical grounds, we 

expect no significant differences. 

Conclusions and outlook. Radionuclide techniques provide 

important information on cardiac performance in patients with 

left-sided valvular regurgitation. The radionuclide Iv-rv strokE 

volume ratio represents a simple technique for non-invasive 

evaluation of aortic and mitral regurgitation. Disadvantage is 

the reduced sensitivity in a considerable number of patients. 

Radionuclide regurgitant fraction estimated by the combined 

first-pass-/equilibrium technique in all cases enables a 

reliable quantitative evaluation of the aortic regurgitation. 

Further efforts are necessary -to develop new methods which can 

distinguish between aortic and mitral regurgitation, and which 

permit the separate determination of the amounts of aortic and 

mitral regurgitation in patients suffering from valvular incom

petence of both left-sided valves. The detection of tricuspid 

valve insufficiency using Fourier phase and amplitude analysis 

was shown in a pilot study by Pavel et al (54). 
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ADDENDUM (received in proof) • 

Until December 1984 many advances concerning the combined 

first-pass-/equilibrium radionuclide ventriculography have 

been made: 

the method has been validated for patients with mitral 

regurgitation; 

for patients with combined aortic and mitral regurgitation; 

and for patients with mild valvular incompetence regur

gitant fraction between 20 and 40%). 

Radionuclide regurgitant fraction correlated closely with 

angiographic regurgitant fraction. Reproducibility was high. 
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195mGOLD FOR ASSESSMENT OF CARDIAC FUNCTION 
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INTRODUCTION 
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Tc 99m is currently the radionuclide of choice for assessing 

cardiac function by either the first-pass or multigated equi

librium radionuclide angiocardiography. However, its relative 

long half-life of 6 hours pose some practical limitations to 

the clinical use of the radiotracer. For example, using Tc 99m 

labelled pharmaceuticals that are cleared primarily by the 

kidneys or reticulo-endothelial system, the total number of 

first-pass studies that can be performed in sequence and the 

dose per study are limited (3 studies and 10 mCi, respectively). 

In addition the minimal time interval between sequential first

pass studies using these radiopharmaceuticals is longer than 

desirable, especially during exercise, and should be at least 

10 min. Employing Tc 99m labelled red cells for gated cardiac 

blood-pool imaging, serial assessment of cardiac function can 

be performed. However, the half-life of Tc 99m necessitates 

delay of imaging with other radionuclides, such as 201 Tl , for 

at aleast 24 hours. In the present chapter, we will discuss 

our initial clinical experience with 195mGold , a new short-

lived (30.6 sec) radiotracer, which permits a number of interest

ing clinical applications (1,2). 

The generator 

The results reported in this chapter were obtained with 

generators manufactured by Byk-Mallinckrodt, Petten, The Nether-
195m 195m lands (3). Other Mercury/ Gold-generators have been 

developed and are used for clinical studies (4,5). 195mGold 
195m . is the daughter of the long-lived parent Mercury (half-llfe 

195m of 41.6 hours). Table 1 shows the decay scheme of Mercury. 
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Table 1. Decay scheme of 1 95~cury 

195~g (t~= 41.6 hrs) 

45.8% IT 1 54.2% 

195Hg (t~= 9.9 hrs) (t~= 30.6 sec) 

IT 1195 Au (t!= 183 days) 

Hg = mercury; Au = gold; pt= platinum 

The principal gamma emissions of 195mGold are at 262 keV (68%), 
195m and of Mercury at 262 keV (32%), 388 keV (3%) and 560 keV 

(8%). Short-lived 195mGold can be obtained from a table top 
195m 195m generator. The prototype Mercury/ Gold generator (Byk-

Mallinckrodt, Petten, The Netherlands) consists of a 9x12 

lead housing, containing a 5x1 cm glass column with an inlet at 

one end and an outlet at the other (figs 1,2) . 195mMercury is 

adsorbed on inorganic material in this column. The column can 

be flushed with an aqueous sodium-thiosulfate/sodium-nitrate 
195m . eluent. The daughter, Gold, lS eluted from the column. 
195m 195 Only small amounts of Mercury and Gold are present in 

the eluate, in equilibrium with 195mGold • 

Quality control 

Careful quality control and analysis of performance of 

each individual generator is crucial and should be performed 

before administration of eluate to patients (1). First, the 

generator has to be flushed with at least 40 ml of eluent to 

wash off 195mMercury and 195Mercury, freed from the column by 

radioautolysis (fig 3). Subsequently, the total volume of 



Fig. 1. The 195ITMerC1.1l:Y/195I'Cfuld generator. Because of medium-energy 
262 keV photon emissions, heavier lead shielding than shawn in this 
figure required for clinical use. (Reproduced with permission from 
Ref. 1). 
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Fig. 2. The glass column (5x1 em), in which the parent 195nMerC1.1l:Y is 
adsorbed on inorganic material. The inlet (white) and outlet (dark) by 
which the column is flushed with eluent are shown. 
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Fig. 3. After a period of rest, 1 95IllMercury and 1 95Mercury are freed 
from the generator column by radioautolysis. These long-lived radio
nuclides have to be washed off before clinical use of the generator. 
Initially, the eluate will contain a high amount of 195IllMercury, which 
decreases rapidly after repeat elutions. The breakthrough of 195m Mer
cury in the eluate usually is stable after approximately 10 elutions 
(20 ml of eluent). With frequent use of the generator, this amount will 
further decrease. 

Table 2. Estimated comparative radiation dose to human organs for 
195ffiGold and Tc99m 

Organ 

Kidney 

Liver 

Spleen 

Ovaries 

Testes 

IVhole body 

195Au ( 195ITHg) 
rads/20 nCi (20 

0.34 

0.07 

0.09 

0.003 

0.001 

0.007 

].lCi) * 
Tc9~A 
rads/20 nCi 

1.8 

0.31 

0.21 

0.12 

* Radiation dose is detennined mainly by 20 ].lCi of 

195ITHg in the eluate 
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eluate is to be measured in a standard dose calibrator (model 

CRC-17, Capintec) to determine the amount of 195mGold (calibrator 

setting: 106) obtained, and breakthrough of 195mMercury 

(calibrator setting: 521). Prior to use of a generator for clinic

al study, the activity of 195mGold in the eluate is to be measured 

15 sec after elution because this represents the approximate 

time at which the radioactive bolus is injected in a patient. 

Furthermore, the amount of 195mMercury breakthrough in the eluate 

is measured 15 min after elution. A typical prototype generator 

contained approximately 170 mCi of 195mMercury on the column. 

At 15 sec after elution, the amount of 195mGold ranged from 37 

to 60 mCi (mean 23 ± 8), depending on the day after calibration. 

The yield of 195mGold at the time of elution, therefore, was 

39 ± 6% (expressed as percent of 195mGold activity on the 

generator). The 195mMercury breakthrough per 2 ml of eluate 

ranged from 5 to 50 ~Ci (mean 32 ± 12 ~Ci). The yield of 195m 
195m Gold and the breakthrough of Mercury was stable for the 

prototype generators over a period of 7 days. The human radia

tion dose was estimated on the basis of biodistribution studies 

of 195mMercury and its desc~ndents 195mGold , 195Mercury and 

195Gold in animals at 48 hours after injection (1,6,7). The 

target organ for 195mMercury and its products are the kidneys 

which receive 0.017 rads per ~Ci of 195mMercury (1). Comparative 

dosimetric values for 195mGold and Tc 99m are shown in table 2. 

To limit radiation dose to the kidneys to 5 rad, as recommended 

by U.S. Food and Drug Administration guidelines, the maximum 
195m . amount of Mercury than can be injected in a pat~ent should 

not exceed 295 ~Ci. 'fherefore, the total number of sequential 

injections permitted per patient ranged from 6 to 95 (mean 

10 ± 4). 

195mGold first-pass angiocardiography 

The most promising and most logical application of this 

new ultra-short-lived radioisotope is first-pass angiocardio

graphy. The first preliminary experimental and clinical results 

have been reported by our group and also by others (1,2,8-11). 

Compared to studies with Tc 99m , considerable re~uction in 
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Fig. 4. Correlation of left ventricular ejection fraction (LVEF) deter
mined by first-pass angiocardiography with Tc99rn and 195ITGold (195I11Au) 
in 18 patients. 
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Fig. 5. Reproducibility of left ventricular ejection fraction (LVEF) 
determined twice with 195IlQ)ld (195I11Au) by first-pass angiocardiography. 
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Fig. 6. Reproducibility of rapid sequential determinations (1-min inter
vals of left ventricular ejection fraction (LVEF) with 195ffiGold (195~u) 
in 5 patients. The mean interstudy difference was 3 ± 0.7%. 
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Fig. 7. Rapid serial assessments of left ventricular ejection fraction 
(LVEF) using 195ffiGold (195~u) in an experimental animal. Rapid changes 
in LVEF by induction of anesthesia with chlorose-urethane and isoproter
enol unfusion can be demonstrated. Note the good reproducibility during 
stable phases and the excellent agreement with LVEF determinations using 
Tc99m• (Reproduced with permission from Ref. 1). 
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patient radiation dose per study can be achieved (1). Of practic

al importance is that the short half-life of the radioisotope 

allows for rapid serial assessment of left ventricular ejection 

fraction. The background build-up of radioactivity between 

serial studies is minimal. This background activity is mainly 

from accumulation of 195mMercury in subdiaphragmatic organs. 

Employing a multicrystal gamma camera, first-pass studies with 
195m . Gold were of excellent quallty, indistinguishable from 

those with Tc 99m . There was good temporal separation of the 

right and left heart phases during the first transit of radio

active bolus through the central circulation. The mean (± 

standard deviation) count rate acquired in the whole field of 

view, uncorrected for decay, during the left ventricular phase 

of the bolus was 211,128 ± 13,271 counts per sec (166 studies). 

The mean count rate in the end-diastolic region of interest 

over the left ventricle, decay and background corrected, was 

9,326 ± 1,056 counts. These count rates are equal to, or 

slightly greater than those obtained with 15 mei of Tc 99m : 

182,462 ± 12,260 counts per second in the whole field of view 

during the left ventricular phase and 4,260 ± 728 counts in 

the end-diastolic region of interest over the left ventricle. 

As mentioned above, the background build-up during sequential 
. 195m studies uSlng Gold was negligible, ranging from 3-12 per-

cent of counts in the end-diastolic region of interest. 

Left ventricular ejection fraction at rest assessed with 

Tc 99m_DTPA and 195mGold correlated well (r = 0.93) in 18 

patients who had both studies (fig 4). The absolute mean inter

study difference was 4 ± 4%. Mean left ventricular ejection 

fraction with Tc 99m was 47 ± 14% and with195mGOld 47 ± 14%. 

Repeat left ventricular ejection fraction determined by con-
195m . secutive Gold studles also corresponded clos~ly (r = 0.96) 

in 29 patients (fig 5). The absolute mean inter study difference 

was 4 ± 2%. Mean left ventricular fraction was 50 ± 14%, res

pectively. In 5 patients, who had multiple determinations of 

left ventricular ejection fraction at rest with 195mGold at 

one-minute intervals, the mean absolute interstudy difference 

between concecutive studies was 3 ± 0.7% (fig 6). 
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Fig. 8. The yield of 195ITGold (1 95I!\A.u) by continuous elution of the 
generator is a function of the rate of elution. At any rate of elution, a 
steady state of 195ITGold activity is achieved after 1-2 min. The highest 
possible yield is obtained at an elution rate of 7.6 ml/min. 

In experimental animals, we demonstrated the feasibility 

of obtaining multiple determinations of left ventricular ejec

tion fraction with 195mGold first-pass studies at rest and 

during a variety of physiologic and pharmacologic interven

tions (fig 7) (1). This approach will be particularly relevant 

clinically in evaluating patients whose hemodynamic status is 

changing rapidly, such as those experiencing cardiac reflex 

events. This new radionuclide also makes it possible to monitor 

cardiac performance frequently over a prolonged period of time, 

a feature that may be desirable in the acute phase of myocard

ial infarction. 

195m 195m Continuous elution of the Mercury/ Gold generator 

Since conventional single crystal gamma camera's are limit

ed in count rate capability, this equipment is not ideally 

suited for performing first-pass studies. For example, typical 

count rates obtained in the left ventricular enddiastolic 

region of interest employing a single-crystal gamma camera 

range from 500-1000 counts, whereas using a multicrystal count 

density is considerably higher, ranging from 4000 to 8000 counts. 
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Fig. 9. Gated cardiac blood-pool imaging with 195IlQ)ld by continuous 
elution of the generator. The study is performed in a closed-chest dog. 
End-diastole (ED) and end-systole (ES) of right (R) and left (L) ventricle 
(V) are shown at the left. At the right, the time-activity curve is shown 
from which left ventricular ejection fraction (EF) was calculated (51 %) • 

Since the statistical error in calculation of ejection fraction 

is inversely related to count density obtained, we explored the 

feasibility of obtaining higher count rates by continuous 

elution of the generator for imaging with a single crystal 

gamma camera. The yield of 195mGold activity by continuous 

elution of the generator is a function of the rate of elution. 

The highest yield and steady state is achieved at an elution 

rate of approximately 7.5 ml per min (fig 8). In contrast, the 

195mMercury breakthrough per volume unit of eluate is constant 



207 

Au-195m 11-201 AU-195m 11-201 

o 10 15 20min 

LVEF 75% LVEF 73% 

Fig. 10. Alternating 5 min 195rrt;old (195IrlAu) gated cardiac blood-pool 
imaging and 10 min 201Tl myocardial imaging in an experimental closed
chest dO<]. Left ventricular ejection fraction (LVEF) is reproducibly 
calculated. 201Tl myocardial images are unaffected by continuous in
fusion of 195IrlAu. ED= end-diastole: ES= end-systole: RV= right ventric
ular; LV= left ventricular. 

and independent of the rate of elution. Therefore, performing 

continuous elution of the generator in patients, the break-
195m through of Mercury per ml of eluate should be measured. 

The maximal volume of eluate (containing 295 ~Ci of 195m 

Mercury) that can be administered to a patient can then be 

calculated. For individual generators, this varied in our 

experience from a total volume of 12 ml to 120 ml and, accord

ingly, the maximum infusion time from 2 to 7 min. 
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Fig. 11. Gated cardiac blood-pJOl imaging (GBPI) with 195IrGold, alteD1ated 
with infusion of 195IrGold in the left anterior descending (LAD) coronary 
arte:ry in an open-chest experimental dog. During GBPI, right (R) and left 
(L) ventricle (V) are visualized in end-diastole (ED) and end-systole (ES). 
During LAD infusion, the distribution of blood-flow of the LAD is shown 
(control) • After occlusion of the LAD with a snare, a wedge-shaped defect 
(open arrow) in the distribution of LAD blood-flow can be appreciated. 
Subsequent GBPI shows a rroderate anterior regional wall motion abnormality. 
After release of the snare, the full territo:ry of the LAD again is 
visualized by 195ffiAu LAD infusion. 

Intravenous and intracoronary infusion of 195mGold 

Employing continuous elution of the 195mMercury/195mGold 

generator, two modes of administration were investigated 

initially in experimental animals (12,13). Continuous elution 

and administration by intravenous route resulted in steady

state equilibrium blood-pool activity, whereas continuous 

elution by intracoronary route resulted in visualization of 

the myocardial vascular bed, distal to the perfused coronary 
195m . artery (12-14). The short half-life of Gold allows rapld 

alternation of these two modes of administration. In addition, 

it allows for alternating imaging with radiopharmaceuticals 
201 with a different predominant energy spectrum, e.g., TI. In 

experimental animals, we demonstrated the feasibility of 

performing multigated 195mGold steady-state cardiac blood-pool 

imaging, alternated with 201 TI myocardial imaging (figs 9,10) 

(13). We also performed alternating 195mGold cardiac blood-
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Fig. 12. Protocol of combined 195Il(;old and 201Tl stress imaging. Serial 
baseline left ventricular ejection fraction (LVEF) is determined by 
195Irt;old first-pass studies on a multicrystal gamma carrera. At the end 
of each 3 min stage of exercise, LVEF is determined. When the patient 
appears to approach the end point of exercise, 201Tl is injected. The 
patient is then encouraged to exercise ,for at least one rrore minute. 
At the very peak of exercise, LVEF is determined again, after which the 
patient stops exercising. Within 1 min of discontinuation of the stress 
test, LVEF determination is repeated. Subsequently, post-exercise and 
delayed 201Tl myocardial perfusion imaging (MPI) is perfonned using a 
single crystal gamma carrera. 

pool imaging and 195mGold selective blood-flow imaging (12). 

Temporary occlusion of the infused coronary artery resulted 

in a defect on the intracoronary infusion images and qhanges 

in regional wall motion of the equilibrium cardiac blood-

pool images (fig 11). In addition, we explored the feasibility 

of visualizing myocardial perfusion by continuous infusion in 

the aortic root as was described using 81mxr by Selwyn et al 

(15). It appears, however, that the 30.6 sec half-life of 

195mGold is too long for this purpose. After 1 to 2 min of 

aortic root infusion, we obtained equilibrium cardiac blood

pool images, rather than visualization of myocardial perfu

sion. 
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SERIAL GOLD-195m STUDIES 
REST I REST 2 STAGE I 

720/0 710/0 610/0 

STAGE 2 STAGE 3 POST-EX 

49% 73% 

Fig. 13. Serial first-pass radionuclide angiocardiography with 195ITGold 
in a patient. The end-systolic images are superimposed over the end
diastolic outlines. At rest, left ventricular ejection fraction (LVEF) is 
stable: 72%, 71%. During exercise, LVEF' decreases gradually and is 53% at 
peak (stage 3) of exercise. Within 1 min after tennination of exercise 
(Post-Ex), LVEF' has returned to baseline value. (Reproduced with permis
sion from Ref. 2). 

Clinical studies with 195mGold 

Serial first-pass radionuclide angiocardiog~apgy . The 

short half-life of 195mGold permits the performance of sequent

ial first-pass radionuclide angiocardiography. In 25 patients 

with known or suspected coronary artery disease, 195mGold 

first-pass studies were obtained with a computerized multi

crystal gamma camera at rest, at the end of each 3 min stage 
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Fig. 14. Examples of patterns (A,B,C,D) of abnormal left ventricular 
reserve observed in patients with coronary artery disease. The shaded 
zone indicated the anticipated variability of 5% absolute in either 
direction of left ventricular ejection fraction at rest. Changes beyond 
this zone are significant changes. Left ventricular ejection fraction 
(LVEF) at rest, at the end of each stage of exercise, and immediately 
post-exercise (IPE) is shown. The exercise level is indicated as kpm/rnin. 
Pattern A: Initial increase of LVEF followed by a decrease of LVEF, 
compared to naximal value. Pattern B: No change in LVEF during exercise. 
Pattern C: No change in LVEF during initial sul::n1aximal phases of exercise 
followed by a decrease. Pattern D: Progressive decrease of LVEF during 
exercise. (Reproduced with permission from Ref. 2). 
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EXERCISE 

REDISTRIBUTION 

ANT LAO LLAT 

Fig. 15. 201Tl myocardial stress scintigraphy in a patient who received 7 
injections of 195IlGold during the stress test. The 201Tl images are of 
good quality showing an inferoapical perfusion defect (ar£ows) immediately 
after exercise, which fills in at delayed (redistribution) imaging. 
ANT= anterior. IAO= left-anterior-oblique. ILAT= left-lateral. 
(Reproduced with pennission from Ref. 2). 

of exercise, and immediately after exercise (2). In 13 patients, 

assessment of left ventricular function during exercise with 

195mGold was combined with 201 Tl stress scintigraphy (fig 12). 

In this group of patients, 21 exercised to symptom-limited 

fatique. 4 patients discontinued exercise because of angina 

pectoris; 8 patients (including 3 with angina) had ischemic 

electrocardiographic response (>1 mm) horizontal ST-segment 

depression). Fig 13 shows a representative example of sequen

tial first-pass studies with 195mGold in a patient. 

Comparing mean resting left ventricular ejection fraction 

with ejection fraction at peak exercise, abnormal exercise 

left ventricular reserve was demonstrated in 20 of 25 patients. 
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Fig. 16. 201 Tl stress scintigraphy in a patient who received a total of 
12 injections of 195IrGold (195I11Au) containing a total of 250 ~Ci of 
1951lMercury, prior to 201Tl imaging (right). A stress-induced infero
apical defect is present. At the left for comparison, a 201Tl stress 
image in the same patient (same workload and heart rate) without pre
ceding injections of 1951T(;old. Although there is increased background 
activity from accumulated 195I1lMercury, both images are of diagnostic 
quality. (Reproduced with permission from Ref. 2). 

In this relatively small number of patients, various abnormal 

patterns were observed, illustrating the diagnostic potential 

of serial studies during exercise (fig 14). Interestingly, in 

12 of the patients with an abnormal functional response and 4 

of those with normal response, left ventricular ejection 

fraction immediately after exercise was significantly «0.01) 

greater than at rest. The multiple 195mGold first-pass studies 

prior to myocardial imaging with 201 Tl , did not affect the 
201 diagnostic quality of analog Tl images. Nevertheless, after 

administration of eluate, there was measureable background 

activity in the 80 keV 201 Tl window, originating from 195m 

Mercury breakthrough accumulated in the kidneys and liver. 
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In the whole field of view 380 cpm/yCi of 195mMercury injected 

was measured. Fig 15 shows excellent quality 201 Tl images 

in a patient who received 7 injections of 195mGold . Fig 16 

compares a 201 Tl image after a total of 12 injections of 

195mGold and a total of 250 yCi of 195mMercury administered, 

to that obtained in the same patient after routine 201 Tl stress 

test. Although increased background activity by accumulated 
195m 201 Mercury can be appreciated, the Tl image is of adequate 

diagnostic quality. This extraneous source of radioactivity 

should be considered, but quantitative analysis of 201 Tl 

kinetics should be unaffected, since background activity is 

stable over a 2-4 hours period post-exercise. The 201 Tl images 

were of good technical quality in all 13 patients. In 3 patients 

with atypical chest pain, the 201 Tl images were entirely normal. 

The regional wall motion on exercise ventriculograms in these 

patients was also normal. The remaining 10 patients had 

abnormal 201 Tl images showing evidence of either myocardial 

infarction or exercise-induced myocardial ischemia or both. In 

all 10 patients, regional left ventricular wall motion was 

abnormal during exercise at the anatomic site of 201 Tl perfusion 

defects. 

The results of combined 195mGold exercise studies and 201 Tl 

stress scintigraphy illustrate the diagnostic potential of this 

method. It is of clinical significance that combined imaging 

with 195mGold and 201 Tl allows assessment of both functional 

response to exercise and the presence of exercise-induced-myo

cardial hypoperfusion, as well as 201 Tl kinetics during a single 

exercise session. Once the conventional tracer Tc 99m is adminis

tered to a patient, 201 Tl myocardial imaging generally cannot 

be performed for at least 24 hours so that technically accept

able images can be obtained. Several studies have shown the 

complimentary value of performing exercise myocardial perfusion 

imaging and left ventricular function studies in patients with 

coronary artery disease (16-20). By obtaining these studies 

simultaneously, they may provide a more reliable assessment 

of functional significance of coronary artery stenosis. This 

combined technique also has obvious advantages in relation to 
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ED ES 

Tc LVEF .57 

Au LVEF .62 

o 
Fig. 17. Multigated cardiac blcxxl-pool ilnaging (left-anterior-oblique 
view) with Tc99rn-labelled red cells (Tc) and 195IrGold continuous infusion 
(Au) in a patient. '!he end-diastolic (ED) and the end-systolic (ES) 
ilnages are shown. Due to the short half-life of 195IlQ)ld, the right 
heart is "hotter" than the left heart. '!he infusion of 195IrGold was 
perfonned via the right ann. '!he entering of 195IrGold in the thoracic 
cavity via the subclavian vein is noted on the Au ilnages as the "hot 
spot" in the left upper corner. Compared to the Tc ilnage, the Au ilnage 
shows relatively greater activity in the right ventricle (RV) than the 
left ventricle. '!he septum is less well defined in the Au study. Left 
ventricular ejection fraction (LVEF) , employing standard processing 
techniques, shows gcxxl agreement in this patient with nonnal cardiac 
function. 

cost-effectiveness_of patient evaluation because only one 

exercise test is needed to obtain this information. Even with 

the development of new Tc 99m-labelled myocardial perfusion 

imaging agents, this combined approach will be feasible because 

of the difference in primary photopeak of the radionuclide. 

195mGold multigated cardiac blood-pool imagiDg 
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ED ES 

Tc LVEF .24 

Au LVEF .26 

Fig. 18. Multigated cardiac blood-pool ilI1aging in the left anterior 
position with Tc99m (Te) and 195IlGold (Au). 'Ihe fonnat is the same as 
in fig 17. In this patient with poor left ventricular function, calcula
tion of LVEF with either radionuclide agrees closely. 

Employing continous i.v. infusion of 195mGold at 7.5 mIl 

min, we performed multigated cardiac blood-pool imaging in 

15 patients (14). Excellent count rates were obtained in end

diastole (11,122 ± 4,837 counts), using 5 min acquisitions 

with a single crystal camera equipped with medium energy 

collimator. The images were of good quality and showed typic

ally more radioactivity in the right ventricle than in the 

left ventricle with minimal subdiaphragmatic activity (fig 

17,18). Left ventricular ejection fraction calculated in the 

usual manner from 195mGold studies correlated well (r= 0.80) 
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Fig. 19. Left ventricular ejection fraction (LVEF) determined by gated 
cardiac blood-pool imaging using Tc9~labelled red cells (Tc-99m) and 
195ITGoId continuous infusion (Au-195m). 

with multigated Tc 99m cardiac blood-pool imaging (fig 19). 
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Also, regional wall motion analysis of the 195mGoid equilibrium 

studies agreed closely with that of Tc 99m studies. In 5 patients, 

rapidly alternating 195mGoid gated cardiac blood-pool studies 

and 201 TI myocardial perfusion imaging was performed (fig 20) • 

Thus, gated cardiac blood-pool imaging with 195mGoid is feasible 

in patients using continuous generator elution and a conventional 

single crystal gamma camera. Intermittent discontinuation of 

infusion allows concomitment serial 201 TI myocardial imaging. 

Thus, also employing this alternative mode of administration, 

the physical properties of 195mGold make alternating assessment 

of both left ventricular function and myocardial perfusion 

possible. 

Future for 195mGoid angiocardiography 

Our excellent results with both 195mGoid first-pass radio

nuclide angiocardiography and 195mGoid equilibrium cardiac 

blood-pool imaging have been reproduced and confirmed by other 

investigators (8-11). Presently (July, 1983)., approximately 
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Au-195m 
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Fig. 20. Alternating 195IrGold (Au-195m) gated cardiac blood-pool imaging 
and 201Tl myocardial imaging at rest in a patient with norrilal left ventric
ular function. Good quality images are obtained with both radioisotopes. 
The 201TI :ima~e is of good quality, and apparently unaffected by the 
infusion of 1 5Il'Gold for 5 min shortly before myocardial imaging. 

500-600 patients have been studied at various centers. It is 

beyond question that the most promising application is that of 

first-pass studies combined with myocardial perfusion imaging 

in patients suspected of coronary artery disease. In addition, 

when rapid changes in left ventricular function are anticipated, 

such as during exercise, cold pressor test, or pharmacologic 

interventions, 195Gold is an ideal imaging agent for rapid 

sequential assessment of cardiac performance. Schad et al (21) 

recently have demonstrated in patients that coronary blood-flow 

can be visualized by intracoronary injection of 195mGold • 

functional images, displaying appearance and disappearance time 

of the radionuclide, potentially provide similar information 
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as has been reported using digital contrast radiography. The 

obvious advantage of a radionuclide method is that, contrary 

to X-ray contrast material, no pharmacologic effect on the 

coronary vasculature precludes reliable serial assessments. 

For exercise studies, the first-pass technique offers 

distinct technological advantages over multigated equilibrium 

cardiac blood-pool imaging. The first-pass data are acquired 

over a short period of time and left ventricular ejection 

fraction is derived from 3 to 5 cardiac cycles. Therefore, 

first-pass left ventricular ejection fraction reflects more 

accurately left ventricular function at a distinct point in 

time during exercise, than mUltigated equilibrium ejection 

fraction which is acquired over several hundred heartbeats 

and represents a "average" value. With the expected technical 

improvement of gamma camera's permitting acquisition of higher 

count rates, the first-pass technique may well become the 

method of choice for performing cardiac studies during exercise. 

Medium-energy collimation, detector shielding, and adequate 

crystal thickness to maintain both intrinsic resolution and 

sensitivity will be additional requirements to use the new 

generation camera's for 195mGold studies. 
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III. MYOCARDIAL PERFUSION 



DIAGNOSTIC UTILITY OF T1 201 IMAGING 

R. SCHMOLINER, R. DUDCZAK 

INTRODUCTION 

Since its introduction into medical diagnosis, T1 201 

scintigraphy has provided important information concerning 

225 

the non-invasive assessment of myocardial perfusion. The 

technique has been demonstrated to be of major importance in 

patients with suspected and documented coronary artery disease 

and provided also useful information in a variety of other 

cardiac disorders like cardiomyopathy, valve disease, right 

ventricular hypertrophy, and cardiac involvement in systemic 

diseases like sarcoidosis (1-19). The major clinical applica

tion of T1 201 imaging was reported in the field of coronary 

artery disease. In comparison to older noninvasive diagnostic 

tests considering ECG changes during exercise, Tl 201 scinti

graphy in combination with stress procedures has yielded high 

values of sensitivity and specificity in the detection of 

patients with coronary artery disease. Apart from the usual 

form of physical stress applying bicycle or treadmill exer

cise, the potential value of Tl 201 imaging has been consider

ably increased by the possibility to provoke stress conditions 

using high doses of intravenously given dipyridamole. This 

special type of stress is regarded as an important alternative 

in many patients unable to exercise adequately (20-28). As 

our group has gained great experience with Tl201 imaging 

following dipyridamole, the following paper will primarily 

focus on the description of our findings with this technique 

in patients with suspected or known coronary artery disease 
(27,28) . 
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Method 

Background. Tl 201 which was first introducted into medical 

diagnosis in 1973 by Lebowitz is a potassium analog with a 

physical half life of 74 hours (29). After intravenous injec

tion the isotope distributes over the body as a function of 

distribution of cardiac output (4). Since the myocardium 

receives approximately 5% of the cardiac output and myocardial 

extraction fraction for Thallium is around 87% in the initial 

distribution phase, approximately 4% of the injected Tl 201 

goes to the heart, with more than 90% in the other body organs 

which serve as a large reservoir of Thallium outside the heart. 

The blood acts as the transport vehicle between these 2 com-
201 partments. At basic conditions the uptake of TI in the 

heart correlates well with blood-flow, however, at exceeding

ly high flow levels that are in excess of the myocardial 

needs, myocardial uptake of T1 201 is no longer linearly related 

to blood-flow implying a progressive decrease in extraction 

fraction (4,23,24). This characteristic feature must be taken 

into account in Tl 201 imaging following coronary vasodilation 

by dipyridamole. 

When injected at rest conditions T1 201 reflects myocardial 

perfusion and viability at rest, injection of the tracer at 

stress conditions provides information about perfusion and 

viability under stress. Hypoperfused regions do not take up 
201 Tl adequately which is visualized by a scintigraphic 

defect. During the following hours of the redistribution phase 

T1 201 enters the myocardium from the systemic pool and it also 

washes out of the myocardium. Based on these findings, T1 201 

defects in the initial scintigrams may be categorized as 

reversible and irreversible. The irreversible process is 

usually associated with the presence of myocardial scars, 

reversible defects are related with the presence of viable, 

but under stress conditions hypoperfused myocardium. Thus 

single-dose T1 201 imaging following stress with redistribution 

imaging some, preferably 4 - hours later provides diagnostic 

information about myocardial perfusion and viability during 

both stress and rest conditions. 
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T1 201 decays by electron capture to Hg 201 emitting X-rays 

of 69-83 KeV and gamma rays of 167 KeV and 135 KeV. For clinic

al T1 201 imaging the energy window is a 20% window centered 

on the Hg201 X-ray photopeak (4). A low energy, parallel hole, 

all purpose collimator ensures satisfactory imaging results, 

a conventional gamma camera system (either large field of 

view or mobile) with the dedicated computer systems was used 

in our studies reported below. 

Spme authors have described the use of special collimators, 

like 7 pin hole, additionally single photon emission computed 

tomography (SPECT) has been regarded to be of potential value 

(19,22). However, at present time it appears that SPECT offers 

little additional benefit compared with planar Thallium 

imaging as the increased cost of a SPECT system should be 

taken into account as discussed recently (19). 

St t 1 . T1 201 . . ress pro oco s ln . lmaglng 

Dipyridamole as a potent coronary vasodilating agent has 

been known to provoke ischemic pain and electrocardiographic 

changes in patients with severe coronary artery stenoses 

(30-36). This agent can cause a coronary steal phenomenon 

which has contributed to the change of the indication for 

intravenous dipyridamole from a therapeutic to an exclusively 

diagnostic one. The possibility to use aminophylline i.v. as 

a specific and immediate antagonist to dipyridamole increases 

the safety of the test in clinical practice (37-39). The 

following protocol has been used by us in a great number of 

patients: 

After an overnight fast the patients are given 0.50 mg 

dipyridamole per kg bodyweight intravenously within 5-10 min 

under continuous ECG monitoring in supine position. Immediate

ly thereafter 2 mCi of T1 201 is injected. In the cases with 

severe anginal pain and/or ischemic ST-segment changes 240 mg 

aminophylline is given 3 min or later after T1 201 injection, 

in few cases nitroglyzerin is necessary in addition to amino

phylline to reverse the side effects of dipyridamole. Imaging 

is started 5 min after T1 201 injection with the 45° LAO view 
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followed by the anterior and left lateral views. A preset 

count rate of 500 k or a preset time of 8 min should be chosen 

for each projection. 4 hours later redistribution images are 

obtained in the same views as before. 

Instead of dipyridamole i.v. physical exercise may be 

performed. The patients are stressed in supine or sitting 

position using either bicycle exercise or treadmill stress 

testing according to a standard graded exercise protocol. In 

most laboratories a symptom limited protocol is applied exer

cising the patients until shortness of breath, leg fatigue, 

chest pain, or positive ECG response (at least 0.2 mV down

sloping ST-change) occur. 30-90 sec before the anticipated 

end of exercise 2 mCi of T1 201 is injected i.v. The imaging 

d t t · 5 . ft 1 201 .. t' f t th proce ure s ar ~ng m~n a er T ~nJec ~on con orms 0 e 

protocol described above in dipyridamole-T1 201 imaging. 

Image interpretation 

a) Qualitative analysis. Fig 1 demonstrates the 3 convention

al views and the division into the typical myocardial segments. 

The unprocessed and processed scintigrams are interpreted 

visually by at least 2 observers without knowledge of the 

clinical and angiographic data of the patients. Each of the 

segments is interpreted subjectively and scored according to 

a grading system (0 = no activity, 1 = grossly diminished 

activity, 2 = slightly diminished activity, 3 = normal activ

ity) . 

Isolated defects in the apical region are considered a 

normal variant. A reversible defect is defined as an increase 

in activity from grade 0 or 1 in the initial image to grade 

2 or 3 in the delayed image for any ventricular segment except 

the apical regions. An irreversible defect is defined as a 

stress and delayed grade 0 or 1 defect. Both reversible and 

irreversible defects are considered positive for coronary 

artery disease, irreversible defects representing a scar and 

reversible defects representing transient ischemia. Cases with 

disagreement of the observers are conventionally resolved by 

consensus or, if still equivocal, by an additional quantitat-
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Fig. 1. Scherratic representation of myocardial segments in the 3 conven
tional views (45 0 LAO, anterior, left lateral) . 

ive analysis. The anterior, anteroseptal, and anterolateral 

regions are considered to be supplied by the left anterior 

descending artery (LAD), the posteroseptal and inferior 

regions by the right coronary artery, the posterolateral wall 

is assumed to represent the distribution of the left circum

flex artery (12,13,16,40,41) 

b) Computer analysis. Computers are playing an increasingly 

important role in T1 201 acquisition, processing, and display 

(2--4,6,42). Computer processing of the images is directed 

toward image enhancement and quantitation. The primary method 

of background subtraction has now become the method first 

described by Goris as bilinear interpolative background sub

traction (43). This technique has been used to correct for 

the nonuniformity of the background, both spatially and as a 

function of time. After background subtraction the images are 

smoothed using a standard algorithm for nine-point weighted 

averaging. From the smoothed images circumferential maximum 

count profiles of the myocardial T1 201 activity are generated, 

quantitating the segmental activity as an angular function 

referenced from the center of the left ventricular cavity 

2-4,6,22,44) (fig 2). 

The profiles are obtained for the stress and redistribu

tion images and are compared to the statistical limits of 

normal. In addition to circumferential profiles, regional 

wash-out rates may be calculated as a percent wash-out from 

stress to the approximately 4 hour redistribution time (3,4, 

44,45). In normal cases regional wash-out rates should be 
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Fig. 2. Example of ' -quantitative T1201 analysis in a patient with coronary 
artery disease (100% LAD, 90% Lex, 50% RCA stenoses, normal left ventricle). 
Data acquisition time 8 min. 
A (left panel): Dipyridarrole and redistribution images, 45° LAO view, 
after bilinear interpolative background subtraction. Reversible perfusion 
defects in the anteroseptal, apicoinferior and lower posterolateral 
regions. For further analysis the myocardium is subdivided into 5 seg
rrents. 
B (upper right panel): Circumferential profiles quantitating the segrrent
al activity as an angular function, in addition the relative count rates 
for each segrrent compared with the maximum segrrent are depicted showing 
markedly reduced count rates in the segrrents with reversible hypoperfu
sion. 
C (loY.er right panel): Wash-out profile and segrrental wash-out rates. 
Reduced wash-out in the hypoperfused segrrents as expected. As the time 
betY.een stress and redistribution imaging may vary in different patients, 
the wash-out rates are interpolated to exactly 4 hours assuming a rrono
exponential decline. Since early redistribution of T1201 into transiently 



ischemic regions may occur, imaging should generally start as soon as 
possible. For wash-out calculations, however, a second LAO view (15-20 
min post T1201 injection) should be obtained. 
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uniform from all myocardial regions. In ischemic regions T1 201 

wash-out should be reduced which means that myocardial clear

ance rates are delayed compared with normal regions. Although 

this approach of T1 201 wash-out analysis seems very attractive 

from theoretical reasons, this technique has to be regarded 

very cautiously at present because of some major limitations 

to be discussed. 

It has been demonstrated that the reproducibility of T1 201 

wash-out parameters following dipyridamole studied in the same 

patient twice at intervals of at least 1 week is within a wide 

range. The absolute figures of wash-out vary greatly from one 

study to the repeat study which seems to be a major limitation 

of this approach (45). Furthermore, the influence of other 

factors on myocardial T1 201 wash-out has been clearly demon

strated. Glucose-insulin-potassium infusion and the ingestion 

of a high-carbohydrate meal exhibited considerable influence 

on T1 201 wash-out kinetics (46,47). Massie and co-workers have 

shown that in normal patients myocardial T1 201 wash-out is 

slower when the tracer is injected during submaximal exercise 

compared to maximum exercise (40). So a number of various 

factors have been defined which possibly affect T1 201 myocard

ial clearance rates. A comprehensive basic examination in this 

respect is still lacking which seems, however, necessary 

before such criteria can be applied to the interpretation of 

clinical T1 201 study results (47). 

The major advantage to be expected from quantitative 

analysis is to minimize some of the problems associated with 

subjectivity of visual analysis of T1 201 scintigrams. It could 

be demonstrated that quantitation enhances significantly the 

capability of predicting multivessel disease (4,44). On the 

other hand, sole reliance on a computer-derived quantitative 

scan interpretation of T1 201 uptake and wash-out parameters 

may be hazardous, or as it was summarized by Beller in a 

recent review: Quantitation of images alone does not insure 
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improved sensitivity and specificity (2). It must be emphasized 

that qualitative or visual scrutiny of myocardial images is 

necessary for identification of artifacts and normal varia

tions. A basic problem of T1 201 imaging is a poor signal-to

noise ratio and statistical count deficiencies that preclude 

reliable identification of diseased arteries (42). In contrast 

to positron emission computed tomography, T1 201 scintigraphy 

is inherently not a quantitative technique so that according 

to Gould the method of quantitative T1 201 analysis should be 

more correctly termed "computer mapping" of conventional 

planar data (42). 

c) Qualitative versus quantitative analysis of T1 201 scinti

grams following~pyridamole. In order to study the potential 

value of a quantitative analysis including bilinear inter

polative background subtraction and circumferential profile 

analysis in contrast to a visual, more or less qualitative 

analysis, we compared our results in 61 patients refered for 

T1 201 imaging following dipyridamole i.v. Wash-out analysis 

was not included in this comparison because of the limitations 

cited above. 

48 patients had angiographically proven coronary artery 

disease (l-vessel-disease n=16, 2-vessel-disease n=16, 3-

vessel-disease n=16). Positive scintigraphic results (revers

ible or irreversible perfusion defects) were found in 38 

patients (79%) by qualitative analYSis and in 41 (85%) by the 

quantitative approach, however, in 1 patient a defect was 

defined by the latter method in a region supplied by a non

stenotic coronary artery. Thus 40 out of 48 patients with 

coronary artery disease (83%) were diagnosed as having CAD in 

the correct localization. So although the quantitative analysis 

was somewhat more sensitive, the difference did not reach 

statistical significance. 

Qualitative and quantitative analysis were in complete 

agreement in 43 out of 48 patients with coronary artery 

disease (90%). In 5 patients quantitative analysiS could 

detect one additional stenosis. Subtracting one case with a 

false positive regional defect finding, the regional sensitiv-



233 

ity was 70% for the quantitative and 66% for the qualitative 

method (no significant difference) . 

12 patients out of 13 (92%) with normal coronary arteries 

were correctly diagnosed as normal by the qualitative method, 

whereas true negative results by quantitative analysis were 

found in 10 out of 13 cases, for a specificity of 77%. So the 

application of a quantitative method could not provide an 

essential improvement of diagnostic accuracy. 

This result agrees with an editorial by Gould published 

in "Circulation"who concluded that for routine clinical diag

nosis and management visual interpretation of standard Thallium 

images obtained by planar gamma camera scintigraphy is most 

appropriate for analysing myocardial perfusion (42). Computer 

imaging may add impartiality and ease of interpretation, but 

has not been shown to improve diagnostic accuracy (42). Consider

ing our own results and in accordance with the referenced 

opinion the following clinical data presented for T1201 imaging 

following dipyridamole i.v. were achieved primarily by the 

quantitative analysis described above. 

Patients 

Our findings in 258 unselected patients (220 male, 38 

female) are presented who were refered for coronary angio

graphy because of typical or atypical chest pain. T1 201 

following dipyridamole i.v. was performed in close temporal 

connection with angiography (in the majority interval between 

1 day and 1 week). Patients with recent myocardial infarctions 

(within 2 months), unstable angina, after coronary artery 

surgery, and patients with clinical, echocardiographic and/or 

angiographic signs for cardiomyopathy or valve disease were 

excluded from this study. All coronary stenoses of at least 

70% reduction of luminal diameter were accepted as hemodynamic

ally significant. The left ventricular contraction was assess

ed in the 30° RAO angiogram. 

52 patients had normal coronary arteries, 206 patients 

demonstrated coronary stenoses, 1-vessel-disease was present 

in 75 patients (normokinetic left ventricular contraction 
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n=34, asynergic contraction n=41), 2-vessel disease in 73 

patients (normokinetic n=32, asynergic n=41) and 3-vessel 

disease in 58 patients (normokinetic n=31), asynergic n=27) 

Results 

1) Overall specificity and sensitivity of T1 201 imaging 

following dipyridamole. True negative results were obtained in 

49 out of 52 cases for a specificity of 94%. True positive 

results (reversible or irreversible perfusion defects) could 

be found in 173 out of 206 cases with coronary artery disease, 

for a sensitivity of 84%. 

Fig 3. The global sensitivity values showed a progressive 

increase according to the number of narrowed vessels (1-VD 

77%, 2-VD 84%, 3-VD 93%). 

F ' 4 't' 1 201 't' 'th 'bl 19 . A POSl lve T SCln 19ram Wl a reverSl e 

perfusion defect in a patient with coronary artery disease is 

demonstrated in fig 4. 

Fig 5. When subdividing the patients with CAD into 2 

groups with either normokinetic or asynergic left ventricular 

function, a significant differen~e in overall sensitivity 

could be calculated. In patients with normokinetic left 

ventricles the number of false negative T1 201 results was 

comparably higher yielding a lower sensitivity of 71% as 

contrasted to the 95% sensitivity in patients with asynergies 

(p <0.001). 

Fig 6. In the patients with asynergies the global sensitiv

ity was equally high in 1-vessel disease (95%), 2-vessel 

disease (93%) and 3-vessel disease (100%). 

Fig 7. In the patients with normal left ventricular 

contraction sensitivity was lowest in 1-vessel disease (56%), 

somewhat higher in 2-vessel disease (72%) and satisfactorily 

high only in 3-vessel disease (87%). 

Fig 8. The typical example of a false negative result in 

a patient with 2-vessel disease is demonstrated in fig 8. 

2) Probability analysis in noninvasive scintigraphic diag

nosis of coronary artery disease. The interpretation of a 

test result in a given patient requires more than only 
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Fig. 3. Sensitivity of T1201 inaging following dipyridarrDle, values for 
all patients with CAD and for the subgroups according to the number of 
narrowed vessels. 
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Fig. 4. T1201 inages following dipyridarrDle (DPM, upper panel) and 4 h 
later (4 H, lower panel) of a patient with 3-vessel disease (95% proxinal 
LAD, 90% Lex, 100% RCA stenoses) and normokinetic left ventricle. Rever
sible anteroseptal perfusion defect (arrow). 
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Fig. 5. Different sensitivity of T1201 imaging following dipyridamole 
in patients with nortlDkinetic (NORMa) and asynergic (ASYN) left ventricles. 
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Fig. 6. Sensitivity values of T1201 imaging following dipyridamole in 
patients with asynergic left ventricles. 
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Fig. 8. False negative T1201 images fo11owmg dipyridamole m a patient 
with 2-vessel disease (80% distal LAD, 75% RCA stenoses) and normal left 
ventricle. 
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consideration of sensitivity and specificity of the applied 

method. According to Bayes' Theorem, the posttest probability 

of disease depends greatly on the pretest probability of the 

patients studied which is at least as important as the sens

itivity and specificity of the method (4,14,49,50,51). This 

concept implies that in most instances of medical diagnosis 

a test result causes primarily a change in the probability 

for the presence of disease and not a dichotomic yes or no 

decision. A positive test result increases the probability, 

this increase is strictly depending on the pretest probability 

of the individual patient. In patients with negative test 

results the posttest probability is lower than the pretest 

probability, again this decrease depends on the probability 

of each single patient before the test. 

1 201. . f 11 . d' . d As we have shown above, T lmaglng 0 oWlng lpyrl a-

mole has a significantly different sensitivity in patients 

with asynergic or normokinetic ventricles. The application of 

our reported values for sensitivity and specificity and the 

calculation of posttest probability according to Bayes' 

Theorem leads to the diagrams in fig 9 and fig 10. 

The curves in fig 9 depict the posttest probability for a 

positive (upper curve) and negative (lower curve) T1 201 result 

in patients with asynergies and normal controls, whereas the 

curves in fig 10 pertain to CAD-patients with normokinetic 

ventricles opposed to normal cases. The different sensitivity 

values for the 2 groups of patients explain the different 

shape of the lower curves for negative T1 201 findings. For 

all ranges of pretest probability the 2 curves depicted show 

a greater distance in the patients with asynergy than with 

normokinesia. A negative finding excludes more or less the 

presence of coronary artery disease with asynergy, a positive 

finding increases greatly the probability of disease. In 

clinical practice the curves of fig 10 seem more important as 

they must be applied in patients with suspected coronary 

artery disease and normokinesia. As it can be derived from 

the literature, the major diagnostic benefit by the T1 201 

scintigram can be expected in patients with low to inter-
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Fig. 9. Relation of pretest and posttest probability for positive and 
negative T1201 scintigraphy following dipyridamole in patients with 
asynergic left ventricles and normal controls. 
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mediate pretest probability (20-60% range) irrespective of the 

test result. A positive test will greatly increase, a negative 

decrease the probability for coronary artery disease. In both 

extremes of probability (either very low or very high) the 

diagnostic yield of scintigraphy is comparatively lower than 

in the 20-60% range. The consideration of this concept of 

probability analysis enables a better indication for the per

formance of the scintigraphic test. The comparatively low 

diagnostic value in the very low pretest probability range 

confirms that this test can not be advised as a screening 

technique in an asymptomatic population. The relative small 

gain in diagnostic information in all patients with very high 

probability must be considered in so far that a negative 

result can never exclude the presence of disease with reliab

ility, although the positive test will prove the presence of 

disease in such a patient. Each single test result in a given 

patient must be discussed in this very important context of 

probability analysis which requires the pretest probability 

classification of the patient according to age, sex, symptoms, 

and risk factors (4,14,15,17,18,48,49,50,51). 

3) Results of T1 201 imaging following~ipyridamole in regard 

to the 3 major coronary vessels. 

a) Regional sensitivity. 

Fig 11. True positive regional scintigraphic defects 

following dipyridamole were found in 67% (108/162) of LAD 

stenoses, 60% (80/133) of right coronary artery stenoses, and 

in 38% (38/100) of left circumflex stenoses. So a significant

ly smaller number of left circumflex than LAD and RCA stenoses 

could be detected scintigraphically (p <0.001). 

In similarity to global sensitivity, also regional sens

itivity values must be differentiated according to the regional 

wallmotion of the myocardial segment related with the specific 

vessel. 

Fig 12. For all vessels with relation to asynergies the 

regional sensitivity was high, 98% for the LAD, 88% for the 

RCA, and 94% for the LCx. In the great majority of these 

cases the scintigraphic defects were irreversible represent-
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Fig. 11. Regional sensitivity of T1201 imaging following dipyridamole for 
LAD, right coronary artery (OCA) and left circumflex artery (Lex). 
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Fig. 12. Subdivision of regional sensitivity of T1201 imaging following 
dipyridamole according to the contraction of the corresponding wall 
segrrent (asynergic or no:rnokinetic) . 
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Fig. 13. 4 hour redistriliution T1201 .inages m patients with old anterior 
rrvocardial mfarction(AMI, left panel) and mferior'rrvocardial mfarct
ion (IMI, right panel) m comparison to a normal control case (N), 45° 
IAO views. 

ing myocardial scars. Such irreversible defects were found in 

89% of LAD, 81% of LCx, and 73% of RCA stenoses with relation 

to asynergy, so in the distribution of 82% of all asynergy

related vessels persistent scintigraphic defects could be 

noted. Narrowed vessels supplying normokinetic segments were 

detected less frequently yielding regional sensitivity values 

of 50% for the LAD, 45% for the RCA, and 27% for the LCx. 

Although most defects in the vascular bed of these noninfarct 

stenoses were reversible, there were also 15% (15/97) irrever

sible defects in the 4 hour images. 

Fig 13. Typical findings in the redistribution images in 

patients with anterior and inferior myocardial infarctions 

are demonstrated in fig 13. 

Because of the outstanding role of the LAD for the myo

cardial blood-supply, we performed a special consideration of 

T1 201 findings following dipyridamole in LAD stenoses located 

either proximal or distal in comparison to the first septal 
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perforator artery. 

While scintigraphy correctly detected 79% (66/84) of 

proximal LAD stenoses, only 54% (42/78) of the distal LAD 

stenoses were recognized which was a significant difference 

(p <0.001). The major difference between the 2 locations 

could be demonstrated in stenoses with relation to normo

kinetic left ventricular wall segments. Only 36% (20/56) of 

distal LAD stenoses with normokinesia had scintigraphic 

defects in at least one typical LAD region while 66% (33/50) 

of proximal LAD stenoses with relation to normokinetic wall 

segments were detected (p <0.002). There was no difference 

between the 2 locations of LAD stenoses with relation to 

asynergic wall segments (proximal 97% detected, distal 100% 

detected) . 

As the blood-supply to the interventricular septum is 

derived primarily from the LAD, stenoses in this vessel might 

be expected to cause abnormalities in septal perfusion. There

fore we attempted to examine the extent of jeopardized septal 

d ' db T1 201 f' , , myocar lum assesse y per USlon lmaglng. 

An abnormal antero septal myocardial perfusion (visualized 

in the 45° LAO view) was found in 61% (51/84) of proximal LAD 

stenoses and 37% (29/78) of the cases with distal LAD disease 

(p <0.01). Thus a normal septal stress perfusion could not 

exclude proximal LAD disease, in addition septal perfusion 

abnormalities could not be regarded as specific findings for 

patients with proximal LAD disease. 

An abnormal antero septal stress perfusion was induced by 

dipyridamole with approximately the same frequency in proximal 

stenoses related either to asynergy or normokinesia and in 

distal LAD stenoses related to asynergy. In noninfarct related 

distal LAD disease abnormalities in the septum were detected 

significantly less frequently. 

b) Regional specificity. We could find only 3 false positive 

scintigrams in 52 patients with normal coronary arteries which 

corresponded to LAD segments in 2 cases and to the LCx region 

in 1 case. Thus the regional specificity was equally high for 

the LAD ( 9 6 %), LCx ( 98 %), and RCA (1 00 %) . 
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Fig. 14. Sensitivity of T1201 imaging following dipyridamole in the 
assessment of 1) CAD and 2) multivessel disease in all patients with 
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Fig. 16. T1201 images after dipyridanDle and 4 hours later in a patient 
with 3 vessel disease (80% LAD, 100% RCA, 100% Lex stenoses) and inferior 
as 11.Bll as apical akinesis. Irreversible perfusion defects in the 
inferior and apical regions (arrows), no perfusion abnorrrality in the 
postero lateral region "supplied" by the Lex. 

Infrequently there were some problems in the detection of 

hypoperfused inferior wall segments. In 5 patients with CAD 

and compromised blood-supply to the inferior wall, the scinti

graphic defects - although correct in location - were attribut

ed to the false coronary vessel according to the diagram in 

fig 1. So it might be suggested to diagnose preferably only 

inferior wall hypoperfusion and not to address specifically 

one vessel as being narrowed and responsible for the hypo

perfusion. 

4) Problems of the method in coronary multivessel disease. 

F,ig 14. Out of 131 patients with multivessel disease 

(2-VD and 3-VD) 88 % were correctly diagnosed by scintigraphy 
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Fig. 17. Sensitivity of T1201 irraging following dipyridarrole in 1) the 
assessment of CAD and 2) detection of all stenotic vessels in 1-VD , 2-VD 
and 3-VD resp. 

as having CAD, however, the presence of defects in at least 

2 different vascular regions allowed the correct diagnosis 

of multivessel disease in only 36% of these patients. The 

subdivision of the patients into cases with normokinesia and 

asynergy demonstrated a better diagnostic accuracy for the 

detection of multivessel disease in patients with asynergy 

than with normokinesia (46% vs 25% correct MVD diagnoses) . 

In order to study possible influences of the extent of 

CAD on the scintigraphic quantification of vessel involve

ment, we separated the patients with multivessel disease into 

cases with 2 vessel disease and 3 vessel disease. 

Fig 15. Among the 73 cases with 2 vessel disease only 23% 

were correctly diagnosed as having 2-VD. The rate of detected 

multivessel involvement was higher in the 2-VD cases with than 

without asynergies (37% vs 6%). 

Out of 58 patients with 3-VD 52% were correctly classified 

by scintigraphy as multivessel disease. This does not imply 
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individual values for all 6 physicians participating in the study. 

that all of these cases were correctly diagnosed as 3-VD. The 

rate of correctly diagnosed multivessel involvement was some

what higher in the patients with than without asynergies 

(59% vs 45%). 

Fig 16 shows the typical example of a patient ~ith 3-VD 

and underestimation of the extent of coronary artery disease 

in the scintigraphic study. 

Fig 17. In order to illustrate the ability of T1 201 

imaging following dipyridamole to quantitate the number of 

diseased vessels, fig 17 presents our findings in the sub

groups with 1-VD, 2-VD and 3-VD. 

All angiographically narrowed vessels were detected by 

scintigraphic abnormalities in the corresponding segments in 
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77% of the patients with 1-VD, 23% of 2-VD, and only 12% of 

3-VD. These values were significantly lower than the overall 

sensitivity values in these subgroups for the qualitative 

detection of CAD as demonstrated in fig 17. 

In not a single patient pcintigraphy caused an overestima

tion of the number of angiographically diseased vessels. 

5) Impact of T1 201 imaging following~ipyridamole on clinical 

assessment and management of patients with chest pain. While 

studies of sensitivity and specificity of a new diagnostic 

test are the essential first step in its evaluation, a com

prehensive appreciation of its role in clinical practice 

requires further information (52,53). Therefore we studied 

the influence of T1 201 imaging following dipyridamole on the 

clinical assessment of patients with chest pain in regard to 

the presence of coronary artery disease and the impact of the 

method on the estimated need for coronary angiography. This 

retrospective study comprised 60 patients without infarction 

who had been refered for both coronary angiography and T1 201 

scintigraphy following dipyridamole i.v. Summaries of the 60 

case histories were presented to 6 physicians of our cardiol

ogy department giving the following information: 

age and sex; chest pain characteristics including loca

tion,duration, radiation, quality, precipitating and reliev

ing factors; other cardiac symptoms; coronary risk factors; 

rest ECG; exercise ECG results including maximal stage, heart 

rate, symptoms, ST-segment changes, arrhythmias. 

After reviewing the clinical summary the physicians were 

asked to estimate the probability for the presence of coronary 

artery disease in % (ranging from 0 - 100%, 0% = definitely 

no CAD, 100% = definitely CAD). In addition the need for 

coronary angiography was estimated on a 5-point-scale (1 

definitely not indicated, 5 = definitely indicated). After 

these baseline estimations the physicians were given the 

results of T1 201 imaging after i.v. dipyridamole and asked to 

revise their estimations of probability and need for angio

graphy. The physicians did not know the rate of patients with 

and without CAD nor the sensitivity (74%) and specificity 
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(100%) of T1 201 scintigraphy in this certain group of patients. 

Fig 18. In the 43 patients with CAD the mean baseline 

probability for all 6 physicians (258 estimations) was 75.6% 

± 20.2. This judgement was increased highly significantly to 

82.9% ± 23.2 (p <0.001) after receiving the T1 201 results. 

Thus the relative change of probability was 10% of the pre

T1 201 probability. In the cases with CAD the need for coronary 

angiography was 4.3 ± 0.9 without T1 201 and 4.5 ± 0.9 with 

T1 201 ,this 5% relative change was statistically significant 

(p <0.001). 

In the 17 patients without coronary vessel disease (102 

individual estimations) a significantly lower probability 

than in the patients with CAD was found (p <0.001). The pre

T1 201 value of 36.7% ± 22.0 was decreased to 24.8% ± 21.0 

with the information of T1 201 which was a highly significant 

-32% relative change (p <0.001). In these patients without 

coronary stenoses the baseline need for angiography was 

judged 2.7 ± 1.1, with the information of the scintigraphic 

results the need decreased to 2.2 ± 1.2 (-19% relative change 

p <0.001). 

Discussion 

T1 201 imaging following physical exercise of the patients 

has provided important information about presence or absence 

of coronary artery stenoses. Several studies have examined 

the sensitivity and specificity of the exercise Thallium test 

in the diagnosis of coronary artery disease and compared these 

values with exercise stress testing (1,3,10,11,12,13,15,16, 

17,18). In all of the studies T1 201 imaging has'provided a 

better diagnostic information than the exercise ECG. Accord

ing to reports in the literature the mean sensitivity of 

exercise T1 201 is 83% and the mean specificity 90% (10). 

The rate of true positive T1 201 findings is strictly 

depending on the performance of adequate physical exercise. 

Many patients however can not achieve intense and sufficient 

levels of exercise. This includes patients with symptomatic 

claudication, pulmonary disease, skeletal abnormalities, lack 
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of physical training, and lack of motivation. In all of these 

cases an alternative stress test would be highly desirable. 

It has been demonstrated that the intravenous administra

tion of high-dose dipyridamole can cause anginal pain, ST

depression, and increase of diastolic pulmonary artery 

pressure, changes that also occur during exercise in patients 

with CAD (33,34,54). Using intracoronary Xe 133 injection a 

coronary steal phenomenon following dipyridamole infusion 

could be clearly demonstrated by our group (33). The comparable 

diagnostic utility of exercise stress testing and of the so

called dipyridamole-test could be shown in several studies 

including our own (30,31,32,35,36). 

Since the availability of T1 201 it seemed reasonable to 

combine the dipyridamole-test with myocardial T1 201 perfusion 

studies (20-28). The potential value of the dipyridamole-

T1 201 method is still increased by the possibility to anta

gonize dipyridamole effects within a few minutes by the intra

venous injection of aminophylline (38). As also methylxanthines 

can counteract the effects of dipyridamole, it should be 

pointed out that these studies must always be performed in 

fasted patients because also the intake of tea or coffee 

could block the vasodilation in response to dipyridamole (37, 

38,55). 

The mechanism of vasodilation following dipyridamole is 

considered to involve adenosine, inhibiting its degradation to 

inosine by blocking the enzym adenosine-deaminase (37,38,39, 

55,56) . 

Using the described technique of T1 201 imaging following 

dipyridamole we could find in our patients a sensitivity of 

84% and a specificity of 94% in the diagnosis of coronary 

artery disease. The high specificity value might partly be 

explained by the exclusion of patients from the study who 

might possibly have false positive scintigrams, like cardio

myopathies or valve disease (4). The sensitivity value des

cribed by us is in good agreement with reports in the liter

ature about T1 201 imaging following physical exercise. Some 

extreme values are mainly due to different patient selection 
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and different methods of data analysis. 

As we could demonstrate there is a significant difference 

in sensitivity between patients with normokinetic and asynergic 

left ventricles (71% vs 95%,p <0.001). So one of the major 

determinants for a positive T1 201 finding is the presence of 

asynergy generally due to an infarction. Therefore the overall 

sensitivity must be the higher, the more patients with infarc

tions are included in a study. As older studies for T1 201 

imaging following exercise comprised up to 75% of patients 

with infarction, the sensitivity values were disproportionate

ly high (1,11,13). This fact is explained by the preselection 

of patients for such studies which are always performed in 

patients who have undergone coronary angiography. The major

ity of patients refered for angiography have suffered infarc

tions which in turn accounts for the predominance of these 

patients in scintigraphic studies. 

In most patients with infarctions there is no doubt how

ever about the presence of coronary artery disease as history 

and ECG can frequently confirm this diagnosis. In all cases 

with inconclusive history and inconclusive or nega~ve ECG a 

major diagnostic information about the presence of an infarc

tion scar can be expected by T1 201 imaging which helps to 

clarify the diagnosis with a similar reliability as 2-dimension

al echocardiography as reported by us previously (57). 

The comparatively low sensitivity in the patients with 

normokinetic left ventricles implies that a negative finding 

can not exclude coronary artery disease, although the presence 

of 3 vessel disease is very much unlikely with a negative 

T1 201 study (50,58). 

The decision whether coronary artery disease is present 

or absent, does not only require the consideration of sensitiv

ity and specificity, but also and at least as important the 

consideration of the pretest probability of the individual 

patient. As described above, the greatest diagnostic informa

tion by T1 201 imaging can be expected in the 20-60% range of 

pretest probability. In agreement with interpretations follow

ing Bayes' Theorem similar discussions have appeared in the 



252 

literature about T1 201 imaging after exercise (10,14,15,18,49, 

51). The curves depicted in fig 9 and fig 10 should always be 

kept in mind by the physician who orders a T1 201 study. The 

different shape of the curves for negative T1 201 results in 

fig 9 and fig 10 reflects the different sensitivity values 

found for patients with normokinesia and asynergy, respectively. 

The application of Bayes' Theorem leads to the main field of 

indication for T1 201 imaging following dipyridamole which can 

generally be recommended for patients with low to intermediate 

pretest probability of disease. 

The calculation of regional sensitivity of the method in 

dependence on diseased vessels could clearly show that stenoses 

of the LAD and right coronary artery can be detected more 

frequently than left circumflex artery stenoses (67% vs 60% vs 

38%). This fact is again in good agreement with results ob

tained by exercise T1 201 sCintigraphy (10,12,16). The lower 

sensitivity for the left circumflex might be caused by the 

smaller mass of myocardium supplied by this vessel and the 

fact that the left circumflex artery can be evaluated in only 

one scintigraphic view (45 0 LAO). 

There was a striking difference of scintigraphy to recog

nize stenoses supplying viable (normokinetic) or scarred 

(asynergic) myocardium. The rates of detected stenoses with 

relation to asynergy (ranging from 88% to 98%) verifies that 

the method is very reliable in detecting asynergies and 

corresponding narrowed vessels. In the majority of these 

asynergies the scintigraphic defects were irreversible and 

therefore also clearly visualized in the 4-hours scintigrams 

which allowed the reliable identification of myocardial scars 

caused by infarctions. In many of these patients however the 

presence of infarction scars can also be diagnosed by ECG or 

echocardiography which are considerably cheaper methods than 

T1 201 imaging. For the diagnosis of infarction scars the 

scintigraphic method should be restricted to cases with 

questionable findings in the other methods (57). The infrequent 

finding of irreversible defects in normokinetic segments 

indicates that in some of these segments the time neccesary 
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for complete redistribution might be more than 4 hours as it 

was discussed previously for exercise T1 201 imaging (4,8). 

There is some evidence that obstructions of the LAD have 

different prognostic, therapeutic, and surgical implications 

depending on the proximity of the lesions (7,9,16,59,60,61). 

Therefore we tried to define the usefulness of T1 201 imaging 

following dipyridamole in the assessment of LAD stenoses 

located either proximal or distal in regard to the first sep

tal perforator branch (61). The method proved to be extremely 

useful in the prediction of LAD stenoses related to asynergies 

irrespective of the location. The test was less reliable in 

the diagnosis of proximal LAD stenoses supplying normokinetic 

segments and nearly useless in predicting non infarct LAD 

stenoses distal to the first septal perforator. Therefore the 

value of the method is limited in estimating the extent of 

jeopardized myocardium supplied by the LAD although overall 

a significantly greater number of proximal than of distal LAD 

stenoses could be detected (79% vs 54%, p <0.001). 

Antero septal stress perfusion defects could be induced 

more frequently in patients with proximal LAD disease, how

ever, these defects were not specific for proximal LAD disease 

which is in agreement with previous data (9,16). Abnormalities 

in the antero septal area do not correlate with the location 

of LAD disease in relation to the first septal perforator. So 

it could be assumed that the first septal perforator might not 

be important as septal perfusion may depend on the total number 

of septal perforators or on the contribution of the right 

coronary artery to septal perfusion via the posterior septal 

perforator branches. Therefore the presence or absence of 

septal perfusion abnormalities may be regarded as relatively 

inaccurate in distinguishing between proximal and distal LAD 

disease which is in contrast to an older study that however 

seems questionable because of the rather small number of 

patients included (59). 

In confirming our previous findings, the present study 

shows that in 88% of the patients with multivessel disease the 

presence of CAD could be documented scintigraphically (16,58). 
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The ability of T1 201 scintigraphy following dipyridamole to 

predict the number of angiographically narrowed vessels was 

considerably poorer than the overall sensitivity for diagnos

ing CAD. The presence of defects in at least 2 vascular 

regions allowed the diagnosis of multivessel disease in only 

36% of these patients. In only 23% of the patients with 2 

vessel disease and 12% of the patients with 3 vessel disease 

scintigraphy predicted correctly all narrowed vessels. 

The explanation for this limitation of the method could be 

that only the most severely involved areas of myocardium may 

in fact become ischemic during coronary vasodilation with 

dipyridamole. So the most severe lesion in a heart is usually 

identified. Another explanation might be that seemingly normal 

areas are in fact mildly ischemic, but this ischemia can not 

be detected by the Thallium scintigram because this method is 

only able to evaluate relative and not absolute perfusion. In 

the important group of patients with asynergy caused by infarc

tion, scintigraphy did not prove very useful in excluding 

multivessel disease, however, a positive finding provided 

reliable evidence for multivessel disease. 

It could be argued that pat~ents with multivessel disease, 

but without evidence of severe ischemia in different vascular 

regions, might have a relatively benign prognosis. However, 

according to our experience the lack of perfusion defects in 

several regions can not be regarded as evidence of hemo

dynamically irrelevant stenoses because even severe narrowings 

gave frequently negative findings (58). This limitation might 

partly be attributed to the nonquantitative nature of Thallium 

scintigraphy and the fact that the presence of regional mal

perfusion is determined only with reference to "normal" 

regions which themselves might be underperfused. 

Several approaches have been proposed to improve data 

analysis by the application of quantitative procedures in

cluding profile analysis and wash-out determinations in T1 201 

exercise studies (2,3,4,44). As discussed above, such tech

niques can reasonably improve overall and regional sensitiv

ity values also in T1 201 imaging following dipyridamole which 
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is however associated with a small loss in specificity. These 

problems seem even much greater for the analysis of T1 201 

wash-out determinations following dipyridamole yielding 

obviously high regional sensitivity, but also unsatisfactor

ily low regional specificity which makes it·s application in 

clinical practice questionable. In addition other until now 

unresolved problems cited above, like lack of reproducibility 

of wash-out parameters and the possible influence of intake of 

food or drugs, seem major limitations which at present make 

the value of these parameters open to discussion for clinical 

nuclear cardiology (45-47). 

In addition to determination of sensitivity and specific

ity of a diagnostic test, a comprehensive appraisal of the 

clinical value of a certain method requires further informa

tion (52). In our study concerning the clinical impact of 

T1 201 imaging we could demonstrate that the results of scinti

graphy can improve significantly the clinical assessment of 

non-infarct patients with chest pain (53). The estimated 

probability of coronary artery disease was increased in 

patients with hemodynamically significant narrowings and 

decreased in patients with normal coronary arteries. Thus the 
201 knowledge of the results of Tl perfusion studies improved 

the diagnostic differentiation of patients with and without 

CAD in a highly significant extent. The relative change of 

probability for CAD was greater in the patients with normal 

coronary arteries than with narrowed vessels (-32% vs 10%). 

This fact is in good agreement .with interpretations of Baye.s I 

Theorem which have shown the greatest diagnostic yield of 

T1 201 in patients with low to intermediate pretest probability 

of disease (10,14,18,49,50,51). 

Another important aspect of our study was the assessment 

of the clinical management of patients in regard to coronary 

angiography with the information of T1 201 scintigraphy. For 

all 6 participating physicians taken together, an improve

ment in the estimated need for angiography was documented. 

This influence was comparably greater in the patients without 

CAD. So it can be concluded that these patients benefit still 
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more from T1 201 studies than patients with CAD. It could be 

speculated that the use of T1 201 scintigraphy could reduce the 

number of such patients refered for coronary angiography. 

Data presented in the literature and our own results prove 

the outstanding importance of T1 201 imaging following exercise 

or vasodilation using dipyridamole in the noninvasive diag

nosis of patients with suspected or known CAD. The potential 

clinical value of the method seems even to be higher because 

it provides also important functional and pathophysiological 

information in patients with known CAD to supplement the 

anatomic abnormalities determined by coronary angiography. In 

a comparative study performed in patients with CAD applying 

T1 201 imaging following dipyridamole and radionuclide ventric

ulography at rest and during physical exercise we could find 

a typical relation between stress perfusion and global left 

ventricular ejection fraction response (28). Reversible T1 201 

defects usually predicted functional impairment of the left 

ventricle with exercise, irreversible defects suggested im

paired rest function with only minor further dysfunction 

during exercise. Patients with false negative T1 201 scinti

grams demonstrated normal rest ejection fraction which did 

not change with exercise. This close connection between per

fusion and function points to a possible role of radionuclide 

studies for a better risk stratification of the patients. Thus 

the noninvasive nuclear cardiology methods do not only provide 

important diagnostic information, but also valuable functional 

and even prognostic data that may be used in therapeutic 

strategies in patients with coronary artery disease. 



257 

LITERATURE 

1. Bailey IK, Griffith LSC, Rouleau J, Strauss HW, Pitt B, Thallium-201 
~ocardial perfusion irraging at rest and during exercise. Conpara
tive sensitivity to electrocardiography in coronary artery disease. 
Circulation 55:79, 1977. 

2. Beller GA., Quantitative Thalliuro-201 scintigraphy. Int. J. cardiol. 
5:234, 1984. 

3. Berger BB, Watson DD, Taylor GJ, Craddock GB, Martin RP, Teates CD, 
Beller GA., Quantitative Thallium-201 exercise scintigraphy for 
detection of coronary artery disease. J. nucl. Med. 22: 585, 1981. 

4. Berrran DS, Mason DT, Clinical nuclear cardiology. Grune and Stratton, 
New York, 1981. 

5. Bulkley BH, Rouleau JR, Whitaker JQ, Strauss HW, Pitt B, The use of 
201-Thalliuro for ~ocardial perfusion irraging in sarcoid heart disease. 
Chest 72:27, 1977. 

6. Burow RD, Pond H, Schafer AvJ, Becker L. Circumferential profiles: 
A new rrethod for computer analysis of Thalliuro-201 ~ocardial perfu
sion irrages. J. nucl. Med. 20:771, 1979. 

7. Dunn RF, Freedm:m B, Bailey IK, Uren RF , Kelly DT, Exercise Thallimn 
irraging: Location of perfusion abnorrralities in single-vessel 
coronary disease. J. nucl. Med. 21:717, 1980. 

8. Gutman J, Berrran DS, Freenan M, Rozanski A, ~laddahi J, vJaxman A, 
Svvan HJC, Time to corrpleted redistribution of Thallimn-201 in exer
cise ~ocardial scintigraphy: Relationship to the degree of coronary 
artery stenosis. AIrer. Heart J. 106:989, 1983. 

9. Hakki AR, Iskandrian AS, Segal BL, Kane SA, Use of exercise Thallimn 
scintigraphy to assess extent of ischaemic ~ocardiuro in patients 
with left anterior descending artery disease. Brit. Heart J. 45:703, 
1981. 

10. Hor G, Kanerroto N, 201-Tl-~ocardial scintigraphy: Current status in 
coronary artery disease, results of sensitivity/specificity in 3092 
patients and clinical recommendations. Nucl. Med. 20:136, 1981. 

11. Jengo JA, Freenan R, Brizendine M, t!ena I, Detection of coronary 
artery disease: Corrparison of exercise stress radionuclide angio
cardiography and Thallimn stress perfusion scanning. AIrer. J. cardiol. 
45:535, 1980. 

12. Lenaers A, Block P, Van Thiel E, Lebedelle M, Becquevort P, Erbsmann 
F, Errrans Ar1, Segrrental analysis of Thallimn-201 stress ~ocardial 
scintigraphy. J. nucl. Med. 18:509, 1977. 

13. Massie BM, Botvinick EH, Brundage BH, Correlation of Thallimn-201 
scintigrarns with coronary anatomy: Factors affecting region by region 
sensitivity. AIrer. J. cardiol.44:616, 1979. 

14. Melin JA, Piret LJ, Vanbutsele ~1, Rousseau MF, Cosyns J, Brasseur 
LA, Becker C, Detry JMR, Diagnostic value of exercise electrocardio
graphy and Thallimn ~ocardial scintigraphy in patients without 
previous ~ocardial infarction: A Bayesian approach. Circulation 
63:1019, 1981. 



258 

15. Patterson RE, Horowitz SF, Eng C, Rudill A, ~ller J, Halgash DA, 
Pichard AD, Goldsmith SJ, HeI1lBIl MV, Gorlill R, can exercise electro
cardiography and Thalliurn-201 !TTh'ocardial imagillg exclude the diag
nosis of coronary artery disease? Amer. J. Cardiol. 49:1127, 1982. 

16. Rigo P, Bailey IK, Griffith LSC, Pitt B, Burow RD, Wagner HN, Becker 
LC, Value and limitations of segmental analysis of stress Thallium 
!TTh'ocardial imagillg for localization of coronary artery disease. 
Circulation 61:973, 1980. 

17. Ritchie JL, Myocardial perfusion imagillg. Amer. J. Cardiol. 49: 1341 , 
1982. 

18. Silber S, Fleck E, Kleill U, Rudolph W, Wertigkeit der Thallium-201 
Belastungsszilltigraphie im Vergleich zur Belastungelektrokardiographie 
bei Patienten mit koronarer Herzerkrankung ohne Myokardillfarkt. 
Herz 4:359, 1979. 

19. SrPallillg RW, The spectrum of Thallium-201 imagillg ill coronary artery 
disease (teachillg-editorial). J. nucl. Med. 24:854, 1983. 

20. Albro PC, Gould LK, Westcott RJ, Hamil ton GW, Ritchie JL, Williams 
DL, Nonillvasive assessrrent of coronary stenoses by !TTh'ocardial imagillg 
durillg phannacologic coronary vasodilatation. III. Clillical trial. 
Amer. J. Cardiol. 42:751, 1978. 

21. Dem:mgeat JL, Constantillesco A, ~bssard JM, Charrbron J, Voegtlill R, 
Evaluation of !TTh'ocardial perfusion and left ventricular function by 
201-Thallium scilltigraphy after dipyridamole. Eur. J. NUcl. Med. 
6:491, 1981. 

22. Francisco DA, Collills SM, Go RT, Ehrhardt TC, Van Kirk ee, Marcus ML, 
'I'orrographic Thalliurn-201 !TTh'ocardial perfusion scilltigrams after 
maximal coronary artery vasodilatation with illtravenous dipyridamole. 
Comparison of qualitative and quantitative approaches. Circulation 
66:370, 1982. 

23. Gould LK, Nonillvasive assessrrent of coronary stenoses by !TTh'ocardial 
perfusion imagillg durillg phannacologic coronary vasodilatation. I. 
Physiologic basis and experimental validation. Amer. J. Cardiol. 41: 
267, 1978. 

24. Gould KL, Westcott RJ, Albro PC, Hamilton GW, Nonillvasive assessment 
of coronary stenoses by !TTh'ocardial imagillg durillg phannacologic 
coronary vasodilatation. II. Clillical methodology and feasibility. 
Amer. J. Cardiol. 41:279, 1978. 

25. Josephson MA, Brown G, Hecht HS, Hopkills J, Pierce CD, Peterson RB, 
Nonillvasive detection and localization of coronary stenoses ill 
patients: Corrparison of restillg dipyridamole and exercise Thallium-
201 !TTh'ocardial perfusion imagillg. Amer. Heart J. 103: 1 008, 1982. 

26. Leppo J, Boucher CA, Okada RD, Newell RD, Strauss HW, Pohost G, 
Serial Thallium-201 !TTh'ocardial imagillq after dipyridamole illfusion: 
Diagnostic utility ill detectillg coronary stenoses and relationship to 
regional wall motion. Circulation 66:649, 1982. 

27. Schmoliller R, Dudczak R, Kronik G, Kletter K, Hutterer B, MOsslacher 
H, Frischauf H, Die Aussagekraft der Thallium-Szilltigraphie nach 
Dipyridamol ill der Diagnostik der koronaren Herzkrankheit. Z. Kardiol. 
69 : 179, 1980. 



259 

28. Schmoliner R, Dudczak R, Kronfr G, HOffi3Il R, MBsslacher H, Anderungen 
der linksventrikularen Auswurffraktion unter Belastung und der 
Thalliurnr201-Szintigraphie nach Dipyridamol bei Koronarpatienten. 
Wien. Klin. wschr. 96, 243, 1984. 

29. Lebowitz E. Greene MW, Bradley-Moore P, Atkins H, Ansari A, Richard P, 
Belgrave E, Tl-201 for medical use. J. nucl. Med. 14:421, 1973. 

30. Grosze-Heit:rreyer W, GOrtz P, Driike P, MDnninghoff W, M::lst E, MUller U, 
Bender F, Dipyridamol-Test und koronare Herzkrankheit. Med. Welt 
33:960, 1982. 

31. Osterspey A, Jansen W, Tauchert H, Eigl J, Happ H, Behrenbeck DW, 
Hilger HH, Stellenwert des Dipyridamol-Tests in der Diagnostfr der 
koronaren Herzkrankheit. Dtsch. med. wschr. 108:1469, 1983. 

32. Schmoliner R, Slany J, Kronfr G, MBsslacher H, Die Aussagekraft der 
Dipyridamoltests fUr die Diagnostfr der koronaren Herzkrankheit. 
Wien. Klin. Wschr. 91:460, 1979. 

33. Slany J. MBsslacher H, Imhof H, Bodner P, Untersuchungen zum coronary 
steal Phlinomen bei koronarer Herzkrankheit. Verh. Dtsch. Ges. Kreis
laufforschg. 40:435, 1974. 

34. Slany J, MBsslacher H, Kronfr G, Schmoliner R, Einflusz von Dipyri
damol auf das Ventrfrul~am bei koronarer Herzkrankheit. Z. 
Kardiol. 66:389, 1977. 

35. Tauchert M, Behrenbeck DW, Hotzel J, Hilger HH, Ein neuer phanra
kologischer Test zur Diagnose der Koronarinsuffizienz. Dtsch. Med. 
wschr. 101 :35, 1976. 

36. Tavazzi L, Previtali M, Salerno JA, Ch.irnienti H, Ray M, Medici A, 
Specchia G, Bobba P, Dipyridamole-test in angina pectoris: D.i:a.gnostic 
value and pathophysiological irrplications. Cardiology 69: 34, 1982. 

37. Afonso S, O'Brien GS, Enhancement of coronary vasodilator action of 
adenosine triphosphate by dipyridamole. Circulat. Res. 20:403, 1967. 

38. Afonso S, Inhibition of coronary vasodilating action of dipyridamole 
and adenosine by aminophylline in the dog. Circulat. Res. 26:743, 
1970. 

39. Klabunde RE, Effects of dipyridamole on postischemic vasodilatation 
and extracellular adenosine. AIDer. J. Physiol. 244: 273, 1983. 

40. Massie BM, Wisneski J, Kramer B, Hollenberg M, Gertz E, Stern D, 
Comparison of I1¥ocardial Thallium-201 clearance after rraxirral and 
subrnaxirral exercise: Inplications for diagnosis of coronary heart 
disease: Concise conmmication. J. nucl. Med. 23 (N) :381, 1982. 

41. Schmoliner R, Dudczak R, Kronfr G, Hutterer B, Kletter K, MBsslacher 
H, Frischauf H, Thallium-201-Myokardszintigraphie nach hochdosierter 
Dipyridamolgabe. Z. Kardiol. 70:111, 1981. 

42. Gould KL, Quantitative irraging in nuclear cardiology. Circulation 
66:1141, 1982. 

43. Goris ML, Daspit SG, McLaughlin P, Kriss JP, Interpolative background 
subtraction. J. nucl. Med. 17:744, 1976. 

44. Maddahi J, Garcia EV, Berm:m DS, Waxm:m A, SWan HJC, Forrester J; 
Inproved noninvasive assessment of coronary artery disease by quan
titative analysis of regional stress I1¥ocardial distribution and 



260 

washout of Thallium-201. Circulation 64:924, 1981. 

45. Dudczak R, Sclmoliner R, Honan R, Kletter K, Frischauf H, Serial Tl-201 
iIrages after high dose dipyridamole: Diagnostic utility of Tl-201 wash
out analysis. Eur. J. Nucl.Med. 9:147, 1984. 

46. Wilson RA, Okada RD, Boucher CA, Guiney TE, Hc Kusick K, Pohost GM., 
Strauss HW, Influence of eating on serial exercise Thallium rrt{ocard
ial and lung clearance rates. Circulation 64: 24 2, 1981. 

47. Wilson RA, Okada RA, Strauss HW, Pohost GM., Effect of glucose-insulin
potassium-infusion on Thallium rrt{ocardial clearance. Circulation 
68: 203, 1983. 

48. DiaIrond GA, Forrester JS, Analysis of probability as an aid in the 
clinical diagnosis of coronary artery disease. New Engl. J. r.1ed. 
300:1350, 1979. 

49. Epstein SE, Implications of probability analysis on the strategy 
used for noninvasive detection of coronary artery disease. Amer. J. 
Cardiol. 46:491, 1980. 

50. Schrroliner R, Dudczak R, Kronik G, Kletter K, HOsslacher H, Frischauf 
H, Diagnostische Wertigkeit der Thallium-201-Szintigraphie nach 
Dipyridamol bei Patienten mit no:rnokinetischem Ventrikel. Z. Kardiol. 
72:394, 1983. 

51. Wagner HN, Bayes I Theorem: An idea mose time has carre? Amer. J. 
Cardiol. 49:875, 1982. 

52. Hlatky H, Botvinick E, Brundage B, The independent value of exercise 
Thallium scintigraphy to physicians. Circulation 66:953, 1982. 

53. Schmoliner R, Dudczak R, Kronik C, HOsslacher H, Zangeneh H, Pollak 
Ch, Schurz B, Schoberwalter A, Honan R, Einflusz der Thallium-201-
Szintigraphie auf die klinische Einsclilitzung von Brustschnerzen. In: 
Radioaktive Isotope in Klinik und Forschung. Gasteiner Int. Synp. 
1984, 16. Band, 1. Teil, p 415. 

54. Wilcken DEL, Paoloni HJ, Eikens E, Evidence for intravenous dipyr ida
rrole (Persantin) producing a "coronary steal" effect in the ischemic 
rrt{ocardium. Aust. N.Z.J. Med. 1:8, 1971. 

55. Hintze TH, Vatner SF, Dipyridamole dilates large coronary arteries 
in conscious dogs. Circulation 68: 1321, 1983. 

56. Nott MW. The possible role of adenosine in the coronary dilator 
action of sore pyrinUdopyrirnidines and pteridines. Brit. J. Phantac. 
39 :287, 1970. 

57. Schmoliner R, Kronik G, Dudczak R, Hutterer B, HOsslacher H, Frischauf 
H, Die Zuverlassigkeit der Thallium-201-Szintigraphie und der zv..ei
dirrensionalen Echokardiographie in der Diagnostik von Infarktnarben. 
Med. welt 32:264, 1981. 

58. Schrroliner R, Dudczak R, Kronik G, Hutterer B, Kletter K, HOsslacher 
H, Frischauf H, Thallium-201 imaging after dipyridamole in patients 
with coronary multivessel disease. Cardiology 70:145, 1983. 

59. Pichard AD, Wiener I, Martinez E, Horowitz S, Patterson R, Meller J, 
Goldsmith S, Gorlin R, Hernan HV, Septal rrt{ocardial perfusion iIraging 
with Thallium-201 in the diagnosis of prox:i1nal left anterior des
cending coronary artery disease. Amer. Heart J. 102:30, 1981. 



60. Platia EV, Grunwald L, Mellits ED, Humphries JO, Griffith LSC, 
CLinical and arteriographic variables predictive of survival in 
coronary artery disease. AIrer. J. Cardiol. 46: 543, 1980. 

261 

61. Schrroliner R, Dudczak R, Kronfr G, Kletter K, MOsslacher H, Frischauf 
H, Erfassung von Stenosen des Ramus interventricular is anterior 
mittels Thallium-20 1-Szintigraphie nach Dipyridarrol. Herz/Kreislauf 
15:3, 1983. 



VISUALIZATION OF MYOCARDIAL BLOOD-FLOW CHANGES WITH 
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INTRODUCTION 
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The decision to undertake agressive therapy of a coronary 

artery lesion, be it PTCA or surgery, depends entirely on the 

functional significance of the particular coronary artery 

stenosis present. Although more factors than the stenosis 

resistance alone determine the outcome of myocardial ischemia 

(see chapter 1, this volume), this can be expected to occur 

in high-grade lesions (>70% diameter stenosis). In smaller 

lesions, however, the determination of regional myocardial 

blood-flow may be necessary to justify a therapeutic decision. 

Noninvasive myocardial perfusion studies with 201 Tl can 

be of particular value in single vessel lesions. In multi

vessel disease the sensitivity to delineate the smaller lesion 

may be less and overlapping of the various coronary flowbeds 

may prohibit the assessment of the exact localization of 

diminished myocardial perfusion. 

Myocardial blood-flow studies in the intact subject can 

either be performed by the thermodilution method (1,2), inert 

gas washout \techniques (3,4) or precordial mapping of radio

nuclides (5-9). In the thermodilution and inert gas washout 

techniques the coronary sinus has to be catheterized, which 

makes it an invasive procedure, allbeit of the right side of 

the heart. Although these methods allow for accurate measure

ments, even at high flowrates (4-10) an essential drawback is 

the fact that only overall left ventricular flow is measured. 

This limits its value in CAD which is essentially a regional 

disease. A recent modification in the thermodilution tech

nique now allows for 2 areas of the left ventricular outflow 
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to be measured (11,12). However, the specific measurement of 

coronary flow through the smaller subregions of the left ven

tricle is not possible. In addition the obligatory positioning 

of the catheter in the mid coronary sinus to prevent atrial 

reflux interference with the measurements, usually precludes 

proper sampling from postero-Iateral regions. 

Labelled microspheres of approximately 15~ in diameter 

reflect transmural distribution of myocardial blood-flow very 

well as has been demonstrated in animal stu~ies (13,14). 

Studies in man were carried out during heartcatheterization 

with macroaggregated albumin, usually employing a dual 

isotope technique. These investigations performed at rest and 

after some form of stress did show the technique to be quite 

reliable and safe (15-18) .Obviously its potential use in 

humans is however limited to only a few investigations per 

patient. 

Inert radioactive gases administered either directly into 

the coronary circulation or non-selectively in the aortic 

root have been used for the precordial mapping of coronary 

blood-flow. Of these 133xe has had the widest application 

(5-9). During catheterization the gas is injected in solution 

as a bolus into the coronary artery and the regional wash-out 

curves are measured. Several successive studies with a minimal 

interval of 6-8 min can be performed (6). It has been claimed 

that quantitative measurements of regional coronary blood-flow 

can be made. To what extent this really is possible, when 

measuring essentially 3-dimensional blood-flow changes in a 

2-dimensional way is questionable. This criticism however, 

applies to any kind of precordial mapping technique. Other 

potential difficulties with the 133Xe method is a (small) 

percentage of recirculation (± 5%) and its affinity for fat 

(tissue participation coeeficient(~) in myocardium assumedly 

0,72 versus~in fat tissue of 8 (19»,which can give background 

accumulation during repetitive studies. Finally its relatively 

low energy spectrum (gamma rays of 81 keV 37%) facilitates 

Compton scatter. 

Several years ago a Krypton isotope, 81mKr , was intro

duced (20-22), which allowed the continuous measurement of 
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regional myocardial blood-flow changes (23-26). In this chapter 

our experiences with the continuous intracoronary administra

tion of 81mKr will be discussed. 

Characteristics of 81mKr 

81mKr is formed by isometric transition from unstable 81 Rb 

to stable 81 Kr , emitting 190 keV gamma rays (65% abundance). 

The isotope is chemically and biologically inert and has a 

very short physical halflife of 13.6 sec. After intracoronary 

administration it diffuses readily through the capillary 

membranes and equilibrates rapidly with the extracellular 

myocardial fluid. 

During continuous and constant administration 81~r is 

distributed in relation to regional coronary blood-flow. 

Stabilization between local supply and decay of the isotope 

is reached within 30-60 sec after the commencement of intra

coronary administration. Any change in 81mKr distribution 

hereafter depends on its regional supply rate and hence on 

local myocardial blood-flow. When 81mKr is continuously 

administered at a constant rate alterations in local myocardial 

blood-flow can be measured as the percentage change in 81mKr 

distribution in relation to the control situation. Due to its 

very short physical halflife 81mKr is not measurable in the 

venous effluent in the right atrium. This together with its 

190 keV radiation spectrum ensures imaging with a negligable 

background. 

81mKr production. During our studies 81mKr was eluted 

from a sterile, pyrogen-free 81 Rb /81mKr generator. 81Rb is 

formed during proton bombardment of natural Krypton gas, which 

results in a 81Rb production rate of 3 mCi/~ A.h.; over 95% 

of which is recovered in aqueous solution (27). The 81 Rb /81mKr 

generator was calibrated to deliver 20-25 mCi at the time of 

the study. The unstable 81 Rb decays to 81~r, which emits 

190 keV gamma rays (65% abundance). Elution of the generator 
81m with 5% glucose yields a solution containing only Kr. Even 

at high perfusion rates of 25 ml/min only a negligeable 

break-through of 81 Rb occurs. 
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The eluate is then passed through a sterile ~illepore 

filter into the coronary artery catheter. Optimal perfusion 

rates from the generator in order to achieve sufficient and 

constant build-up of 81mKr on the 81 Rb column are in between 

12-15 ml/min. In our studies a constant perfusion rate with 

5% glucose of 13,3 ml/min was achieved with the use of a 

persistaltic infusion pump, resulting in 15 mCi total radio

activity per min with a 20 mCi generator. 

Instrumentation. Contrary to studies with 133xe , where 

multicrystal cameras were preferable due to their fast count 

rate possibilities, the single crystal camera is better for 

the 81~r studies described in this chapter. Very fast count 

rates as can be realized with multiple crystal cameras (up to 

200.000 - 500.000 counts per sec) are unnecessary in view of 

the limited production of 81mKr by the generator even at 

a higher calibration (up to 35 mCi). On the other hand the 

better spatial resolution of the single crystal camera enables 

flow changes to be determined in relatively small areas of 

the left ventricle, which is less optimal with the multicrystal 

camera due to its poor pictorial resolution. Count rates are 

improved using a !-inch crystal instead of the i-inch crystal 

gamma cameras currently used for nuclear cardiology purposes. 

In these studies we have tried out both crystal sizes. 

Total counts over the heart/min averaged ± 250.000 for 

the ! inch crystal gamma camera (General electric porta 

camera) and ± 180.000 for the! inch (Siemens LEM portable 

camera) using similar data processing techniques. Data given 

in this chapter are obtained with the !-inch crystal gamma 

camera, connected on line to a Medical Data' Systems - A2 

computer and energy detection set on 190 keV ± 20%. Throughout 

the study imaging was visualized both on a persistence scope 

and on a monitor connected to the computer. 

Images were acquired in 15 sec frames with the camera in 

45° LAO position. In some studies an additional investigation 

was carried out in the 30° right inferior oblique position (RIO) 

to achieve optimal separation between the marginal branches 

of the left circumflex coronary artery. 
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Ch . 8 1 ItL d' t . b . d . . anges In Kr lS rl utlon were measure In varlOUS 

regions of interest. over the left ventricle, including both 

normal regions and areas with CAD, over the ascending aorta, 

total left heart and background regions, including the right 

atrium. Areas of interest were constructed using an electronic 

lightpen on the visual display unit. 

Movement artefacts during the study were avoided and care 

was taken that successive regions of interest did not move 

out of their originally constructed areas. Further calcula

tions were made of both total counts per area as well as of 

total counts per pixel per area. In order to correct for 

possible fluctuations in 81mKr delivery counts per area per 

frame were always correlated with and given as percentages 

of simultaneous total counts over the left heart. 

Patient studies: Methodology and materials. Studies were 

carried out in patients with suspected or confirmed coronary 

artery disease in whom catheterization was believed necessary 

either to confirm the diagnosis or to investigate the possibil

ity of angioplasty or by-pass surgery. 

Patients were studied without premedication after an 

overnight fast because of concomittant metabolic investiga

tions. 

Using the Seldinger technique introducer systems were 

inserted in the right femoral artery and in the right brachial 

vein. This allowed the positioning of a 7F Judkins or Amplatz 

left coronary artery catheter in the ostium of the left 

coronary artery and a 7F Zucker bipolar pacing catheter in the 

mid-coronary sinus for pacing purposes and sampling of 

coronary venous blood. The length of the left coronary main 

stem and the position of the catheter tip in it were then 

examined in the 30° RIO position. Next, possible selective 

injections in one of the branches of the left coronary artery 

were studied by both slow and rapid manual injection of 

contrast material in the 45° LAO and 30° RIO positions and 

registered on videotape for continuous replay. When the 

possibility of streaming was present different catheters and 

catheter sizes were tried. Finally, any fluctuation in 81~r 
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Fig. 1. Schematic representation of the study design. 81~ is eluted 
in 5% glucose fran the 81Rb/8111lKr generator and infused directly into 
the left coronary artery. At the bottan of the figure nonnal 8111lKr 
distribution over the LAD and RCX area is shawn in a'patient without 
coronary artery disease. LAD = left anterior descending artery. 
RCX = left circumflex artery. 

distribution over the left ventricle was excluded during a 

10 min control period before initiation of the study. 

When the possibility of streaming still existed or in the 

case of a short mainstem either a super-selective perfusion 

was carried out in the coronary branch of interest or the 

patient was excluded from the study altogether. A schematic 

representation of the investigational set-up and normal 81mKr 

distribution at rest is given in fig 1. A stabilization 

period of 20 min was allowed before initation of a stress 

test by way of incremental atrial pacing. During this test the 

heart rate was increased by 10 beats every 2 min until either 

anginal pain and/or atrio-ventricular block occurred. Through

out the study precordial imaging was carried out in successive 

15 sec frames. Results are given for the control situations, 
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Fig. 2. 81rtq{r distribution at rest in a patient with a 100% LAD occlusion 
(see arrow). There is diminished 811llKr perfusion over the distal LAD area 
and normal distribution over the RCX and proxinal LAD region. LAD = left 
anterior descending artery. RCX = left circumflex artery. 

at 100, 120, 140, 160 and 180 beats/min and during anginal 

pain or atrio-ventricular block, followed by determinations 

15 sec, 1, 2 and 5 min after pacing. Onset and progression 

of anginal pain was correlated with 81mKr distribution changes 

in the simultaneous 15 sec imaging frames. 

Results 

In 2 patients a selective infusion in the diseased branch 

of the left coronary artery was carried out because of a short 

mainstem. 

One patient had to be excluded due to a possible streaming 
artefact. 

81~r distribution changes in patients with normal coronary 

arteries. In 4 patients no significant coronary artery disease 
81m was present (CAD <50%). In these patients distribution 

over the left ventricle was normal during the control period 

and did not change during and after atrial pacing. 

81~r distribution changes in patients with CAD. In 16 

patients with >50% CAD 12 areas with ~90% and 6 areas with 
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Fig. 3a. Absent 81Ill.Kr distribution in the RCX region at rest and during 
pacing in a patient who was catheterized twice within one week. Within 
this period a 99% RCX stenosis had progressed to a total occlusion 
without anterograde collaterals. Halfway the LAD a 50-70% stenosis is 
present, which however does not result in any change in 81ITKr distribu
tion in this area during pacing. LAD = left anterior descending artery. 
RCX = left circumflex artery. 

70-90% were present. Wallmotion abnormalities during left 

ventriculography at rest (30 0 RAO and 45 0 LAO projections) 

were observed in 9 patients: 8 in >90% and 1 in 70-90% left 

CAD areas, varying from hypo- to dyskinesia. Anterograde 

collaterals were present in 7 areas: in 6 with ~90% and 1 with 

a 70-90% stenosis. 

81mxr distribution at rest. During the 10 min control 

period the 81mxr distribution pattern remained stable with 

only small fluctuations «5%). 81mxr perfusion was normal in 

most areas. In only 5 an obviously diminished, however un-
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Fig. 3b. 81ITKr perfusion of the right coronary artery in the same 
-patient. During the interval between the two catheterizations a retro
grade collateral circulation to the RCX area has developed. 81Ilq{r 
perfusion is nCM shown to inq:lrove warkedl y in the RCX area during 
atrial pacing. 
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changed distribution was observed, all in ~90% left CAD 

regions. In 4 of these anterograde collaterals were present 

with decreased, however measurable radioactivity (fig 2). In 

1 patient, who was reinvestigated within 1 week after a 

previous catheterization in order to perform a Krypton study, 

a 99% left marginal branch had closed without signs of a 

recent infarction. However also without the formation of 

anterograde collaterals (fig. 3a). No 81~r perfusion of the 

marginal area occurred, either at rest and during pacing. 

Retrograde collaterals from the right -coronary artery had 

developed in between the 2 successive catheterizations with 
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Fig. Sa. 4So LAD view of 81ffiKr distribution at rest and during pacing in 
a patient with proximal 90% lesions in the LAD (closed arrow, Sa) and 
obtuse marginal artery (open arrow Sb). During angina pectoris there is 
diminished 81ffiKr distribution over the LAD area, which however is not 
so evident in the obtuse marginal region, presumalJly due to norma). perfusion 
of postero-lateral branches which in this view are partially overlying 
the diseased coronary artery. 

some retrograde filling at rest; which however improved during 

the atrial pacing stress test (fig 3b). In none of the patients 

was the diminished 81mKr distribution at rest accompanied by 

signs of myocardial ischemia, such as anginal pain, ECG 

changes or myocardial lactate production. However, abnormal 

wall motion at rest was found in all and documented old myo

cardial infarcts in 3 patients. 

81mKr distribution during pacing (table 1). During atrial 

pacing 81mKr distribution decreased in all >70% left-CAD 

areas with simultaneous increases in the normal areas. In the 

~90% lesions this fall in 81mKr perfusion developed at an 
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Fig. 5b. During a second atrial pacing stress test inaging was performed 
in the 30° RIO position. The obtuse marginal artery is in this view 
separated from the postero-Iateral branches and a 81IDKr perfusion defect 
is now clearly visible in this area during pacing (arrows). 81IDKr distribu
tion is still abnormal 2 min after pacing in both obtuse marginal and LAD 
regions. 

early stage and was progressive to the end of pacing. 

An example is given in fig 4. In this patient with a 

proximal 90% stenosis of the LAD artery 81mKr perfusion 

diminished at an early stage before the development of anginal 

pain, however, together with lactate production. During anginal 

pain an impressive shift in 81mKr distribution from the diseased 

to the normal area is seen. This progressive decrease of 81mKr 

perfusion of early onset was found in all ~90% lesions. In the 

70-90% stenosis group a change in 81mKr distribution usually 

only occurred halfway or towards the end of pacing. 

Further,the magnitude of the changes differ between the 

2 groups with significantly lower 81mKr perfusion during anginal 

pain, 67 ± 6.3% of control in the >90% lesions as compared to 
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a decrease to 80 ± 5.6% in the 70-90% stenosis group (p<0.001). 

The fact that 81mxr changes are found in all >70% areas and 

not in the <50% lesions indicates its possible use to discrim

inate between significant and non-significant CAD. 

81mxr distribution changes after pacing. In our studies 

usually late return to the control situation was found long 

after general signs of ischemia had subsided. Given the fact 

that the overall myocardial blood-flow is back to normal with

in the first 1-2 min after pacing, this implies an absolute 

flow reduction in the ischemic area. As can be seen from 

table 1 this flow reduction lasted more than 5 min and in some 

patients was still found to exist as long as 15 min after 

pacing. In only 6 of the 18 areas with >70% CAD did 81mKr 

distribution return to normal within 5 min after pacing. An 

explanation for this unexpected long-lasting flow reduction 

after atrial pacing induced ischemia is difficult to give. 

Prolonged post-stenotic vasodilatation with lowering of peri

pheral perfusion pressure may result in an increase in stenotic 

resistance and a reduction in regional flow (28). A continuing 

adenosine release from the ischemic area is likely in view of 

the fact that myocardial venous hypoxanthine levels are still 

increased 5 min after pacing in analogue studies (29). Region

al myocardial blood-flow which is still abnormal 15 min after 

pacing is possibly the reason for a non-reproducible lactate 

pattern during repetitive atrial pacing stress tests with this 

interval (30). 

Repetitive 81mxr distribution imaging in various positions. 

81mK;- imaging in our studies was always started in the 45° LAO 

position, separating the LAD and RCX regions. In addition 

perfusion studies of the right coronary artery were performed 

from this angle. This than allows a clear view of the right 

coronary perfusion areas in the infero-apical and postero

lateral regions (fig 3) without the problems of overprojection 

of the left coronary artery blood-supply in these areas. In 

single vessel lesions and in most of the patients with multi

vessel disease one left coronary artery in the 45° LAO view 

study was usually sufficient to obtain all the information 
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needed. However, in some instances a second study was necessary 

from a different imaging angle in order to separate the branches 

of the left circumflex artery. The 30° right inferior oblique 

position was chosen for this purpose separating the various 

marginal branches of this artery. The second study was performed 

after a 30 min interval. An example is given in fig S. This 

patient had both a >90% stenosis of the LAD and of the obtuse 

marginal branch. During atrial pacing in the 4So LAO projection 

there is an obvious decrease of 81rnxr distribution over the 

LAD area, however, not so apparent over the Rex area (fig Sa). 

Due to overprojection of the normal postero-lateral branch 

over the stenotic obtuse marginal artery a decrease in 81rnxr 

perfusion in the latter could be compensated by hyperemia and 

an increase in 81mKr activity in the normal postero-lateral 

area. 

The functional significance of the obtuse marginal stenosis 

is now demonstrated in the second study with the gamma camera 

in the 30° RIO position (fig Sb). The marginal branches and their 

perfusion area are now separated and diminished 81mKr distrubu

tion is clearly seen in the peripheral obtuse marginal region, 

as well as in the LAD area. 
S 1 . . t 81nL . f . 1 . e ectlve In ra-coronary Kr In USlon versus nonse ectlve 

administration. Due to its very short half-life 81mKr must be 

administered either directly into the coronary artery (select

ive) or in the immediate vicinity of the coronary artery ostia 

(non-selective). Though the possibility of a streaming arte

fact with the intracoronary method, imposes an important theo

retical drawback to the procedure its occurence is in our 

experience easily recognizable and preventable. 

In the great majority of patients this type of study can 

be carried out without streaming artefacts after selection of 

the appropriate type of catheter. Also a change in catheter

tip position during pacing and fast heart rates, giving rise to 

a more superselective infusion and hence a distribution arte

fact, is unlikely in view of the fact that in most patients 

81rnxr distribution did not return to the control situation 

immediately after cessation of pacing, which would be expected 

in case of artefacts. The consistent observation of a decreased 
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Fig. 6. Direct intracoronary administration of 81ffiKr (left image) 
=rrpared with an infusion of the same amount into the aortic sinuses 
(right image). The difference in activity over the heart is obvious. 
Also, perfusion of the right coronary bed can be seen (closed arrow) , 
which may overlap in the infero-apical region. The same problem may 
occur in the RCX area by counts fran the descending aorta (open arrow) 
during intra-aortic administration. RCX = left circumflex artery. 

81~ perfuSion pattern during episodes of spontaneous anginal 

pain and normal resting heart rates found in the same areas 

as during pacing induced ischemia is also a strong argument 

against streaming artefacts (data not given in this chapter) • 

In our experience the selective intracoronary infusion 

of 81mxr provided acceptable information about the functional 

significance of the coronary artery disease present. 

On the other hand we were unable to obtain reliable data 

when applying nonselective methods of administration of 81mxr 

in the aortic root and/or aortic sinuses both with "normal" 

or specially designed catheters. 

Invariably the total amount of counts over the heart was 

far too low to allow proper statistical analysis. This is not 

surprising taking into consideration the relatively small 

portion of cardiac output which enters the coronary circula

tion. Even using special catheters, designed for delivery of 

81mKr directly in the coronary sinuses, the total amount of 
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of radioactivity over the left ventricle is proportionally 

small compared with the direct intracoronary administration. 

An example of the best nonselective 81mxr imaging we were 

able to manage is shown in fig 6 as well as an intracoronary 

study in the same patient. The difference in activity is obvious. 

Also demonstrated is the obligate simultaneous perfusion of 

the right coronary artery with overprojection in the infero

apical region. Both this overprojection and the relatively 

high background activity of the descending aorta, usually 

underlying the circumflex area present problems defining 81mxr 

perfusion changes in these regions. Problems were not encounter

ed with the direct intracoronary administration. 

Clinical implications 

As the investigation is necessarily invasive it is not 

suitable for use as a routine procedure. However, valuable 

information can be derived from this kind of study especially 

with reference to the functional significance of the various 

lesions in multivessel disease. This information is not always 

available from conventional, noninvasive techniques. 
81 . 

Due to the short half-life of mxr a multitude of succes-

sive studies can be performed in the same patient without 

extra exposure to radiation other than that necessary for the 

instantaneous study. The effect of repetitive stress tests and 

pharmaceutical intervention on regional myocardial blood-flow 

and myocardial ischemia can be evaluated. Further, the localiza

tion of perfusion disturbances during spontaneous anginal 

attacks or ergonovine-induced coronary spasm can be investigated 

as well as the influences of vaso-active drugs in these situa

tions. Presumably the most important reason however, to subject 

the patient to this kind of investigation will be the situation 

where a moderate coronary artery lesion of 50-70% exists and 

the decision whether to perform surgery or angioplasty is 

debatable. The clinical significance of this stenosis will be 

adequately demonstrated during an atrial pacing stress test 

with continuous intracoronary administration of 81mxr. 
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TC 99m_OMPE, A POTENTIAL SUBSTITUTE FOR 201 TL CHLORIDE? 

C. SCHUMICHEN, P. BERGMANN, M. HALL 

INTRODUCTION 

In contrast to Tc 99m "tagged" radiopharmaceuticals, in 

which Technetium is bound to large molecules, the Tc 99m 

"essential" complexes, where the Technetium centre provides 

the structural frame-work and the charge of the whole complex, 

have received little attention in the past. Technetium forms 

anionic as well as cationic co-ordinative complexes (1). By 

using o-phenylene bisdimenthylarsine DIARS) (=L) as the ligand, 

complexes of the type [TC(II)CI 2L2] , [TC(III)CI 2L2]CI and 

[TC(V)CI 4L2JCI0 4 have been prepared by Fergusson and Nyholm 

in 1 959 ( 2 , 3) . 

Because of their potential use as myocardial imaging 
99m agents, Tc -DIARS and various other cationic complexes have 

been synthetized under "no carrier added" conditions and quan

titatively evaluated in a dog model by Deutsch and co-workers 
99m (4). Tc -DIARS complexes successfully imaged the dog myo-

cardium, but were not soluble in water. More recently a water 

soluble compound, bis (1,2 dimenthylphosphino)ethane or 

(CH 3 )2P-CH2CH2-P(CH3)2' hereafter refered as DMPE, was develop

ed by the same group (5). The cationic Technetium-99 complex 

trans- [TC-99(DMPE)2CI2J+ was prepared and its chemical struc

ture characterized by single-crystal, X-ray structural analysis. 
99m 99m The Tc analog, Tc -DMPE, most likely of the same structure, 

proved to be a very promising myocardial imaging agent in the 

dog (5,6). The similar kinetics of Tc 99m-DMPE compared to 

201 TI in the dog suggested its usefulness in the evaluation of 

ischemic heart disease also in man (7). 

However, further investigation clearly demonstrated, that 

the biodistribution of Tc 99m_DMPE is strongly species dependent 
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(8). Unfortunately unsatisfactory results were obtained in 

man (9). Hence the continuing research for Tc 99m labelled myo

cardial imaging agents has to be focussed on the mechanism of 

myocardial uptake as well as on the origin of the species 

differences in the biokinetics of these agents. 

Preparation 

DMPE was obtained from Strem Chemicals, Newburyport in 

Massachusetts. It is a flammable liquid, highly air sensitive 

and because of this stored under argon. It is a powerful 

reductant, able to reduce (Tc(VII) to Tc(III) when the tem

perature is raised to 145°. Since DMPE is not water soluble, 

all preparations have to be made in alcoholic solution. The 

pH in the preparation has to be adjusted to 7-9, at high pH a 

complex without myocardial uptake and at low pH (Tc 99m-DMPE)+ 

with delayed uptake in the myocardium is formed (8). 

A convenient mode of preparation was reported at the Third 

World Congress for Nuclear Medicine and Biology in Paris 1982 

( 1 0) : 

ml pertechnetate 

ml ethylalcohol 

0,25 ml 0,2 m HCI 

0,3 ml DMPE 

An even better heart-liver-ratio is obtained, when 1,0 M 

HCI instead of 0,2 M HCI is used. In all results shown here the 

preparation was kept free of oxygen by purging with N2 and was 

heated up to 145°C for two hours. The preparation was diluted 

with isotonic and other dilution media (oxygen-free) , before 

a constant volume of 0,5 ml was injected into a tail vein of 

the rat. 

The labelling yield obtained with the method of described 

preparation above, was excellent and no further chromatographic 

purification was necessary. The excess of DMPE in the prepara

tion can only be extracted in part by acetone or CCL 4 . Because 

of potential toxic side effects of DMPE this mode of prepara

tion can only be recommended for animal experiments. For clinic

al use much lower DMPE concentrations in the preparation can 
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Figs 1-3: Biokinetics of Tc99ro-OMPE compared with 42K and 201Tl chloride 
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be used, under optimized reaction conditions a radiochemical 

yield of greater than 95% Tc 99m_DMPE could be achieved (11). 

Electrical charge 

The charge of Tc 99m_DMPE was determined by means of 

"carrier-free" electrophoresis. This was carried out in a 

glastube, filled with purified seasand to avoid heat circula

tion. No other carrier was used to minimize absorptive effects 

(12). The migration of Tc 99m-DMPE, observed with a gamma 

camera, was found to be opposite to that of Tc 99m_pertechne

tate. By this the cationic character of Tc_ 99m_DMPE is definite

ly proved. 

Biokinetics compared to 42K and 201Tl 
99m The biodistribution of Tc was compared with 42K and 

201 Tl chloride in the rat, 3 mg DMPE/kg bodyweight was inject

ed in 0,5 ml (male Wi star rats, 160-180 g n= 10 each pOint). 

The most relevant results are shown in figs 1-3. Initial up

take of Tc 99m-DMPE in the myocardium was lower than that of 
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other agents, but 60 min after injection the myocardial uptake 
99m 42 . 201 of Tc -DMPE was superior to that of K (flg 1). Tl uptake 

in the myocardium exceeded that of 42K at any time. The clear

ance rate from the myocardium was the highest in the case of 
42K and the lowest in the case of Tc 99m-DMPE. 

The blood-clearance rate of all three agents was essential

ly the same (fig 2) whereas the liver uptake of Tc 99m-DMPE 

exceeded that of the other agents considerably (fig 3)." 

In vitro and in vivo stability 
99m Tc -DMPE proved to be extremely stable, in 0,2 M aquaous 

NaCl no hydrolysis or decomposition over period of three weeks 

was detectable (6). Even when the DMPE concentration in the 

preparation injected was lowered to 10- 7M, the biodistribution 

in the rat remained unchanged. It can be concluded, that 

Tc 99m_DMPE is much more stable than most Tc 99m tagged radio

pharmaceuticals used in nuclear medicine hitherto. 

Species differences in biodistribution 

The well known species differences in the biodistribution 

of Tc 99m-DMPE were evaluated quantitatively in a rat model, 

results are shown in table 1. The Tc 99m-DMPE preparation was 

diluted prior to injection in various media, such as 0,9% 

NaCl, phosphate buffer pH 7,4, rat plasma and human plasma. 

All preparations were kept oxygen-free through purging with 

N2 ; for maintenance of pH phosphate buffer was added to rat 

and human plasma. 

In general, the biodistribution was not changed significant

ly, regardless if Tc 99m_DMPE was diluted in isotonic saline, 

phosphate buffer pH 7,4 or rat plasma pH 7,4. However, if 

dilution was made in human plasma pH 7,4, myocardial uptake 

was lowered and liver uptake increased by factor 2 each. Uptake 

in the other organs remained unchanged. These changes are well 

in accordance with the observations made in man (8). 

Protein binding 

Relative protein binding of Tc 99m_DMPE in rat and human 
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Tab. 2: Relative Protein Binding of Tc-99m DMPE 

in Rat and Human Plasma (10) 

(50% phosphate buffer, pH 7.4, 02-free) 

Total Albumin Globulins 

Rat 99.9 % 12.7 % 87.3 % 

Man 99.9 % 98.8 % 1.2 % 

Tab. 3: Electrophoresis of Plasma 

(50% phosphate buffer, pH 7.4) 

Albumin a1 a2 B Y 

Rat 48.5 18.5 6.6 17.3 8.9 

Man 63.6 2.6 6.0 9.2 18.4 

Tabl. 4: Toxicity of Tc-99m DMPE 

(toxic concentrations in blood calculated 

from in vivo studies in the rat and in vitro 

studies in human blood, safety factor 10 is 

introduced because of an in homogeneous 

distribution of DMPE in aqueous solutions) 

0.3 · 10-6 hemolysis 

3 • 10-6 hemoglobinuria 

100 • 10-6 thrombosis 

Upper Safety Level of DMPE 

0.3 mg/kg body weight in 3 • 10-6M 

289 
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plasma was evaluated by means of the ammonium sulphate method, 

previously described (10). Results are shown in table 2. The 

DMPE concentration in blood was adopted to that achieved in 

vivo after injection of 3mg DMPE/kg body weight. Both in rat 

and human plasma the total relative protein binding of Tc 99m 

was nearly 100%. Because of the very fast blood-clearance it 

can be assumed, that Tc 99m_DMPE is only loosely bound to 

plasma proteins. On the other hand, plasma protein binding 

might be (in part) responsible for the low renal excretion 

rate of Tc 99m_DMPE. 

By fractional protein precipitation with ammonium sulphate 

it can be shown, that in the rat most activity is bound to 

globulins, whereas in man the activity is mainly bound to 

albumin. Electrophoresis of plasma revealed significant 

species differences, rat plasma contains less albumin and more 

globulins than human plasma (table 3). 

Toxic side effects 
99m The Tc -DMPE agent was not believed to be in any way 

toxic (5), but it was recommended that extensive toxicity 

studies should be performed. In our studies severe hemolytic 

side effects of DMPE were observed. These toxic side effects 

of Tc 99m-DMPE were studied in vitro in rat and human blood 

and in vivo in the rat. 

1. In vitro: immediate coagulation and hemolysis 

of rat and human blood after addition of small 

amounts of the Tc 99m-DMPE preparation. 

2. In-vivo: Direct relationship between hemolysis 

and DMPE amount administered to the rat. 30 mg 

DMPE/kg body weight caused hemolysis and hemo

globinuria in all animals, 3 mg DMPE/kg in 10%. 

Hemoglobin was measured quantitatively in plasma and urine. 

Hemoglobinuria was assumed if more than 0,1 ml/dl was assessed. 

The hemolytic rate remained unchanged when DMPE alone in 

alcoholic solution was injected, when DMPE was oxidized by 

purging with 02 or when the preparation was not heated up 

before injection or when the temperature was raised to 200°C 
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for two hours. 

Also, the oxidized and like Tc 99m_DMPE water soluble form 

of DMPE, of unknown chemical structure, shows hemolytic activ

ity. For this reason hemolytic side effects may also occur, 

when the excess of DMPE in the preparation is removed by 

extraction. Furthermore hemoglobin is obviously chemically 

altered by DMPE and further toxicity studies have to be per

formed for more quantitative details. The preliminary toxic 

levels of Tc 99m_DMPE are shown in table 4. 

Conclusions 

The systematic search for Tc 99m labelled myocardium 

imaging agents by Deutsch and co-workers resulted in a series 

of monocationic Tc99m complexes of known chemical structure. 

Of these agents Tc 99m-DMPE appears to be the most promising 

one, because it is water - soluble. Kinetic studies clearly 

show, that neither 201 Tl nor Tc 99m-DMPE are real analogs of 

K+. Hence, the myocardial uptake mechanism of both agents 

needs further clarification. On the other hand, the kinetics 

of Tc 99m_DMPE in the myocardium are similar to that of 201 Tl 

and by this reason Tc 99m-DMPE may serve as a substitute for 

201 Tl . The use of this agent in man however, is limited by 

two effects: 

1. DMPE is a toxic agent and care has to be taken that the 

toxic levels shown in table 4 are not exceeded. 

2. The biodistribution of Tc 99m_DMPE is less favorable in 

man than in the rat and dog, due to differences in plasma 

protein binding. 

It has already been pointed out (4), that the cationic charac-
99m ter of Tc complexes by itself is essential for myocardial 

uptake but not sufficient to ensure it. It is now clear, that 

a Tc 99m labelled myocardial imaging agent has to be especially 

designed for use in man. For this purpose the rat model shown 

here may be useful. 
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IMAGING WITH 123 1 LABELLED FATTY ACIDS 

R. DUDCZAK 

INTRODUCTION 

Thallium-201 sCintigraphy and radionuclide ventriculography with 

Tc 99m-labelled albumin are now routinely used in the diagnosis of a 

variety of cardiac disorders, to provide information which is mainly 

directed to morphologic and functional aspects of disease. However, 

interest in cardiac metabolism has increased as a result of growing 

concern of the fundamental aspects of heart disease. In the metabol

ic chain for the production of adenosine triphosphate by the myo

cardial cell the preferential use of fatty acids as substrate is 

well established (1-4,9). An additional diagnostic_approach is the 

use of 123 1 labelled fatty acids. 

Several radiopharmaceuticals emerged that are supposedly 

specific for myocardial metabolic studies (5-9) and preliminary 

clinical results were reported (10-15). Also fatty acid analogues 

were produced, with tellurium incorporated into the fatty acid chain 

as a means of inhibiting their metabolism (16-18). The feature of 

these compounds is their prolonged myocardial retention. The myocard

ial uptake of these compounds is related to blood-flow and these 

radiopharmaceuticals were proposed to evaluate myocardial perfusion 

(16-18). 

With respect to heart disease, it is likely that non-invasive 

a 7sessment of myocardial fatty acid metabolism will result in an im

provement of diagnostic as well as prognostic implications and comple

ment the results of other radionuclide procedures (19). The aim of 

the present report is to describe clinical results obtained with 

radio iodinated aromatic and aliphatic fatty acids. The radiopharma

ceuticals used in our patient were 1231 labelled p-phenylpentadecanoic 

acid (p-IPPA) and 123 1 labelled heptadecanoic acid (HDA). 
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Radiopharmaceutical preparation 

1231 produced by the 1271 (p,5n) 123Xe reaction was supplied 

from IRE Fleurus, Belgium. Labelling of p-IPPA with 123 1 was per

formed according to Machulla(9) by electrophilic aromatic substi

tution. Separation and purification was effected by high pres sur, 

liquid chromatography (HPLC), which resulted in a carrier free 

preparation (20). HDA was labelled by nucleophilic substitution 

(8) of the Br-substituted compoundi purification was done by 

HPLC, which again resulted in a nearly carrier free preparation 

(20). After vacuum evaporation the HPLC eluents of p-IPPA and HDj 

were taken up in ethanol and dissolved in 5% albumin solution. 

Sterilization was done by membrane filtration. 

Patients 

In clinical studies 66 patients were investigated (p-IPPA: 

n=11i HDA: n=55). The patients were classified according to ECG, 

hemodynamic parameters and coronary angiography. The latter was 

performed in all of them using the Judkins technique. Luminal 

narrowing of 70% or greater was described as critical. Infarctiol 

scars were assumed in the presence of ventricular asynergies and 

corresponding coronary artery stenosis and typical ECG pattern 

indicative of a transmural myocardial infarction (MI) or a 

documented history of MI. By coronary angiography a total of 63 

narrowed vessels (p-IPPA: n=12i HDA n=51) were identified, 20 of 

these corresponding to old infarctions (p-IPPA: n=4i HDA: n=16). 

In all patients with CAD myocardial perfusion was assessed 

by 201 Tl scintigraphy after dipyridamole stress and 3-4 hours 

later in the redistribution period (21). Visual interpretation 

and computerized mapping of circumferential profiles of thallium 

perfusion images was used to locate and size defects, thereby 

attempting to identify CAD and the number of vessels involved 

(22,23). In the scintigrams 4 hours after dipyridamole stress 

redistribution was believed to indicate coronary artery disease, 

but viable myocardium (24). 

p-IPPA studies included 3 controls and 8 patients with 

coronary artery disease (CAD). 

HDA studies were done in 9 controls and 31 patients with CAD 
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(one vessel disease, n=20, St.p.MI., n=9: two vessel disease, 

n=2; three vessel disease, n=9, St.p.MI., n=7). 15 patients with 

cardiomyopathy were evaluated including 9 with congestive (dila

tative) cardiomyopathy (COCM) and 6 with hypertrophe cardiomyo

pathy (HCM; non-obstructive; n=3; obstructive: n=3). According 

to the NYHA classification patients with COCM were stage III, and 

patients with HCM stage I-II. 

11 patients, 1 control, 9 patients with single vessel disease 

and one with three vessel disease underwent in a repeated study 

symptom limited bicycle exercise testing. HDA was given at peak 

work load, and the patients were asked to continue to exercise for 

0.5 to 1 minute. 

Myocardial scintigraphy with 1231 labelled p-IPPA and HDA 

Patient preparation. Patients were studied after an overnight 

fast, supine, in the LAO 45° position. For thyroid blockade patients 

received potassium iodide 1 h prior to i.v. HDA. In p-IPPA studies 

no premedication was given. 

Procedure. Radionuclide studies were done with a LFOV gamma 

camera interfaced to a computer using a high sensitivity low ener

gy parallel hole collimator. Data aquisition was started and con

tinued for 100 min in p-IPPA and for 70 min in HDA studies, res

pectively, simultaneously with the intravenous injection of 

74-111 mBq p-IPPA or HDA. Data were stored as 64x64 digitized 

images with a frame rate of 1/min. 

Scintigraphic analysis. The regional distribution of the 

123 1 labelled fatty acids was assessed visually and supplemented 

with a semiquantitative analysis to estimate regional fatty acid 

uptake by the myocardlum. Anatomically oriented regions of interest 

were outlined and the fatty acid uptake within those regions was 

averaged and expressed as a ratio of background corrected regional 

myocardial activity to background activity. As representative of 

blood background the vena cava superior region was chosen. In 

patients with CAD three regions corresponding to the circulation 

area of a main coronary artery (septal, posterolateral, and in

ferior) were utilized. In patients with COCM and HCM the heart 

was divided in five consecutive segments which consisted of the 
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inferior wall and the upper and lower part of the septal and 

posterolateral wall. 

~yocardial time activity curve analysis. Regional myocardial 

time activity curves were generated. The background (V. cava 

superior region) corrected regional myocardial time activity curves 

could be described by two exponentials. Accordingly, they were 

fitted with a biexponential function and the elimination half time 

of the initial (ta 1/2) and second component (tb 1/2) was expressed 

in minutes. A correlation coefficient (r) was obtained from the 

regression line between counts and time for characterization of the 

second phase of the fatty acid time activity curve. In p-IPPA and 

HDA studies the r value for the second component was 0.88±0.03 and 

0.90±0.04 respectively. 

By back extrapolation of the monoexponential slope of each com

ponent to zero the relative size of each component was evaluated, 

and the relation of the initial to the second component was express

ed by its ratio (Ca/Cb). This should provide an estimate of the 

relative contribution of the initial and second component on the 

entire myocardial 1231 fatty acid utilization. 

In 24 HDA studies myocardial time activity curves were also 

generated utilizing 1231 NaI for background correction (10,11). 

This procedure was proposed to correct for catabolically released 

iodide. 123 1 NaI was given i.v. 70 min after i.v. HDA and counts 

were monitored for additional 10 min. Using this procedure for 

background correction, such curves were subsequently analysed as 

described before. However, it is sufficient to use the vena cava 

superior region for background correction (25). The results derived 

with both methods for background corrected myocardial time activity 

curves compared favourably for calculated elimination half times 

(r=0.97i p <0.001). The mean % difference in elimination half time 

of the initial component was 1.76% with a SO of 6.7%. This shows 

that backdiffusion of catabolically released iodide in the myocard

ial cell is of minor importance. 

Clinical findings in patients with coronary artery disease 

Comparable scintigraphic findings were found with both fatty 

acids. The maximum myocardial uptake occured at 7-15 min after 
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tracer administration. In normal myocardium the uptake was homo

genous. The myocardium to background ratio was 2.11±0.22 and 2.33± 

0.28 in p-IPPA and HDA studies, respectively. These findings were 

correlated to the 201 Tl myocardium/background ratio in normal 

myocardium (r=0.81; p <0.001). 

In regions supplied by stenosed vessels (n=63) already at 

rest in 35 a reduced fatty acid uptake was found. The decrease in 

regional activity was more pronounced in infarcted regions. 

Sequential scintigrams appeared useful to estimate differences in 

regional myocardial activity retention as shown in example in 

fig 1 in a p-IPPA study. 

Fig. 1. Sequential Il\Yocardial scintigrams in a patient with single vessel 
disease (70% lAD stenosis) after intravenous administration of 111 MBq 
123I p-IPPA. 8 min p.i. a reduced tracer accumulation is seen in the septal 
region. Later scintigrams indicate a delayed regional clearance of p-IPPA 
fran the septal wall. The regional time activity curves of this patient 
are shown in fig 2. 
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Fig. 2. Regional myocardial time activity curves in a patient with CAD 
(70% IAD stenosis) after iptravenous injection of 123I p-IPPA. 

Fig. 3. Elilnination half time of the initial phase (ta 1/2, min) and second 
phase ("tb 1/2 min) and component ratio (Ca/Cbl from normal perfused myocardium 
(A) and nyocardial regions supplied by stenosed vessels (B) in p-IPPA studies. 
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Fig. 4. Example of regional myocardial time activity curves after intra
venous injection of 111 MBq 123r HDA in a patient with three vessel disease 
and previous myocardial infarction. Co=esponding to the degree of myocardial 
damage the elimination half time of the initial phase is prolonged and the 
component ratio reduced. 

However, the evaluation of regional turnover rates may add the 

information of a semiquantitative analysis to the qualitative data 

The myocardial time activity curve after intravenous administra

tion of p-IPPA in this patient with CAD is shown in fig 2. The 

initial component was monoexponential between 10-55 min, the 

second component prominent from 50-65 min after if p-IPPA 

demonstrated a slower elimination half time. A delayed clearance 

of p-IPPA is seen in the region supplied by the stenosed vessel. 

For normal myocardium (n=9) the elimination half time of the 

initial phase (ta 1/2) was 12.2±1.79 min, the elimination half 

time of the second phase (tb 1/2) 99.2±18.7 min and the component 

ratio (Ca/Cb ) 0.95±0.27. The elimination half time of the initial 

phase was faster by 32% (p<0.005) in normal myocardium than in 

diseased myocardial regions (n=12i t 1/2: 16.2±2.26 miniC /Cb: a a 
0.69±0.14). No differences were found in the elimination half 

time of the second component between normal regions and those 
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Fig. 5. Example of regional myocardial time activity curves in a patient 
with three vessel disease and previous myocardial infarction following i. v. 
HDA. Coronary angiography indicated poor collateral perfusion of the in
farcted region. 

supplied by stenosed vessels (tb 1/2: 110.8±29.6 min) (fig 3). 
A similar biphasic behaviour in the time course of myocardial 

activity was observed after i.v. HDA, which was however, signific

antly faster than for p-IPPA (p<O.005). An example of a myocardial 

time activity curve in a patient with three vessel disease is shown 

in fig 4. This demonstrates that according to the degree of myo

cardial damage the elimination half time of the initial component 

is prolonged. This is further accompanied by a decrease in the 

size of the initial component, while the contribution of the 

second component on the myocardial utilization of HDA increases, 

as expressed by the decreased component ratio. 

In 5 patients no component ratio could be calculated, from 

either 3 infarcted regions or in 2 patients for even the entire 

myocardium. In 3 infarcted regions corresponding to totally 

occluded vessels and poor collateral perfusion a very fast initial 

phase was found in the time course of the myocardial activity. 
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Table 1 Elimination half time of the initial phase (t 1/2 min) 
and second phase (tb 1/2 min), and the component ratioa(Ca/Cb) 
in controls (n=9) and patients with coronary artery disease 
(n=31) in studies with 123 1 heptadecanoic acid 

ta 1/2 min ~ 1/2 min C/~ 

A 

B 

C 

0 

E 

controls 8.96 ± 1.73 48.7 ± 19.4 1.52 

n 9 n 9 n 

nonnal perfused 9.55 ± 1.43 54.9 ± 18.2 1.39 
myocardium n 22 n 20 n 

"nonnal" myocardium 9.73 ± 1.58 68.0 ± 26.5 1.32 
(best vessel in patients n 9 n 9 n with 3 vessel disease) 

"chronic" ischemic 11.55 ± 1.75b 61.7 ± 24.4 1.02 
myocardium (70%-90% 

n 25 n 25 n coronary artery 
stenosis) 

infarcted myocardium 13.20 ± 1.75a 
86.1 ± 41.6c 0.85 

n 13 n 14 n 

significant different from controls: a: p<0.0005; b: p<0.001; 
c: p<0.005; d: p<0.01; e: p<0.05 

± 

± 

± 

± 

± 

0.64 

9 

0.59 

20 

0.49 

9 

0.4ge 

25 

0.21 d 

11 

This possibly reflects backdiffusion of unmetabolized HDA from 

the infarcted region. This very rapid phase was followed by a 

slow component, fig 5. From this it may be assumed that in these 

regions the fatty acid utilization was associated with an en

hanced cytosolic esterification of the labelled compound. 

In 2 patients studied 3 weeks after a transmural infarction 

the myocardial count rate exhibited a monoexponential decline. 

The elimination half time was 8 and 9 min for the normal perfused 

region and 12 and 14 min for the infarcted area. The underlying 

mechanism is unclear. If in these patients a diminished availab

ility of alpha-glycerophosphate could account for this finding, 

as possible adaptive mechanism to prevent ATP wasting, is un

known (26). 

Table 1 summarizes the elimination half times and the com-
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ponent ratio obtained in all patients with CAD. No differences 

were found between controls and the normal perfused regions of 

patients with CAD, as well as the best region of patients with 

three vessel disease. It is however apparent, that in the re

maining regions coronary artery stenosis induced in non infarcted 

and infarcted regions a prolongation in ta 1/2 by 29% (p<0.001) 

and 47% (p <0.0005), and Tb 1/2 by 30% and 76% (p<0.005), res

pectively. Compared to controls the component ratio was reduced 

by 33% in noninfarcted regions (p<0.05) and by 45% in infarcted 

myocardium (p<0.01). 



305 

Fig. 7. Myocardial scintigrams in a patient with single vessel disease 
(70% LAD stenosis). The scintigrams recorded at rest show a hc:m::>genous 
activity distribution of intravenously injected HDA. Bowever, after 
exercise the septal region demonstrates ini tiall y (8 min p. i.) a reduction 
in tracer accurrulation in the septal region, whereas at 30 min p.i. 
nearly no regional differences are seen, due to a delayed BOA clearance 
fran the septal wall. 

In exercise stress studies we evaluated the ability of the 
123 heart for the metabolic usage of I BDA at an increased myo-

cardial energy demand. 11 Patients underwent in a repeated 

study symptom limited exercise stress testing. Uptake and 

elimination of BDA was homogenous in the control and persisted 

following exercise. In the control but also in normal perfused 

myocardium of patients with CAD the ta 1/2 decreased from 

10.3±1.25 min at rest to 7.95±1.36 min after exercise (p<0.005). 

Exercise caused an increase in the component ratio from 

1.48±0.8 to 1.88±0.68, which was however, yet not significant 

(fig 6) • 

Following exercise BDA uptake was reduced in 10 of 12 

regions supplied by stenosed vessels. In 5 regions a normal 

rest image became abnormal with exercise (fig 7), which was 

accompagnied by an increase in t 1/2 by 23.6±8.9%. In 5 patients a 
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Fig. 8. Comparison of the findings of 201 TI (dipyridamole 
stress) scintigrams and studies using 123 1 HDA ( .,0) and 123 1 
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coronary artery disease. The open symbols (o,v) indicate in
farcted regions. The filled symbols (.,T) mark those regions 
which were supposed to represent viable myocardial regions, 
as indicated by 201TI stress and redistribution scintigrams. 

who demonstrated an increased regional deficit in tracer accu

mulation after exercise, as compared to the rest study, the ta 

1/2 increased by 33.2±9.7%. 

All regions supplied by stenosed vessels showed at rest a 

ta 1/2 of 11.04±1.21 min and a component ratio of 1.33±0.6. 

Exercise caused an increase in ta 1/2 to 13.3±2.35 min (p<0.005) 

and a decrease in C /Cb to 0.72±0.26 (p<0.005) (fig 6) .It is a . 
interesting to note that in the patient with three vessel diseasE 

an increase in the elimination half time was seen in all 3 myo

cardial regions after exercise. 

Myocardial scintigraphy with 123 1 labelled fatty acids give 

different information to that obtained with 201 TI and assessment 

of myocardial viability might be enhanced by using both tracers, 

since fatty acids assess primarily metabolism and 201 TI perfu-
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sion. 201 Tl scintigraphy proved to be a clinical tool with high 

sensitivity (89%) to predict in our patients CAD, yet it showed 

less sensitivity (64%) to predict the number of stenosed vessels. 

A regional decrease in activity accumulation occured more fre

quently by 201 Tl stress scintigraphy than in 123 r fatty acid 

studies done at rest. From the 201 Tl findings the fatty acid be

haviour neither in its uptake nor in its myocardial clearance 

could be predicted. The myocardial regions supplied by stenosed 

vessels can be arranged by their uptake pattern in 201 Tl stress 

and redistribution scintigrams. These findings may be further 

classified according to the results of 123 r fatty acid scinti

graphy. Thus, e.g., an ischemic, but supposedly viable myocard

ial region, as identified by 201 Tl , may be associated with 

either a normal or pathological fatty acid uptake and turnover 

rate (fig 8). The possible abnormal fatty acid finding would 

then indicate a higher degree of myocardial damage. 
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Clinical findings in patients with cardiomyopathy 

The scintigraphic appearance of HDA showed a different 

pattern in patients with COCM than with HCM. In COCM activity 

distribution was heterogenous, and deficits in tracer uptake 

were, unlike to patients with CAD, not related to the circula

tion area of main coronary artery. The myocardial uptake as es

timated from the myocardium/background ratio was less in patients 

with COCM (1.77±0.24) than in patients with HCM (2.2±0.56) 

(p<0.05). Sequential scintigrams in patients with COCM indicated 

that myocardial activity retention was also heterogenous, which 
did however, not correspond to the scintigram at accumulation peak 

time. It should be noted, that regional findings were erratic in 

COCM but not in HCM. In patients with HCM activity distribution 

appeared normal. Analysis of the myocardial time activity curves 

demonstrated, that compared to controls in patients with cardio

myopathy the elimination half time of the initial phase was 

prolonged. (p<0.01) and the component ratio decreased (p<0.01. In 

patients with COCM and HCM the average regional Ta 1/2 was 12.5± 

1.77 min and 12.9±1.29 min, respectively. The component ratio was 

0.78±0.33 in COCM and 0.81±0.23 in HCM (fig 9). 

Discussion 

123 I labelled fatty acids provide a new diagnostic tool to 

evaluate non-invasively myocardial tissue function and to iden

tify metabolically compromised myocardium. After the introduction 

of 123 I long chain fatty acids as tracers for myocardial studies, 

considerable interest was focused on the clinical findings in 

patients with heart disease. In the course of these studies a 

variety of 123 I aliphatic fatty acids were used to evaluate myo

cardial fatty acid metabolism, most of which have employed quan

tification of the results using the evaluation of myocardial 

turnover rates (10-15). 

The data presented corroborate the results of others in the 

scintigraphic findings, showing a decreased uptake of radioiodinat 

fatty acids in regions supplied by stenosed vessels (10-15). How

ever, because of a longer study performance a more extensive 

interpretation of the data for the myocardial time activity curve 
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seems possible. In earlier studies with aliphatic fatty acids 

counts were accumulated for 30-40 min following intravenous ad

ministration of the radio iodinated tracer. The decline in the myo

cardial count rate that could be followed there was monoexponen

tial. By applying an approach as proposed in our patient studies 

the time course of myocardial activity shows a biphasic slope 

(27-29). Thus the evaluated elimination half times calculated 

earlier from the monoexponential slopes are considerably longer 

than those found by us. It appears feasible to assume that 

analysis of data derived from myocardial fatty acid clearance 

curves which fit to a biexponential function provide a more 

detailed information on myocardial fatty acid utilization. 

Most of the data available on p-IPPA deal with animal experi

ments, which demonstrate its incorporation into myocardial lipids 

and its metabolic degradation, as final catabolite bencoic acid is 

found (28,30-32). It also was shown that the rate of production of 

C-14 O2 as the end product of oxidation of C-14 palmatic acid 

paralleled the formation rate of bencoic acid (31). Studies in 

mice have also shown that HDA is incorporated into triglyzerides 

(11,30). These animal experiments support the use of p-IPPA and 

HDA as metabolic tracers for myocardial studies. 
123 The positive correlation between the myocardial uptake of I 

1 b 11 d f tt 'd d 201 Tl ' '" a e e a y aCl s an In our patlents lS In agreement 

with the assumption that in normal myocardium the uptake of fatty 

acids is dependent on blood-flow. But additional control mechanisms 

located in cell membranes or in the intracellular compartment have 

to be taken into account (3,34). This could explain the occurance 

of accumulation defects with p-IPPA and HDA at rest in CAD patients 

whose 201 Tl perfusion scintigraphy at rest was normal, as well as 

diffusely reduced HDA uptake in patients with COCM and normal 

coronary morphology. 

In our patients we found a slower myocardial elimination half 

time for p-IPPA in comparison to HDA. This could be due to a delay

ed myocardial utilization of p-IPPA and/or to a slower release of 

its lipophilic catabolites from the myocardial tissue. In addition, 

the amount of p-IPPA utilized via the initial component was smaller 

than for HDA. 
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The myocardial clearance of 123 1 labelled fatty acids is affect 

ed by their metabolic usage and washout of labelled catabolites. In 

previous studies we could demonstrate that the time course of myo

cardial activity could be influenced by infusion of insulin-glucose 

(27). As flow was undoubtedly not changed during the pharmacologic 

intervention these data suggested that under conditions of insulin

glucose infusion, the washout of labelled degradation products does 

not appear to be the rate limiting step influencing HDA elimination 

from the myocardium. This finding was also in line with in vitro 

experiments, which have shown that insulin-glucose provided an in

creased amount of alpha-glycerophosphate for cytosolic esterifica

tion of fatty acids and decreased the availability of carnitine 

(35,36). These data support the assumption, that the delayed clear

ance of HDA observed in these studies reflect its decreased utiliza 

tion induced by insulin-glucose. 

The biphasic appearance of the time course of myocardial activ

ity of radioiodinated fatty acids in man from regions with normal 

or reduced uptake are in agreement with findings reported for C-11 

palmitate in dogs (37-41). In C-11 palmitate studies the initial 

component was referred to immediate B-oxidation of the labelled 

compound and the second component to a slower turnover of tri

glyzerides (38,39). It was further demonstrated that myocardium 

rendered ischemic exhibited a decreased tracer uptake and a de

creased rate of B-oxidation (39-41). 

Small differences in the elimination half time of p-IPPA and 

HDA in patients and those given in studies with C-11 palmitate in 

dogs might be due to the different species studied (37-41). Also 

the intracellular fate of the radioiodinated fatty acids may be 

different compared to C-11 palmitate. One can speculate that the 

utilization of p-IPPA and HDA involve~ several triglyze~ide pools. 

Probably p-IPPA utilization undergoes metabolic degradation via 

slower mobilizable triglyzeride pools than HDA. In in-vitro ex

periments various triglyzeride pools were identified (42-44). 

Also other sites of transient binding of the radioiodinated com

pounds to intracellular proteins may be possible (45). 

Studies with 1231 labelled fatty acids may have potential to 

allow an estimation on the grade of myocardial viability in 
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patients with CAD, and thus extend information gained by 201 Tl . 

A transient defect in serial 201 Tl myocardial irt'ages suggests 

viable myocardium in the presence of coronary artery stenosis (23, 

24). Such a 201 Tl finding may be associated with a normal region-

al fatty acid uptake and elimination rate. Also seemingly normal 

elimination rates from regions with reduced uptake were found some

times. This shows that coronary artery stenosis must not be accom

pagnied by alterations in fatty acid utilization in studies done 

at rest. Interposition of normal myocardium may contribute to 

these results. Moreover, various grades of prolonged elimination 

rates from regions with normal as well as reduced fatty acid up

take were observed from non infarcted and infarcted regions supplied 

by stenosed vessels; the prolongation appeared to be more pronoun

ced in the latter. Possibly the delayed clearance of 123 1 p-IPPA 

and 123 1 HDA is related to a decreased rate in myocardial fatty 

acid metabolism (1-4, 43,46). In addition, the amount of 123 1 fatty 

acids utilized via the slow turnover phase is greater than that 

associated with the rapid turnover phase as indicated by the re

duced component ratio. The changes in HDA and p-IPPA kinetics in 

non in farc ted regions supplied by stenosed coronary arteries al

ready at rest is rather surprising. However, in the course of the 

disease ischemia may occur in waves and redistribution of blood

flow can combat for some of its effects. This behaviour may be 

referred to as "chronic ischemia", which may cause disturbances 

in fatty acids metabolism. This is feasible, as also in chronic 

ischemia the activity of transferase enzymes may be reduced (47) 

It seems conceiveable, that alterations in fatty acid utilization 

might be found in parallel to the frequency and severity of tran

sient ischemic attacks occuring in the course of the disease. Those 

viable myocardial regions as identified by 201 Tl stress scinti

graphy, which were exposed to less severe transient ischemic attacks 

or subjected to them for a shorter period of time may not show 

disturbances in 123 1 fatty acid utilization at rest. Presumably 

changes in myocardial fatty acid utilization, similar to those 

found in severely damaged tissue may occur in myocardial tissue 

also after a longer time interval by moderate and frequent ischemic 

attacks.In patients who manifest an abnormal 201 Tl finding in 
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association with an impairment in 123 1 fatty acid utilization at 

rest, the degree of myocardial damage is probably a greater one. 

Thus, studies with p-IPPA and HDA might provide a means to assess 

to some extent the degree of myocardial viability, and to identify 

a subgroup of patients who are at increased risk for irreversible 

myocardial damage (48,49). 

Additional stress studies may be useful, foremost in patients 

with normal 123 1 fatty acid findings at rest. This could provide a 

more subtle information in myocardial viability, by grading the 

findings as to what extent the stress applied induce alterations 

in uptake and the metabolic usage of 123 1 fatty acids at an in

creased energy demand of the heart. 

In agreement with others were our results in patients with 

COCM (12,13), which demonstrated disturbances in HDA utilization. 

Similar findings were also reported in p-IPPA studies (28,48,49). A 

similar delayed elimination of HDA was found in patients with 

HCM. However, in contrast to patients with COCM the uptake of HDA 

was not reduced and mostly an even distribution of the tracer was 

found within the myocardium. Thus the findings differed in the 

uptake pattern and distribution of the elimination rate of HDA, 

which was heterogenous in COCM, but not in HCM. Yet patients with 

COCM were clinically in stage III NYHA and patients with HCM were 

in class I-II. However, there was no discrepancy between the degreE 

in the impairment in HDA utilization, which manifested in a delay

ed elimination and an altered compartmentalisation of the labelled 

compound. The application of 123 1 labelled fatty acids provide 

useful information in demonstrating disturbances in the metabolic 

usage of fatty acids by the myocardium. It is probable that these 

studies may be used as a mean of separating groups of patients 

with heart disease. 

Our data show that comparable clinical findings may be gained 

by the use of either aliphatic or aromatic radio iodinated fatty 

acids. 

An advantage of p-IPPA as compared to radio iodinated aliphatic 

fatty acids is the absence of free halide arising as a degradation 

product (8,10,11). Thus the possibility of super position of 

stomach activity is eliminated, which might interfere sometimes 
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with the regional interpretation of scintigrams. Yet, for evaluat

ing the dynamic behaviour of fatty acid turnover rates the studies 

are more time consuming than those with aliphatic fatty acids. 

From the above it appears, that depending on the equipment available 

one may prefer p-IPPA if only sequential scintigrams are to be 

performed. However, if computer assisted analysis of myocardial 

turnover rates can be ~one, to provide semiquantitative data on 

123 1 fatty acid utilization, studies with aliphatic fatty acids 

appear to be more practicable, because they are less time consum

ing. 

Conclusions 

The use of p-IPPA and HDA as metabolic tracers was substan

tiated by animal experiments demonstrating their incorporation 

in cardiac lipids; as final catabolites 123I-bencoic acid and 

123 I _NaI , respectively, were found (10,30,31); yet by pharmacol

ogical induced blockade of 6-oxidation no free kalide arose in 

HDA studies (50). In addition, this assumption was confirmed 

in man, by the fact, that pharmacologic interventions as well 

as a diminished blood-supply were effective modulators of 123 1 

fatty acid utilization (51,52). Studies with radio iodinated 

fatty acids have several advantages as they can be performed 

with conventional gamma camera equipments which is readily 

available. Certain limitations are given by super position of 

normal myocardium that may mask the detection of metabolically 

compromised myocardium, and quantification of the results is 

limited. However, the possibility to evaluate the myocardial 

metabolic function in man noninvasively may add a complement

ary diagnostic tool in the clinical follow-up of patients with 

heart disease. 
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MYOCARDIAL INFARCT IMAGING WITH TECHNETIUM-99m (Sn) 
PYROPHOSPHATE 

-J. DRESSLER, G. HOR 

INTRODUCTION 
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Myocardial imaging can be classified into acute infarct 

("hot spot") scintigraphy and myocardial perfusion ("cold 

spot") scintigraphy. Unlike cold spot imaging techniques, in 

which radioactive indicators (201Tl, radiolabelled fatty acids) 

distribute in proportion to blood-flow and where altered myo

cardial segments are seen as regions with reduced or absent 

activity, in infarct scintigraphy the acutely damaged tissue is 

visualized by the uptake of infarct avid tracers. Early reports 

on radiotracers which accumulate in myocardial infarcts (1) 

date back more than 20 years and most of the radiopharmaceuticals 

listed in table 1 are mainly of historical interest. Since 

Bonte et al (2) and Parkey et al (3) discovered the potential 
99m Tc -(Sn) pyrophosphate (PYP) which was initially introduced 

as a bone scanning agent, this tracer is, at the present time, 

the radiopharmaceutical of choice for recognition of acute 

myocardial necrosis. Although hot spot scanning has become 

widely accepted for clinical use this test is not routinely 

performed to establish the presence of acute myocardial in

farction. Nevertheless there are some advantages in comparison 

to the utilization of 201 Tl myocardial perfusion imaging. The 

intent of this report is to review some details concerning the 
99m uptake of Tc -pyrophosphate, the technical aspects of the 

procedure, the interpretation of imaging and the indication 

and limitation of this imaging technique. 

Mechanism of uptake 

To date the mechanism of uptake and fixation of PYP has 

not been completely clarified. The accumulation of PYP (and 
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Table 1. Infarct-avid radiopharmaceuticals 

203 Hg _ Chlormerodrine 

203 Hg _ Pluoresceine 

131 1 / T 99m I' c Tetracyc lne 

67Ga 

Tc 99m - Glucoheptonate 

Tc 99m - DMSA 

Tc 99m - Labelled compounds of phosphate 

Tc 99m - Heparin 

Tc 99m - Colloids 

111 In - White blood-cells or platelets 

131 1 - Antimyosin antibodies 

18pluorine 

other labelled diphosphonates) is depending at least on 3 

factors: 

a) the severity of tissue damage 

b) a residual collateral blood-flow into this area 

c) the time elapsed after the onset of necrosis prior to 

application of PYP. 

The flow dependency of the accumulation of PYP has been 

demonstrated in numerous animal experiments (4-9) using the 

microsphere technique, the distribution of 201 Tl and histo

morphologic staining. The PYP concentration was highest in 

segments with flow reductions of 60-70% below control but fell 

as flow decreased further toward the centre of experimental 

induced infarctions with greater reduction in flow. This 

observation is consistent with the frequent clinical finding 

of the "doughnut" pattern where accumulation of PYP is most 

intense in the periphery of the infarction. 

The presence of intramitochondrial dense bodies in irrever

sibly damaged myocardium has been well established (9,10). It 

is thought, that these hydroxy-apatite like deposits are 
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indeed the binding site of PYP (11,12). The assumption of flow 

dependency of PYP accumulation is further supported by observa

tions in experiments with permanent and transient coronary 

occlusion (13,14,15). 

On the other hand the hypothesis of a PYP binding to intra

mitochondrial calciumphosphate has been challenged by evidence 

indicating that PYP attaches to denaturated protein (16) and 

that fixation of the agent to irreversibly damaged myocardium 

occurs even in the absence of calcium (17). It is conceivable 

that hoth calcium phosphate and protein molecules are the 

major binding sites. Moreover, while PYP may to some extent 

accumulate in transiently or reversibly injured cells, most of 

the evidence support the hypothesis that the agent primarily 

binds to irreversibly damaged myocardial cells. 

Methodological consideration 

In experimental animals with fixed coronary occlusion (18) 

and in patients with myocardial necrosis (19) scintigrams 

become positive within 10 to 12 hours after acute infarction 

and show increasing contrast over the first 24 to 72 hours. 

Only a few instances have been reported where positive studies 

were obtained as early as 4 hours after the onset of acute 

symptoms (20). In the majority of the patients the scintigrams 

will become normal after the first 1 or 2 weeks. 

Scintigrams are usually made with a gamma camera equipped 

with a low energy, high resolution, parallel hole collimator. 

At least 300.000 counts should be recorded per image. Imaging 

is commenced about 2 hours after injection in the straight 

anterior, the 45° left anterior oblique and the left lateral 

projection. Occasionally additional views may be needed and 

repeat images are recommended if there is a diffuse uptake 

suggesting a "blood-pool" scintigram. 

Since Parkey's original report (3) on Tc 99m_PYp scinti

grapy numerous studies have indicated that other Tc 99m-labelled 

phosphates such as methylene-diphosphonate (21,22,23), poly

phosphate (24,25) and imido-diphosphonate (26,27) may also be 

used for infarct imaging. 
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Fig. 1. Positive infarct scintigraphy with Tc99m...PYP. Upper raw: 
"Doughnut" sign in large anterior wall infarction. Lower raw: 
inferior myocardial infarction. Intensity of uptake is graded 3+. 

The absorbed radiation dose per study resulting from these 

tracers is nearly the same. When injecting 15 mCi Tc 99m_pyp it i~ 
just about 200 mrd to the gonades and 130 mrd to the whole body, 

whereas the radiation exposure to the urinary tract may be about 

ten times higher. 

Image interpretation 

Normally the bone structures are visualized only, whereas 

a scintigram is considered positive if abnormal activity is 

present in the region of the heart. The intensity with which 

an acute myocardial infarction is visualized does not appear 

to be strictly related to size or extent of myocardial injury. 

For interpretative purposes a classification describing 

the activity has been proposed (3,28): 



o intensity - no visible uptake 

1+ intensity - uptake lower than in the ribs 

2+ intensity - uptake equal to that of the ribs 

3+ intensity - uptake higher than in the ribs 
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4+ intensity uptake equal to or higher than in the sternum 

Grade zero is obviously negative, grade 1+ is usually consider

ed equivocal, especially when the uptake is diffuse. Grade 2+ 

to 4+ indicates positive scans, especially when the uptake is 

discrete. For purpose of diagnostic accuracy it is important 

to identify the abnormal uptake in at least 2 projections and 

to define clearly its location in the myocardium (fig 1). 

Image interpretation is difficult when the uptake in the 

myocardium is diffuse. This pattern is frequently observed 

in patients with acute nontransmural infarctions, but it is 

considered nonspecific because it also occurs in patients 

without evidence of cardiac disease. Diffuse uptake distinctly 

differs from discrete uptake with the latter accumulation of 

Tc-PYP occuring in a well defined segment of the left ventricle. 

A specific form of discrete uptake is the so called doughnut 

pattern, i.e., the agent accumulates predominantly in the peri

phery of the infarct. This pattern is consistent with large 

anterior, antero-lateral or antero-septal infarction and 

suggests a poor prognosis (29). 

Most investigators have indicated, that abnormal myocardial 

uptake can be adequately detected on analog scintigrams, although 

Berger et al (30) have pointed out, that computer techniques 

may slightly improve the overall sensitivity. 

Accuracy of infarct scintigraphy 

If performed within the optimal time interval (i.e. 1-7 days 

after onset of symptoms) sCintigraphy with PYP permits detect

ion and aging of an acute myocardial infarction with a high 

degree of sensitivity. In most reports the sensitivities range 

from 85 to 100%. Compiling the results of 15 studies that in

clude a total of 1057 patients with proven acute myocardial 

infarction yields an overall sensitivity of 90% (table 2). 

According to Cowley et al (31) the technique is better in 
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detecting anterior than inferior myocardial infarction. The 

reason is probably related to the proximity of the anterior 
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wall to the gamma camera in all projections. Photons origina

ting from the more distant posterior and inferior wall are 

subjected to a higher degree to attenuation and are imaged 

with poorer resolution. Table 2 includes results obtained in 

934 patients without an acute myocardial infarction. Of these 

690 had negative scans which results in an overall 74% specifity 

of PYP imaging. The reported sensitivities in patients with 

acute subendocardial infarctions are lower (77%) and differ 

from 40 to 100%. This wide range can be related to the differ

ent image interpretation. Thus in some series the diffuse 

uptake of 1+ and 2+ intensity was judged as a positive scinti

gram. For the cumulative patient population listed in the 

table the overall sensitivity with 77% decreases to 22% when 

discrete uptake only is considered abnormal. In order to 

preserve the specifityof the test Bermann et al (28) there

fore proposed to consider diffuse uptake even of 2+ intensity 

as equivocal. The reason for the prevalence of diffuse uptake 

in acute subendocardial infarction has been the subject of 

many discussions but thus far remains uncertain. 

Sizing of acute myocardial infarction 

Although the intensity of PYP is not strictly related to 

the mass of infarcted myocardiun, there is sufficient evidence 

from animal as well as from clinical studies, that the plani

metered area of PYP uptake can indeed be used as an index of 

the size of infarction (15,43,47). Expressed in square centi

maters this estimate correlates with post mortem measurements 

of infarct size in animal experiments or with biochemical 

(enzyme) estimates of infarct weight in patients, i.e. the 

area under the complete serum CK curve (29,44,45,46,47). At 

present however these correlations (r= 0,87 - 0,92) apply 

only to patients with anterior myocardial infarctions, where

as sizing of inferior localized infarcts has remained unsatis

factory (29). In a clinico-pathological study infarcts of 

less than 3 gram in size could not be recognized (44). Dual 
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Table 3. Abno:rrnal TC99m-phosphate images in the absence of acute 
myocardial infarction 

A. UPTAKE IN CARDIAC STRUCTURES / PROCESSES 

Unstable and stable angina pectoris 

Old myocardial infarction 

LV-aneurysm 

Myocardiopathy 

Cardiac contusion, cardioversion 

Calcified cardiac valves 

Pericarditis, endocarditis 

Regional wall motion abno:rrnalities 

Chemotherapy (Adriamycin-cardiomyopathy) 

B. UPTAKE IN NON-cARDIAC STRUCTURES / PROCESSES 

Trauma, inflammation or tumour of ribs, skin 

or soft tissue 

Calcified rib cartilage 

Uptake of gastric mucosa, breast tissue 

or lymph nodes 

Irradiation 

Hyperhidrosis 

Blood-pool activity 

Metastatic calcification 

(secondary hyperparathyrioidism) 

Hot kidneys (tubular necrosis) 

imaging (pyp/201Tll has been advocated for a more precise 

sizing of necrosis versus periinfarct ischemia (53). The 

development of three dimensional imaging techniques (48,49) 

may improve the potential of infarct imaging for determination 

of infarct size in future. 

Differential diagnosis 

Reports on specifity of PYP imaging (table 2) suggest that 

PYP uptake occurs also in a number of conditions other than 

acute myocardial infarction (table 3). Discrete uptake is 

occasionally noted long after acute infarction with or without 

left ventricular aneurysm (41). While in acute myocardial 



Table 4. Clinical applications of acute infarct scintigraphy with 
Tc99m-PYP 

1 . Clinically suspected myocardial infarction in the presence of 

non-diagnostic ECG and enzyme changes 

2. Detection of right ventricular infarction 

3. Diagnosis of AMI after resuscitation 

4. Diagnosis of perioperative infarction 

5. Detection of cardiac trauma 

6. Prognosis of future morbidity and mortality 

7. Detection of cardiotoxici ty of chemotherapeutics 
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infarction the discrete uptake pattern prevails many patients 

with stable or unstable angina present with diffuse uptake (42) 

Uptake may also be caused by cardiac contusion, calcified 

cardiac valves, peri- and endocarditis (for references see 23) 

Occasionally, PYP concentrates in non-cardiac structures 

adjacent to the heart, which can be readily recognized if 

scintigrams are performed in at least 3 projections. The sites 

of uptake may be inflammatory changes of soft tissues, trauma 

or metastasis in ribs overlaying the cardiac regions of cal

cified cartilage. Uptake may be due to surgical incisions, 

breast tissue or cardioversion. Finally break down of the 

d · h . I It . t' f" T 99m ra lOp armaceutlca can resu ln excre lon 0 lonlc c -

pertechnetate by the gastric mucosa. Binding of Tc 99m to red 

blood-cells may present a blood-pool scintigram simulating a 

diffuse cardiac uptake. 

Clinical applications 

Scintigraphy with PYP can not be recommended as a routine 

test in myocardial infarction as long as the diagnosis is 

readily established by conventional means such as typical 

history, characteristic electrocardiography and serum enzyme 

changes. Unfortunately in situations, where the diagnosis can 

not be achieved definitively by standard techniques, the sen

sitivity of the scintigraphic approach frequently also yields 
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negative or equivocal results. Nevertheless additional clinical

ly useful information can be expected in situations as listed 

in table 4. Infarct scintigraphy can be of value in patients 

surviving the acute phase and being admitted several days 

later to hospital, when enzymes and ECG are no longer diagnostic. 

If the test is performed within 7 days with positive result and 

the study becomes negative on later controls a recent infarction 

is to be confirmed. 

Myocardial infarctions of the inferior wall are known to be 

often associated with right ventricular involvement. This 

condition is frequently missed by standard techniques including 

scintigraphy with 201 Tl . If there is reduced right ventricular 

function, both radionuclide ventriculography and PYP scinti

graphy will establish the correct diagnosis and influence the 

therapeutic regimen. 

In patients with cardiac arrest, who are successfully resus

citated, the diagnosis of an acute myocardial infarction may 

be obscured. Imaging in these instances can provide the diagnosis. 

Similar problems arise in the diagnosis of perioperative in

farctions and acute trauma to the heart, where the value of 

standard diagnostic techniques is limited. Several reports 

have suggested the use of PYP scintigraphy for monitoring the 

cardiotoxity of chemotherapeutics. Further investigations are 

necessary to clarify the diffuse cardiac uptake of activity in 

this conditions. 

The potential value of serial imaging with PYP in patients 

with myocardial infarction for prognostication of subsequent 

morbidity and mortality has been emphasized (41,50,51). Those 

patients with persistently positive studies have a generally 

poorer prognosis with a significantly higher incidence of angina, 

arrhythmias of left ventricular failure during follow-up than 

those with negative scintigrams at the time of discharge. Further

more, patients with persistently positive scans had a signific

antly higher mortality within the first 1-2 years (52). Addition

ally to the intensity the extent of uptake can be a strong prog

nostic index. Perez-Gonzalvez et al (51) used the measured in

farct sizes from PYP scintigrams and 201 Tl scintigrams as an 
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indicator of the late prognosis after AMI. Both early scinti

graphic parameters appeared more accurate than other clinical 

laboratory results for prediction of favorable or unfavorable 

evolution after myocardial infarction. 

Conclusions 

Of the wide range of radiopharmaceuticals which accumulate 

in acutely infarcted myocardium PYP has proven clinically 

practicable for the scintigraphic detection of acute myocardial 

infarction. However, in contrast to myocardial perfusion scinti

graphy with 201 Tl the current state of infarct imaging is in

adequate during the early phase of an infarction and just adds 

additional clinical value if conventional techniques fail to 

establish the diagnosis. In this early stage serial examinations 

of global and regional left ventricular function using radio

nuclide ventriculography are more important. The combination 

with 201 Tl scintigraphy is useful in differentiating right 

ventricular and remote from acute infarction. Furthermore it 

can enhance the sensitivity of infarct detection. Although an 

intense, discrete cardiac uptake strongly suggest an irrever

sibly damaged myocardium, it is 'not specific for infarction and 

other causes must be ruled out. When using conventional planar 

scintigraphy an accurate sizing of infarct weight seems possible 

just in anterior wall infarction. On the other hand the infarct 

scintigraphy with PYP is easily performed, cheep and suitable 

for follow-up studies. There is strong evidence that the persis

tance and extense of uptake is an excellent prognostic parameter 

of future morbidity and mortality in patients after an acute 

myocardial infarction. 
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NUCLEAR CARDIOLOGY 

H.J. BIERSACK, C. WINKLER 

INTRODUCTION 

337 

Tomographic techniques using single photon (SP) emitters 

have gained increasing importance in nuclear cardiology during 

the last few years. First clinical experiences by Holman et 

al (1) demonstrated the feasibility of the assessment of myo

cardial perfusion by means of 201 Tl and transaxial SPECT per

formed by the CLEON 711 body imager. In a more recent study 

Burdine et al (2) used a rotating double-headed gamma camera 

system for ECG-gated imaging of cardiac blood-pool. In 1979 

Vogel et al (3) reported on myocardial imaging with the aid 

of a seven-pinhole (camera) collimator; another approach to 

longitudinal emission tomography was the application of slant

hole collimators (4-8) which has, however, not gained wide

spread acceptance. 

The most important SP tomographic myocardial imaging tech

niques and respective clinical results can be summarized as 

follows: 

SPECT of the myocardium 

Multidetector scanning-Eystem. An early approach for sec

tional myocardial scanning with 201 Tl was the Multidetector 

Scanning System (CLEON 711 body imager). This device consists 

of a ring-shaped gantry assembly in which 10 scanning detectors 

at 36-degree intervals are mounted. The effective field of 

view is limited to the central 50 cm. The gantry can be tilted 

through an angle of ± 15° to the vertical allowing image sec

tions of various angles. The respective algorithms include 

filters for collimator correction, smoothing, and empirical 

attenuation correction (1). A complete 4-section study takes 
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about 20 min, each transaxial slice containing 200,000 to 

350,000 counts. FWHM is about 17 rom for Tc 99m • 

Initial clinical results obtained by Holman et al (1) 

showed that myocardial defects in patients with prior infarction 

were clearly separated from anatomic structures such as cardiac 

chambers and normally perfused myocardium. The images yielded 

high contrast ratios permitting prompt and easy identifications 

of myocardial infarcts. Kirsch et al (9) used a double i'sotope 

technique (201 Tl , Tc 99m_pyrophosphate) to estimate the infarct 

size in an experimental study. The SPECT results and the real 

infarct sizes revealed excellent correlation (r= 0.94) in 16 

animals. Possible sources of error like motion of the beating 

heart and blurring respiration as well as attenuation effects 

had no apparent gross influence on the accuracy of this method. 

Pinhole tomograp~y. In 1978 Vogel et al (10) introduced 

pinhole tomography in nuclear cardiology. This method uses a 

wide-field gamma camera and a seven-pinhole collimator. Through 

pinholes (5.5 mm 0) scintigraphy data are simultaneously 

acquired from different angles and the myocardium is projected 

onto 7 independent regions of the crystal. Multiple planes 

(up to 12 ) are reconstructed from the set of data by use of 

a computerized addition-multiplication algorythm and variation 

of the superimposition relationships among the projected views. 

The planes are processed iteratively. Plane resolution (FWHM) 

is 1 cm and depth resolution comes to 1.5 cm. 

The first clinical results achieved with this imaging 

technique appeared to be excellent: among 42 patients with 

angiographically proven coronary artery disease, there were 

only 31 in whom abnormalities could be established by convent

ional scintigraphy whereas in 40 of these cases perfusion 

defects were demonstrated tomographically. From these results 

it was concluded that pinhole tomography is highly sensitive 

to the presence of coronary artery disease using stress Thallium 

imaging. A multicenter study performed in 1980 seemed to verify 

these promising results (11). However, one year later, Ritchie 

et al (12) reported on rather unfavourably experiences when 

using seven-pinhole tomography in patients with prior myo-
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Fig. 1. Normal SPECT of the 
myocardium (201 Tl ). 

a) Transverse sections. 
b) Scheme left lateral. 
c) Sagittal sections. 
d) Scheme anterior 
e) Coronar sections. 
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cardial infarction. The authors were unable to ascertain statis

tical significant differences in either sensitivity or specific

ity between the planar and tomographic approaches. They then 

concluded that seven pinhole tomography has no real advantage 

over standard planar imaging. In phantom studies it was shown 

that a small area of decreased activity - geometrically 3 cm 

in depth - was seen throughout all 12 of the tomographic 

slices. Thus it was pOinted out that there is no depth local

ization possible by means of pinhole tomography (12). These 

disappointing results were confirmed subsequently by Tamaki 

et al (13) who evaluated seven-pinhole tomography in comparison 

to rotating gamma camera investigations. In their study the 
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Fig. 1d 

Fig. 1e 
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Fig. 2. SPECT of a patient with coronary artery disease and lesions in 
the anterior wall and septum; the anterior wall lesion is only visualized 
by the (transverse) sections of SPECT. 
a) Biplanar scintigraphy with 201 Tl (left = left lateral, right = 45° LAO). 
b) Transverse sections of SPECT. 
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Fig. 3. SPEX:T of the myocardium with 123IPPA in a healthy subject; note 
the high liver uptake of IPPA in anterior projection! 

overall accuracy was 81% in planar scintigraphy, 83 % in seven

pinhole tomography, and 94% in rotating gamma camera tomo

graphy. 

Rotating_gamma camera (fig 1,2). The experiences of 

Tamaki and others point to the fact that conventional biplanar 

Thallium scintigraphy may be oftentimes not adequate to deter

mine exactly the extent of tissue injury. A main limitation 

of biplanar sCintigraphy for myocardial imaging is that 

decreased activity due to the left ventricular cavity must 

be differentiated from impaired myocardial uptake. Furthermore, 
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Fig. 4a 

Fig. 4b Fig. 4c 

Fig. 4. Nonnal SPECT of the gated cardiac blood-pool (Tc99rn...HSA). 
a) Endsystolic (left) and enddiastolic (right) image (sagittal section). 
b) Amplitude image (sagittal). 
c) Phase image (sagittal). 



345 

Fig. Sa 

Fig. 5b 

Fig. 5. Gated cardiac blood-pool (SP:OCT) (Tc99m-HSA) of a patient with 
myocardial infarction and lesions antero-septal; SP:OCT of the blood
pool exhibits a huge aneurysm of anterior wall and apex. The involvement 
of the middle part of the anterior wall can only be established by 
SP:OCT but not by the conventional 45° LAO study. 
a) Biplanar scintigraphy with 201Tl (left = left lateral, right = 45° LAO) • 
b) Endsystolic (left) and enddiastolic (right) image of the gated blood

pool (SP:OCT). 
c) Phase image of the gated blood-pool SP:OCT (sagittal). 
d) Conventional 45° LAO gated blood~pool study. 
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Fig. 5c 

Fig. 5d 
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superimposition of normally perfused myocardium over hypoper

fused regions as well as wall motion abnormalities may cause 

difficulties in estimating the extent and degree of perfusion 

deficits. Thus, the correlation between determination of 

infarct size from conventional two-dimensional scintigraphy 

and the results of postmortem examination has been only fair 

(14). Therefore it appeared to be desirable to develop a 

reliable method for cross-sectional myocardial imaging. 

Initial experiences with a stationary gamma camera and 

the patient rotating on a chair were described by Bundinger 

et al (15). But the imaging and reconstruction time were too 

long for routine clinical applications. In 1981 Maublant et 

al (16) as well as our group (17) have reported on the use 

of a rotating gamma camera system for SPECT of the myocardium 

and the early results were confirmed one year later in a 

larger series of patients (18,19). Maublant et al (18) establish

ed an increase of sensitivity from 89% (conventional scinti

graphy) up to 98% (SPECT) with no difference of specificity 

(93%). These excellent results were verified by Tamaki et al 

(13) who found a significantly improved overall accuracy 

(conventional scintigraphy: 81%vs SPECT: 94%). In our investiga

tions, however, there appears to be no considerable difference 

between SPECT and conventional scintigraphy in regard to 

demonstration of existing lesions (19). Nevertheless, in many 

cases the extent and localization of infarctions or scars can 

be estimated more accurately by SPECT. On the basis of an 

experimental model we studied the extent to which even small 

intramural myocardial ischemia can be demonstrated by SPECT. 

For this purpose, ligation of the ramus interventricularis 

anterior or the left circumflex artery was performed in dogs 

to produce myocardial lesions of the anterior or posterior 

wall. CAT served as a control method showing that even small 

intramural lesions with a volume of about 1 ml could be 

detected (20). Furthermore, a comparison of stress and re

distribution 201 Tl imaging with a rotating gamma camera allows 

a more clearcut delineation of stress induced myocardial 

ischemia (21,22). 
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SPECT with a rotating gamma camera is usually performed 

after injection of 2 mCi 201 Tl chloride. The study time is about 

20 min, and 64 frames (4k matrix) during one 360 0 rotation are 

acquired, the total count rate being about 2 to 4 x 10 6 • After 

reconstruction of transversal slices, additional sagittal and 

coronal slices are obtainable within a short processing time 

using array processors. (It should be mentioned that sagittal 

slices are most helpful for evaluation of the posterior wall) • 

As determined through phantom studies, a resolution between 

12 and 14 mm - depending on the distance from a defect from 

the rotation axis - could be obtained (23) when extensive 

quality control was performed (24). 

The paper of Tamaki et al (25) first raised the question 

of 180 0 and 360 0 data collection: the 180 0 image - although 

requiring only half the investigation time - revealed clearer 

perfusion defects due to less background noise in comparison 

with the 360 0 image. Another paper by Coleman et al (26) dealt 

with the probability of myocardial 201 Tl SPECT, using the data 

from only 180 0 rotation as opposed to the 360 0 rotation data 

collection usually employed. Tamaki et al (25) concluded that 

180 0 data ~ollection is a more effective technique in the 

clinical evaluation of coronary artery disease because lesion 

contrast is higher and the study time required is shorter. 

Coleman et al (26), however, pointed out that for their 

double-headed SPECT system, the 360 0 collection permits attenua

tion correction, has less variability in counting statistics, 

and gives contrast ratios similar to those of 180 0 collection. 

Hoffman (27) summarized the results of these 2 papers and 

pOinted out that the 180 0 SPECT scans with 201 Tl may be partial

ly justifiable, but mainly because the low energy of the gamma 

emission of Thallium causes problems of attenuation, scatter, 

and scatter rejection. With the 180 0 collection, however, 

practicable attenuation correction and also quantitative 

assessment of myocardial 201 Tl uptake is not feasible. With 
99m 123 the use of Tc or I-labelled tracers, the net attenuation 

of the radiation will be about 50% less across the body, the 

scatter fraction is considerable smaller, and spatial resolu-
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l ' '11 b ' 201 Tl " (27) t b ' utlon Wl e super lor to lmaglng • I may e antl-

cipated that with the introduction of the mentioned tracers 

180 0 data collection will become out of date. 

Future perspectives. ~yocardial SPECT with fatty acids 

(fig 3). Until recently, studies of cardiac metabolism in man 

have been limited to assessment of arteriovenous differences 

of myocardial substrates using arterial and coronary-sinus 

sampling techniques. Without mentioning that these procedures 

are invasive it has to be realized that they can only deter

mine global cardiac metabolism. Contrary to this fatty acids 

can be used for metabolic imaging and SPECT renders possible 

non-invasive determination of regional myocardial metabolism. 

Reske et al (28,29) were the first to achieve metabolic SPECT 

images using 123I-paraphenylpentadecanoic acid (IPPA) as a 

tracer. In these studies a rotating gamma camera system 

served for emission tomographic myocardial imaging, and high 

quality trans sectional pictUres of the canine heart with 

clear delineation of left ventricular walls were obtained. 

Myocardial infarcts were visualized as areas of deficient 

radioactivity uptake. IPPA disappearance rate from non-infarcted 

myocardial regions turned out to be significantly prolonged 

when compared with unaffected controls - as was established 

by sequential SPECT (6 studies during 1 hour). Hence it could 

be proved that besides of the absence of free fatty acid uptake 

in infarcted areas there is also a general metabolic impair

ment in the entire heart muscle. It may be emphasized in 

principle that 123I-labelled fatty acids offer 2 advantages 

as tracers for cardiac imaging when compared to 201 Tl : one 

higher amounts of radioactivity can be used, and two attenua

tion is less due to higher gamma energy. Thus, myocardial 

SPECT with radio iodinated fatty acids may "herald a new way of 

thinking about clinical disorders where characterization of 

the metabolic disorders produces new modes of therapy designed 

to restore normal metabolism" (30). In view of the use of 
123 124 

I as a label the problem of I - the decay product of 

123 1 with its unprofitable high gamma energy - has yet to be 

considered e.g. when long transportation ways delay prompt 
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delivery of the radiopharmaceutical. 

Myocardial SPECT with Tc 99m-DMPE. A new promising imaging 

agen~ is Tc 99m-labelled dichlorbis (1,2-dimethylphosphino) 
201 99m ethane (DMPE) (31,32). Blood-clearance of Tl and Tc -

DMPE are essentially the same but the latter agent shows 

faster overall kinetics and higher heart-to-lung ratios. The 
201 similar conduct of this radiopharmaceutical compared to Tl 

suggest its usefulness in the evaluation of ischemic heart 
99m disease. Thus, Tc -DMPE may one daY,replace 201Tl with its 

problems (low gamma energy, high radiation load) for SPECT of 

myocardial perfusion. 

SPECT of the gated cardiac blood-pool (fig 4,5). 

Gated blood-pool scintigraphy is nowadays a routine tool 

in non-invasive nuclear cardiology. The investigation is 

usually carried out in 45 0 LAO projection to avoid superim

position through right ventricular activity. However, this 

procedure is limited to the visualization of septal, apical, 

and posterolateral wall motion while the contraction of the 

anterior wall cannot be assessed. To overcome this disadvantage, 

bilateral collimators (33) as well as first pass techniques 

(34,35) are used in order to additionally get information 

about the anterior wall. However, in dual projection heart 

studies image degradation is caused due to overlying right 

ventricular activity and first pass studies comprise only a 

few heart beats and selection of a "representative heart 

cycle" is not possible. 

Because of these disadvantages SPECT with a rotating gamma 

camera was introduced into cardiac blood-pool investigation. 

Already in 1979 Burdine et al (2) pointed at the principal 

feasibility of ECG-gated cardiac blood-pool imaging by SPECT. 

Since then a series of further reports has been published 

concerned with this new imaging technique (36-41). At present, 

64 frames (4k matrix) during one full rotation of 360 0 are 

usually acquired within 20 min (42) after an equilibrium of 

15 to 25 mCi Tc 99m-labelled RBC's orHSA is achieved. Each 

heart beat is divided into 8 (up to 16) time increments. 
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After reconstruction of transverse slices additional sagittal 

and coronar slices can also be obtained within short processing 

time. For evaluation of the cardiac wall motion cine display 

as well as endsystolic and enddiastolic images are used (36, 

37,39). A new approach for visualization of the myocardial 

contraction pattern are Fourier phase and amplitude images. 

It appears essential however, that 3-dimensional Fourier 

analysis is performed because of perpendicular movement of 

the transversal cardiac sections during the heart beat. Res

pective algorithms were reported by Brunol and Nuta (43). It 

may be emphasized that reconstruction of sagittal slices 

facilitates considerably the evaluation of left ventricular 

wall motion because in 1 or 2 slices the anterior wall, the 

apex, and the posterior wall are visualized. The hereby ob

tained results can easily be interpreted and resemble the 30 0 

RAO projection of X-raylaevocardiography. The ability to see 

the cardiac chambers separately in motion permits evaluation 

of both ventricles unimpeded by superimposition of other 

structures and points at potentials for calculating ventricular 

volumes. Comparative studies of Eilles et al (36) yielded a 

close correlation of ejection fractions estimated by convent

ional blood-pool scintigraphy and SPECT. (Maximal ejection 

and filling rates, however, should preferently be calculated 

from conventional techniques due to their higher timely resolu

tion of 20 to 50 frames per heart cycle. 

On the basis of clinical experiences from our group (42) 

it can be stressed that SPECT of the gated cardiac blood-pool 

permits accurate information concerning anterior wall motion. 

All patients with radiologically proven contraction abnormal

ities of this region yielded positive SPECT results whereas 

the conventional LAO technique was failing. Moreover, analysis 

of the contraction pattern (hypo-, a-, and dyskinesia) was 

rendered possible by means of parametric (Fourier phase and 

amplitude) SPECT. To sum up and in conclusion it may be stated 

that combined examination with the aid of gated conventional 

(45 0 LAO) imaging and SPECT of the cardiac blood-pool (includ

ing parametric techniques) comprehensive information concerning 

regional contraction patterns of the entire left and right 

ventricle can be obtained for representative heart cycles. 
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POSITRON EMISSION TOMOGRAPHY (PET) OF THE MYOCARDIUM 

K. VYSKA, L.E. FEINENDEGEN 

The most important nuclear medical contributions to cardio

logy developed in the past ten years are without doubt the 

non-invasive determination of the cardiac ejection fraction 

by the method of ECG-gated blood-pool analysis, the non

invasive investigation of cardiac wallmotion, and myocardial 

scintigraphy by means of T1 201 (1-7). 

Whereas the information obtained by the ECG-gated blood

pool technique and by analysis of myocardial wallmotion 

reflects only the consequences of impaired myocardial function, 

analysis of T1 201 scintigrams provided the possibility of 

obtaining qualitative information about irregularities in 

regional myocardial perfusion. 

Recent cardiological studies indicate, however, that for 

objective evaluation of myocardial ischemias and for character

ization of cryptogenic cardiomyopathies with as yet unidenti

fied metabolic etiology, quantitative, not qualitative, informa

tion about myocardial perfusion and metabolism is necessary 

(8-15). This requirement stimulated an interest in the develop

ment of alternative myocardial agents which would provide the 

possibility of quantitative assessment of some parameters of 

myocardial metabolism. 

It is evident that external monitoring of myocardial 

metabolism in vivo can only be performed by use of radiopharma

ceuticals which are incorporated directly into metabolic path

ways in the myocardium. Therefore, much effort was invested 

in developing suitable labelling procedures for such metabol

ic substrates. So far the most detailed results were obtained 

with radioactively labelled free fatty acids (RLFFA). The 

RFLLA's seem to be particularly useful for the detection of 
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metabolic alterations associated with ischemia and congestive 

cardiomyopathy, because 

1. free fatty acids are the main physiological substrate for 

myocardial energy production (16-22,39) i 

2. the metabolism of free fatty acids requires aerobic condi

tions 16-21) and 

3. the myocardial extraction of long chain fatty acids is 

drastically reduced under conditions of hypoxia and normal 

perfusion (8-13). 

In the last decade various fatty acids were labelled in 

the w- and a-position with Br77, C1 34m , 1 123 and c11 , and 

tested in the mice (see fig 1) (23-27). These studies reveal

ed that for metabolic studies in vivo the most suitable radio

pharmaceuticals are C11 labelled palmitic acid (CPA) and hep

tadecanoic acid labelled with 1 123 in the w-position (IHA). 

Both of these compounds showed high uptake and similar kine

tics. Significantly lower uptakes were obtained using w-chloro

and w-bromo-fatty acids as well as a-halofatty acids. The 

smaller uptake of w-chloro- and w-bromo-fatty acids may be 

explained by the stronger binding to serum proteins. The low 

uptake of a-halofatty acids seems to be due to steric and in

ductive effects that inhibit the esterification of fatty acids 

with co-enzyme A and carnithine. Due to this inhibition the 

ability of the cell to extract effectively the a-halofatty 

acids from blood is reduced, and the passage of fatty acids 

through the mitochondrial membrane decelerated. 

The utility of c 11 palmitate for imaging the myocardium 

with positron emission tomography (PET) was demonstrated first 

by Hofman et al (16) and Weiss et al (12,13). Their studies 

suggested efficient extraction of this labelled long-chain 

fatty acid by myocardium. Because the compound disappeared 

rapidly from blood, high quality cross-sectional images could 

be obtained (fig 2). 

In dogs with experimentally induced myocardial infarction, 

cross-sectional images of the myocardium clearly depicted 

infarcted segments as regions with reduced c11 activity. The 

size of the defect on the cross-sectional images corresponded 



t 
N 
"
<II 

:I: 

0> -II) 
'iii 
o o 

*" 

2 3 

-e-_.-.-.
-···-0 - ··· -

---4-- -

4 5 

17 - 12~-Heptodecansaure 
1 - II C-Palmitinsaure 

(p-'3'I-Phenyl)-pentadecansaure 
a_34mCI-Sfearinsaure 
a- 123r -Stearinsaure 

17 _ 77 Br-Hepfadecansaure 

___ . 0 

'-
6 7 8 9 10 11 

Zeit (min] _ 

357 

Fig. 1. The time course of radioactivity in mouse heart nruscle after Lv. 
injection of 17-77Br-, 17-123r-heptadecanoic acid, 15 (p-131r-phenyl) 
pentadecanoic acid (1-11C) palmitic acid, a-34rncl, a-123r-stearic acid; 
(200 ]11 of a 6% HSA solution containing 100 rrci). Average deviations are 
within ± 22% of indicated values. 

Fig. 2. Image, of the myocarditmt registered by positron-emission trans
axial tomography at the level of A-V valves after i.v. injection of 
2 mci 1-11C-palmitic acid. 
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to the histological and biochemical extent of the experimental 

infarct and permitted accurate and reliable measurements of 

infarct size by PET and c 11 palmitate (28). These observations 

also applied to man, where the extent of reduced c 11 palmitate 

uptake agreed with the biochemical estimate of infarct size as 

obtained from the integral of serial CK concentrations. 

Defects in regional c 11 palmitate uptake may represent both 

ischemia and necrosis (8-12,28). 

Schelbert (28) demonstrated in dog experiments that the 

clearance of C11 palmitate from myocardium is characterized 

by two components. The rate of clearance of c 11 activity from 

myocardium during the initial phase closely correlated with 

cardiac work and contractility as defined by the heart rate 

blood-pressure development. Under ischemic conditions, the 

rate of clearance was markedly prolonged. 

The analysis of time-activity curves registered after CPA 

(fig 3) and IHA application in normal persons revealed that 

also the human myocardium activity release from the heart is 

characterized by two components. In the case of CPA the rapid 

elimination phase was characterized by an average half time of 

6.5 ± 1.0 min. For the slow phase a half time of 160 ± 103 

min was observed. The amount of activity being released in 

the rapid phase to that in the slow phase can vary significant

ly. The ratio's (Q) of these two values for CPA11 ranged 

between 1.8 to 5.4. The corresponding analysis of the data 

obtained by the use of IHA 123 indicated an average half time 

of the rapid phase of 9 ± 3 min and for the second slow phase 

of 45 ± 27 min. The ratio's (Q) for IHA123 ranged between 

0.7 to 7. 

In patients suffering from coronary artery disease, in 

areas of accumulation defects not only normal, but also signif

icantly prolonged or significantly shortened CPA/IHA elimina

tion were observed (39). This data indicates that the ischemia 

induced alteration of CPA/IHA accumulation is not necessarily 

accompanied by alteration of fatty acid turnover rates. Conse

quently, for the evaluation of coronary artery disease, not 

only an analysis of regional IHA accumulation but also a 
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Emission :in1age 

Fig. 4. EX:::G-gated diastolic :in1age of the ITlfocardium registered by positron 
emission transaxial tomography, at the level of A-V valves, after intra
venous injection of 2 nCi (p-75Br-phenyl) pentadecanoic acid in a nonnal 
subject. The section is viewed from a cephalic-tercaudial -orientation. 
Both ventricles which are clearly delineated are characterized by a 
homogenous distribution of acti vi ty in ITlfocardium . . The transmission 
:in1age (see next page), obtained with the use of 68Ge as a poSitron 
source at the same level, was sued to indicate the location of the heart 
within the thorax and to obtain attenuation factors, prior to Lv. in
jection of (p75Br-phenyl) pentadecanoic acid. 

detailed knowledge of regional IRA elimination rates are 

required. 

High uptake, but different elimination kinetics were ob

served for (p-Br75 _phenyl) pentadecanoic acid (BPPA) (29). 

The uptake was approximately the same as that observed for IHA 

and C11 _palmitate, but the elimination rate was significant~ 
ly lower. This indicates that, even if the halogenated phenyl 

residue in the w-position does not ' affect the extraction 

process of BPPA, it inhibits the metabolic acceptance of this 

indicator. Due to the high accumulation and low elimination 

rate the BPPA, however, seems to be an excellent agent for 

myocardial imaging. 
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Transmission image 

Fig. 4. (see legend previous page) 

In fig 4 the ECG gated tomographic image detected at the 

level of A-V valves in a normal subject, 5 min after i.v. 

administration of 1.5 mCi BPPA is demonstrated. The collection 

period was 6 min and the activity was observed to be homo

geneously distributed in both right and left ventricles. The 

characteristic horseshoe pattern of activity distribution 

observed at the level of A-V valves, is due to the fact that 

at this level the posterior portion of the heart comprises 

the atrial rather than ventricular myocardium. 

In order to obtain more information which would contribute 

to the interpretation of these results as well as to obtain 

more knowledge about the pharmacokinetics of'the radioactively 

labelled fatty acids, it was necessary to carry out additional 

animal experiments. For this IRA and (p-I 131 _phenyl) penta

decanoic acid (IPPA) were injected into mice, and the animals 

were sacrificed at different time intervals following applica

tion of the indicator (30,31). 

The data obtained suggested an efficient extraction of 
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Fig. 5. Time course of radioactivity detected in different fractions 
extracted from the harrogenates of the heart muscle of mice, after in
jection of w-131 I-heptadecanoic acid (IHA) (fig. Sa) and (p-131I-phenyl) 
pentadecanoic acid (IPPA) (fig. 5b). In general, 1.0-1.5 ~Ci IPPA or 
IHA were dissolved in 0.2 ml 4% human serum albumin, sterilized by milli
pore filtration and i.v. injected into mice (females, NMRI strain). 
Mice were sacrificed at several time intervals up to 15 min and the 
activity in the heart was determined. Subsequently, the hearts were 
harrogenized in 2.0 chlorofonn/ rnethanol (2 / 1) and 0.65 ml 0.02 NH2S04, 
and 0.65 ml 40% aqueous solution of urea were added. The solution was 
centrifuged (5000 RPM) for 15 min., the organic and aqueous phases, as 
well as the tissue residue separated (22,23) and the activity in all 
fractions was determined. . 

IHA and IPPA by the myocardium (36.3 % and 32.5% dose per g 

heart). Maximal accumulation of both compounds was v e ry close 

to that observed for CPA. This means that neither the phenyl 

residue in IPPA nor the iodine in the w-position of IHA 

represents the steric hindrance of the enzymatic activity 

involved in the extraction and accumulation of radioactively 

labelled fatty acids (RLFA) in myocardium. 

The half time of the elimination of IPPA activity from 

the myocardium (3 .5 min) was significantly higher than that 

observed for IHA and CPA (2.4 min); from that we concluded 
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Fig. 6. Time course of radioactivity (x ± Sxi n = 5 animals/time inter
val) in various fractions separated from the organic phase by means of 
thin layer chromatography (TLC) (Silica-gel 6OF-254 AL foil; 200x200xO.2 
rom; N-heptane-diethyl-ether-acetic acid (90:10:1) was used as a solvent. 
As standards in TLC, the inactive IPPA and llIA (for free fatty acids) 
peanut oil DAB 7 (for triglycerides), lecithin (for phospholipids), and 
paraiodobenzoic acid (for iodo-benzoic acid) were used. 'Ihe recovery of 
I131-activity separated on TLC was 85.6 ± 5% (30,31). 

that the phenyl residue in IPPA might interfere with enzymes 

involved in the fatty acid catabolic pathway, whereas iodine 

in w-position (HA) does not alter the biological behaviour of 

this compound. This conclusion is supported by results obtain

ed by fractionation of myocardial tissue (30,31,32). The 

elimination of IPPA activity from organic and aqueous phases 

as well as from the tissue residue was significantly lower 

than the IHA elimination rate (fig 5). 

Thin layer chromatography (fig 6) of the organic phase 

revealed that immediately after application of IHA, a consider

able amount of activity can be detected in fractions co-migrat

ing with phospholipids (PL) and free fatty acids (FFA). After 

some delay, activity also appears in the fraction co-migrating 

with triglycerides (TG). These data support the hypothesis of 
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Stein et al (33,34) that in myocardial cells a triglyceride 

pool exists, which has a high turnover and which may serve as 

an easily accessible store for fatty acids used for myocardial 

energy production. 

Since RLFA elimination from such a pool represents one of 

the components determining the externally detected IRA elimina

tion rate, it must be concluded that changes in the TG, PL, 

and FA pools, as well as ischemic dependent alterations in the 

enzyme systems involved in the activation of fatty acids from 

these pools, might be the reason for the observed variation in 

IRA elimination rates. 

With regard to IPPA, the amount of activity in PL was 

significantly higher, and the amount of activity in TG was 

significantly lower than those observed for IRA. The elimination 

of activity from both PL and TG fractions was found to be 

slower for IPPA compared to IRA. These observations suggest 

that the enzymes involved in the utilization of myocardial 

fatty acid, phospholipid and triglyceride pools possess a 

high steric specificity. 

The detection of I 131 -benzoic acid (30-32), the main 

catabolic product of IPPA 6-oxidation, in myocardial cells 

immediately after application of IPPA leads to the conclusion 

that not all of the fatty acids extracted by the myocardium 

are first incorporated into PL and TG fractions; fatty acids 

partially seem to be directly catabolized via the carnithine 

shuttle in the 6-oxidation pathway. This means that not only 

changes in TG and PL pools but also the ischemia dependent 

changes of the carnithine shuttle system as well as the changes 

in 6-oxidation rates themselves known to occur under conditions 

of ischemia, must be considered as possible reasons for alter

ation of IRA elimination rates. The possibility that repeated 

transient ischemia may result in reversible changes in the 

carnithine shuttle system, was demonstrated in animal experi

ments carried out by Idell-Wenger et al (35) indicating a 

significant reduction of carnithine availability in cytosol 

under conditions of repeated transient ischemia. 

Even though we are aware that at the moment a full inter-
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pretation of our in vivo observations is not possible, we feel 

that the data presented so far are sufficient to demonstrate 

that in ischemic myocardium, significant alterations in free 

fatty acid metabolic pathway exist which may be traced by 

using RLFA as an indicator. 

However, not only the RLFA, but also radioactively labell

ed glucose and its structural analogs, were shown tO,be promis

ing agents, for measuring regional myocardial metabolism in 

vivo by the means of PET. This approach was initiated by Strat

mann et al (36) and Wolf et al (37), who in 1973 developed a 

procedure for c11 -labelling of glucose. This initial effort 

was, however, limited by a low extraction of this compound 

from coronary circulation and by relatively high accumulations 
11 of C glucose in many other organs, including the lung. 

Based on the finding that glucose transport across the 

cell membrane is a passive carrier-facilitated process, 

Gallagher et al (38) concluded that accumulation of glucose 

within a tissue against the concentration gradient can not 

occur, and consequently that for the monitoring of myocardial 

glucose metabolism, not glucose itself, but some analog is 

desirable. Such a compound should be transported, phosphorylat

ed, and thus trapped intracellularly in the same way as glucose, 

but it should not undergo subsequent metabolic steps. A radio

pharmaceutical which fulfills these requirements is F 18 _2_ 

fluoro-2-deoxyglucose (FDG). FDG (the fluorinating reagent 

was developed at Brookhaven National Laboratory) is trapped 

in myocardial cells as FDG-6-P0 4 since enzymatic conversion 

to glucose-1-P04 and fructose-6-P0 4 is inhibited by 2-deoxy

analog of glucose. Moreover, the cellular membrane permea

bility of FDG-6-P0 4 , as well as the activity of glucose-6-

phosphatase for conversion of FDG-6-P04 back to FDG are very 

low. 

The results obtained with FDG demonstrate that this com

pound exhibits a number of important characteristics for myo

cardial imaging. It is rapidly taken up by the myocardium, 

has a long term tissue retention, and has a rapid blood-clear

ance. The FDG images provide high contrast between myocardium, 



366 

blood, lung, and liver. The analysis of FOG accumulation rates 

seems to provide quantitative information about myocardial 

metabolic rates for exogenous glucose in vivo. 

It is well estab~ished that the heart uses FFA as its 

prefered energy substrate, depending on plasma, FFA concentra

tions. The experiments obtained so far suggest, however, that 

in ischemia glycogen stores are depleted and that the exogeneous 

glucose may represent the significant source for glycolysis. 

Hence, FOG accumulation in this situation may in fact reflect 

the glycolytic flux. Schelbert (28) concluded from his measure

ments that the phosphorylation of FOG to FOG-6-phosphate in 

the previously infarcted segment indicates the presence of 

still metabolically active and hence viable myocardium and 

that the normal regulatory mechanisms for FFA and glucose 

utilization are no longer in effect in ischemic myocardium. 

Even if the FOG provides the information about the glucose 

metabolic rate it does not allow the evaluation of glucose 

influx rate and thus, the analysis of the activity of hexose 

carrier system. As demonstrated in animal experiments, how

ever, this information might be of basic importance for the 

assessment of the early changes occuring by ischemic insult. 

In order to obtain this information we developed a new 

method which permits the external assessment of the trans

membrane sugar transport and local perfusion (40-42). For this 

we used positron emission tomography and c11 -labelled methyl

O-glucose (CMG) or 3-fluor-deoxyglucose (3FOG) as indicator. 

Both -CMG - and 3FOG - are transported across the cell mem

brane by the same carrier as glucose, but they are not phos

phorylated and further metabolized. They return to the circulat

ing blood. 

The CMG- or 3FOG-techniques, used in our studies for the 

analysis of the rate constants for glucose influx and efflux 

from the myocardial tissue, are based on the concomitant 

evaluation of CMG/3FDG blood and CMG/3FOG tissue concentra

tions. 

In order to register the time changes of the local tissue 

CMG/3FOG concentration the dynamic positron emission tomo-
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graphy was used. 

For this 5-6 mCi of CMG or 3FDG were injected into an 

antecubital vein of the patient and transaxial activity 

distribution in the chest in one selected slice was register

ed with ECAT II Scanner at 1 min intervals for a total period 

of 30 min. 

The images were reconstructed using the measured attenua

tion correction. Subsequently the entire study was corrected 

for the activity in the blood. For this first 1 min image 

representing predominantly the activity distribution in the 

blood was used as internal standard. In images thus, obtained 

different regions of interest were selected and time activity 

curves created. 

The time activity curves registered over myocardium correct

ed for activity in blood were considered as a measure for the 

heart tissue CMG/3FDG concentration. As an estimate for the 

capillary CMG/3FDG concentration either the data obtained by 

the arterial blood-sampling or the time activity curves 

registered over the left ventricular cavity can be used. 

In all studies the glucose plasma concentration was deter

mined just before indicator application and immediately after 

the completion of the examination. 

Both CMG and 3FDG were found to be effectively accumulated 

in normal myocardium. A typical image of myocardium obtained 

after application of 5 mCi of CMG is demonstrated in fig 7. 

This image is corrected for the activity in the blood. The 

left ventricle as well as right ventricle can be easily re

cognized. Typical time activity curves registered in a normal 

individual over the left ventricular cavity, left ventricular 

myocardium and over subendocardial and subepicardial regions 

are shown in fig 8. 

The time activity curve registered over left ventricular 

cavity showed usually initially rapid decrease of activity, 

which probably reflects mixing of indicator in the blood-pool 

and its equilibrium with tissue. This is followed by a phase 

of very slow indicator elimination indicating a high retention 

of non-metabolisable indicator in the blood. 
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Fig. 8. Typical time activity curves registered in a nonnal person over 
the left ventricular cavity, left-ventricular myocardium and over sub
endocardial and subepicardial regions after i. v. application of 5 nCi 
of CM3. 

The time activity curves registered over myocardium exhibit

ed a rapid accumulation phase and a very slow elimination 

phase. The activity in equilibrium was in myocardium approxi

mately 60-70% of the blood-activity. 

In order to evaluate this data we considered the following 

model (fig 9): in plasma CMG or 3FDG completes with glucose 

for a common carrier for transport into a primary precursor 

pool in heart tissue. Since CMG/3FDG is not phosphorylated it 

accumulates in the myocardial tissue and proportional to its 

concentration in heart tissue it escapes back to circulation. 

Therefore, the rate of CMG accumulation in the heart tissue 

dcT/dt is equal to the difference between the rate of CMG 

inflow and CMG outflow. According to experimental data of 

Betz and Gilboe (43-45) the rate of glucose inflow is propor

tional not only to the rate constant k1 characterizing the 

catalytic activity of the carrier system but also to the total 

amount of the CMG being available for the transport at unit 

of the time. 

The amount of CMG being available in unit of time is given 

by the product of blood CMG concentration, c B ' local flow-rate 

per gram of tissue (f). The proportionality constant which 
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has the dimension min is labelled in fig 9 as T. 

The CMG efflux is given by the product of k2 and CMG 

concentration, cTi k2 is the rate constant characterizing 

catalytic activity of carrier system for CMG efflux. 

At equilibrium when 

dC T = 0 

dt 

the inflow equals the outflow and 
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tissue 

the 

where c Te is the CMG concentration in tissue at equilibrium. 

As shown at the bottom of fig 9, this equation demonstrates 

that the "tissue concentration at equilibrium" c Te is directly 

proportional to k1' c B ' and f and indirectly proportional to 

k2 . 
If it is assumed that initial mixing of the indicator in 

the blood can be neglected, the rate equation for CMG accumula

tion in tissue may be rearranged as indicated in the first 

line in the middle of fig 9. 

By comparing the first term in the parenthesis in this 

equation with expression for CMG tissue concentration at equi

librium c Te it can be seen that we are dealing with the same 

values. Therefore, it can be concluded that the rate of CMG 

accumulation in heart tissue is given by the product of k2 

and difference between c Te and cT. 

This equation demonstrates that rate constant for CMG 

efflux k2 may be determined by the analysis of the rate of CMG 

approach to equilibrium. 

On the right side of fig 9 are first summarized the conclu

sions drawn so far from our model. It says that at equilibrium 

the inflow equals outflow. This means that the product of k1' 

c B ' f and T equals to the product of k2 and c Te ' 

In this relationship the values of c B and c Te can be deter

mined by the analysis of the activities in ROI's left ventric

ular cavity and heart tisEue. 

The value of k2 is determined by the analysis of the rate 



372 

of the approach of CMG tissue concentration to the equilibrium. 

If this equation, characterizing the activity distribution at 

equilibrium, is rearranged as indicated below, it becomes 

evident that the local perfusion rate per gram tissue is given 

by the product of the ra:tio's k 2 /k 1 , cTe/cB and 1/,. 

Since the glucose transport across the cell membrane is 

generally assumed to be comparable with reversible enzyme 

catalysed reaction the rate constants characterizing the 

carrier activity for glucose influx and glucose efflux k1 and 

k2 can be expected to be the same (41,42). 

Under these conditions the local perfusion rate is equal 

to the ratio of the CMG activities in tissue and blood under 

equilibrium conditions. 

Using the approach described so far, the myocardial perfu

sion rate was determined to be 68 ml per min and 100 g of 

tissue. In order to study the regional differences in perfu

sion rate we subdivided the left ventricular myocardium in 

halfs and selected subendocardial and subepicardial regions. 

In subendocardial region a local perfusion rate was found to 

be 73 ml/min and 100 g of tissue. For subepicardial region a 

value of 65 ml/min and 100 g of tissue was recorded. These 

values are in close agreement with observations reported by 

Lichtlen, Maseri and Kirk (46,47) by the use of standard 

methods. 

The analysis of the slope of the approach of CMG concentra

tion to the plateau value demonstrated that glucose influx 

rate in normal myocardium is about 0.35 ~mol/min g. The 

studies done on patients with old myocardial infarction have 

demonstrated that the infarcted areas can be easily recogniz

ed as accumulation defects in CMG images. 

The CMG scintigraphy in a patient with narrowing of the 

right coronary artery, in which Tl-scintigraphy under rest 

conditions was normal, revealed large accumulation defects in 

the postero-lateral wall (see fig 10). When compared with 

normal CMG image the damages appear to be more pronounced in 

subendocardial regions. 

In agreement with T1 201 -scintigraphy the quantitative 



Fig. 10. '!he OCG gated linage of the myocardium registered by PET at 
mid-ventricular level after i.v. application of eM; in a 49-year old 
patient with 50% and 30% narrowing of the right coronary artery. 
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analysis of CMG data has demonstrated that the local perfusion 

rate in these areas was normal, at rest. The local glucose 

transport rate was, however, significantly reduced. 

This finding, which is in agreement with the results 

obtained by w_I 123 heptadecanoic acid scintigraphy in the same 

patient, indicates that repeated exposure of myocardial tissue 

to transient ischemia might produce an damage of the glucose 

transport system. 

We conclude from the data that, for the diagnostic evalua

tion of ultimate heart damage, simultaneous quantitative 

assessment of both local perfusion rate and local glucose 

transport rate is of basic importante. There is some evidence 

that the CMG technique is an excellent tool which provides 

this possibility. 

In addition to metabolic studies positron-emission tomo

graphy provides at the present time several methods which 

permit 'accurate measurements of regional myocardial blood

flow in units of ml/min/100 g. For example, Wisenberg et al 
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developed a method for the determination of the local perfu

sion rate by the use of microspheres labelled with Ga 68 (28). 

For the labelling of the microspheres, another generator

produced isotope-Copper-62 may be also used (48). 

Schelbert et al (28) used for the determination of myocard

dial blood-flow N13-ammonia. At control flow of 80 ml/min/100 

g, the extraction fraction of N13-ammonia during a single 

capillary transit in myocardium was shown to be 90%. It 

decreases as flow increases. Over the physiological flow range, 

however, the myocardial net extraction or tissue concentrations 

were almost linearly related to myocardial blood-flow. 

Other approaches for the measurement of regional myocardial 

blood-flow have included highly extractable indicators such as 

015-labelled water or c 11 -labelled alcohols (28). Their potent

ial for quantification of flow has recently been pOinted out 

by Hack et al (49). 

Also potassium-38 (50) and rubidium-82 (51) seems to be 

suitable indicators for detection of myocardial perfusion. 

Rubidium-82 is a potassium analog, which may be eluted from 

generator system so that it eliminates the need for on-site

cyclotron production. Its 2-min physical half-life minimizes 

the radiation dose to the patient. This indicator poses, how

ever, some difficulties in practical use and data acquisition. 

It is evident that the development of labelled metabolic 

substrates for myocardial studies in vivo has only begun. The 

examples mentioned so far demonstrated that use of radioactiv

ely labelled metabolic substrates indeed can provide an unique 

possibility of assessing metabolic alterations in disease 

heart, without the need for direct biochemical analysis of 

the myocardium. The in vivo measurement of metabolic rates 

has become a reality. 
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IMPACT OF RADIONUCLIDE TECHNIQUES ON CLINICAL CARDIOLOGY 

O. PACHINGER 

INTRODUCTION 

In recent years, considerable advances have been made in 

our ability to image the heart by means of radionuclide tech

niques. The utility of these procedures in clinical cardiol

ogy must be considered in relation to that of other diagnost

ic techniques: the basic clinical assessment, other non

invasive approaches such as echocardiography, digital sub

traction angiography, nuclear magnetic resonance, and cardiac 

catheterization. The clinician must choose the technique which 

provides the most useful diagnostic information in a given 

cardio-vascular disorder. 

This review will deal with the impact of currently avail

able radionuclide techniques on the clinical evaluation of 

patients with different cardiovascular diseases. 

Evaluation of the patient with suspected coronary artery 

disease 

The assessment of the ambulatory patient with either chest 

pain or suspected coronary artery disease represents one of 

the major applications of nuclear cardiology studies (1-4). 

Radionuclide techniques, when combined with physiologic stress, 

specifically bicycle exercise, provide relevant diagnostic 

and functional insights into patients with coronary artery 

disease. Radionuclide techniques augment the diagnostic 

accuracy achieved with exercise electrocardiography alone. 

The two major exercise radionuclide approaches to the 

diagnostic evaluation of patients with coronary disease are 

radionuclide angiography and T1 201 imaging. Since 1979, the 

sensitivity and specificity of these two procedures have been 
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examined in many centres around the world. The sensitivity of 

exercise planar T1 201 myocardial imaging is approximately 85% 

(5,6) when visual interpretation is used and 90 to 92% when 

quantitative computer techniques (7) or tomographic imaging 

(8) is applied. The sensitivity of radionuclide ventriculo

graphy is also in the range of 85 to 95% (6,9). Although the 

diagnostic sensitivities of these two techniques are roughly 

comparable, the exercise T1 201 study has a higher specificity 

than the exercise ventricular performance study (6). This 

lower specificity is not surprising because many conditions 

other than coronary artery disease may cause an abnormal left 

ventricular functional response to exercise. Furthermore, the 

optimal definition of normal left ventricular reserve during 

exercise is in doubt. Although exercise-induced regional wall

motion abnormalities are specific for coronary artery disease, 

they occur less frequently than abnormal ejection fraction 

responses (9-11). 

At this time, it is unclear which exercise radionuclide 

technique should be recommended for the initial diagnostic 

assessment of patients with suspected coronary artery disease. 

The ultimate decision should be based upon the available 

instrumentation, the experience of the laboratory and the 

clinical subset into which a given patient falls. 

Although the degree of left ventricular dysfunction with 

exercise generally is related to the severity of coronary 

artery disease, exercise radionuclide angiocardiography has 

not proved useful in identifying individual coronary artery 

lesions. In this regard, quantitative exercise T1 201 perfu

sion imaging with kinetic evaluation may be preferable. In 

the future, the choice between routine exercise testing, 

t 't t' t h' 'T1201 " d quan l a lve or omograp lC exerClse lmaglng, an exer-

cise radionuclide angiocardiography in the evaluation of the 

patient may not be determined primarily by the respective 

sensitivities and specificities of the technique. The prog

nostic relevance of a test may be of far greater value. If 

prognostic stratification of patients based upon the number 

of size of T1 201 perfusion defects or on the extent of left 
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ventricular reserve during exercise proves feasible than it 

may become a primary factor in optimal clinical strategy. 

The predictive accuracy of any diagnostic test depends 

not only upon its sensitivity and specificity, but also upon 

the prevalence of the disease in the population under study. 

The results of a radionuclide exercise test provide a probab

ility statement concerning artery disease based upon a 

continuum of risk (12). The maximal discriminating power of 

the'$e methods occurs in patients whose pre-test estimate of 

disease prevelance is between 30 and 70%. Based upon this 

BAYESIAN analysis, the optimal diagnostic use would include 

patients with major coronary disease risk factors, atypical 

chest pain, asymptomatic ST-segment depression during exer

cise, chest pain but no ST-segment changes during exercise, 

asymptomatic arrhythmias, or a negative exercise stress test 

with a submaximal heart rate response. The ultimate role of 

either radionuclide exercise technique in screening for 

coronary artery disease in an asymptomatic population remains 

to be determined and must remain speculative. 

In addition to dynamic exercise other form of stress tests 

can be applied using radionuclide techniques, isometric hand

grip (13,14), rapid atrial stimulation and cold pressure test. 

Several groups have demonstrated that T1 201 imaging after 

intravenous dypiridamol administration offers an alternative 

to exercise scintigraphy for the detection of coronary artery 

disease (15-18). Candidates for dypiridamol test may include 

individuals who can not exercise because of a muscular skeletal 

handicap or those unable to achieve even modest levels of 

exercise due to poor motivation or non-cardiac symptoms. The 

diagnostic accuracy is comparable with that of bicycle exer

cise scintigraphy (19). 

At the present time no other non-invasive technique can 

achieve a higher sensitivity than suggested by current radio

nuclide techniques. The discrepancy between the anatomic 

presence of disease and its functional significance precludes 

perfection for any technique that does not define anatomic 

presence of disease. Although future developments in radio-



384 

pharmaceutical agents or other non-invasive technologies may 

allow detection of early atherosclerotic plaques within the 

coronary artery, progress in this area has been slow and the 

rate of future success is uncertain. However, improved specific

ity for the detection of ischemic versus other forms of myo

cardial disease is likely to be achieved with some of the 

other non-invasive techniques. For example, it is likely that 

monitoring of metabolic function by positron emission tomo

graphy or flow by nuclear magnetic resonance technique, or 

both, will allow separation of ischemic and non-ischemic 

causes of the impairment in ventricular function during stress 

(20) . 

Evaluation of the patient with known coronary artery disease 

Functional significance of anatomic stenoses: Following 

cardiac catheterization, the anatomic features of the disease 

are well defined. In some cases, however, the degree and 

extent of physiologic impairment of blood-flow and the question 

of myocardial viability are not well determined, and further 

functional evaluation may be helpful in deciding the course of 

management. Not infrequently, the clinical angiographer is 

faced with the dilemma of determining whether a particular 

anatomic lesion is "significant", particularly with respect 

to a borderline 50% lesion. Because T1 201 uptake by the myo

cardium is directly related to blood-flow at the capillary 

level, exercise scintigraphy may be helpful in assessing the 

presence of functionally significant disease. Indeed, no 

other conventional non-invasive technique at the present time 

can provide similar information regarding myocardial blood

flow distribution. Quantitative Thallium analysis improves 

the sensitivity in this respect (21,22). 

Functional significance of collateral coronary vessels: 

As with the borderline coronary artery narrowing, the function

al significance of a collateral vessel is not well evaluated 

by the anatomic angiographic technique. Rigo et al (23) eval

uated the influence of coronary collateral vessels under 

results of Thallium scintigraphy. In this study, perfusion 
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abnormalities were noted in the distribution of all coronary 

arteries that were occluded and did not have visible collateral 

vessels, whereas no perfusion defects were seen in 39% of the 

occluded arteries with angiographically visible collateral 

vessels. Tubau et al (24) evaluated collateral vessel and 

single vessel coronary artery disease and demonstrated that 

patients with large collateral vessels more frequently showed 

negative exercise Thallium results than did patients without 

collateral vessels. Thus, in some patients collateral vessels 

do appear to protect against the development of exercise 

induced ischemia. 

Evaluation of myocardial viability: The coronary angiogram 

is more limited in the assessment of myocardial viability than 

it is in the assessment of the functional significance of 
201 coronary narrowing. Because TI uptake and washout depend 

on cell membrane integrity, this technique has the potential 

for assessing the presence of viable myocardium. Based on 

experimental animal studies of transient ischemia and infarc

tion (25-27) and current interpretation of stress-redistribu

tion Tl 201 scintigrams, myocardial segments showing initial 

defects after exercise with del~yed redistribution represent 

ischemic but viable regions which usually revert to normal 

T1 201 uptake following successful coronary revascularization. 

It is not always true, however that persistant Thallium 

defects during sequential imaging represent fibrosis or ir

reversible damaged myocardium. Segments with persistant 

Thallium defects before surgical procedure may demonstrate 

normal uptake and washout postoperatively. Thus, by applying 

quantitative criteria to T1 201 scintigraphy, this method 

appears useful in assessing myocardial viability and hence 

the potential response to revascularization procedures. 

Evaluation of surgical intervention: Results of bypass 

graft surgery have been evaluated with Thallium myocardial 

imaging and radionuclide ventriculography (28,29). The value 

of these techniques in this clinical setting depends on the 

completeness of revascularization and on the comparability 

with a preoperative scintigraphic finding. With successful 
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revascularization procedures, most myocardial regions with 

reversible perfusion or wallmotion abnormalities preoperativ

ely demonstrate normalization postoperatively (29). This 

phenomenon occurs despite the patients exercising to a higher 

heart rate blood-pressure product, which would be expected to 

enhance detection of perfusion defects in the absence of 

successful revascularization. 1,1 few of these findings, if the 

original perfusion defect reappears postoperatively, it can be 

assumed that either the bypass graft supplying the involved 

segment has occluded or residual ungrafted disease is present. 

If, on the other hand, a region is normal preoperatively and 

become abnormal postoperatively at the same or a lower heart 

rate blood-pressure product, the region is likely to be 

associated with intraoperative damage, graft occlusion, or 

progression of native disease in an ungrafted vessel. If no 

change is seen in an normal region between pre- and post

operative studies, no accurate statement can be made with 

respect to bypass graft patency in that region. Some bypass 

grafts supply regions that were not identified as abnormal in 

the preoperative study. In these segments, the absence of a 

perfusion defect in the postoperative study does not confirm 

the patency of the graft. The incidence of perioperative in

farction in patients undergoing bypass graft surgery has been 

accurately determined by pre- and postoperative infarct-avid

imaging. 

With the combined information (operative report, pre

operative angiogram and postoperative radionuclide study) the 

results of the surgical intervention can be predicted with 

high degree of accuracy. 

Evaluation of percutaneous transluminal angioplasty. 

During the past years the non-surgical percutaneous trans

luminal angioplasty procedure has become an established inter

vention in patients with coronary artery disease (31). Radio

nuclide techniques can be applied to the evaluation of this 

therapeutic intervention since a successful balloon dilatation 

must be reflected in a normalization of left ventricular 

ejection fraction or wallmotion or Tl 201 distribution (32,33). 



387 

With these techniques one can also follow these patients and 

detect a recurrance (34,35) i we have recently shown that using 

a quantitative circumferential profile analysis the predictive 

accuracy of the results of balloon dilatation can be increased 

from 76% to 94% (36). A redistribution index in the dilated 

coronary vessel correlated well with changes of pressure 

gradient and changes of luminal diameter after the dilatation. 

Evaluation of thrombolytic therapy. Various radionuclide 

approaches have been used to assess clinical reperfusion in 

patients with acute myocardial infarction undergoing intra

coronary or intravenous thrombolytic therapy with strepto

kinase (37-40). The clinical evaluation of these therapeutic 

procedure is still highly controversial. In the majority of 

patients this intervention does result in myocardial damage 

and its success can only be judged by a reduction of infarct 

size (42). In the clinical setting this is a very difficult 

task to quantify. However, on the other hand it will be highly 

decisive for this intervention whether one can prove that a 

significant amount of ischemic myocardium has been protected 

from necrosis. For this evaluation radionuclide techniques 

appear to be better suitable than conventional electrocardio

graphic enzymatic and other parameters of left ventricular 

hemodynamics. We have evaluated results of intercoronary 

thrombolytic therapy with T1 201 perfusion scintigraphic and 

metabolic studies using 1 123 labelled fatty acids in the 

distribution of the recanalized coronary vessel (39,40). We 

found a discrepancy between establishing perfusion and restor

ing metabolic function within the first 48 hours (39). Our 

results indicate that restoration of coronary blood-flow might 

be able to salvage viable myocardium. However, reperfusion 

does not lead to an immediate restoration of metabolic dys

function. Despite these preliminary exciting results, much 

more work needs to be done to understand T1 201 kinetic 

behaviour during several hours of occlusion followed by re

flow. It is still not clear which mode of T1 201 administration, 

whether intravenous or intracoronary, is superior in assess

ing the efficacy of thrombolytic therapy. At present, we can 
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say that demonstration of enhanced Thallium uptake in the 

reperfused zone after thrombolytic therapy indicates that 

reflow has been established and that some tissue is capable 

of extracting T1 201 • We can not state with certainty, however, 

that the postrecanalization images provide meaningful informa

tion relative to the degree of myocardial salvage following 

successful clot lysis. It is clear that positron emittors would 

be suitable to solve such complex issues since they could 

provide simultaneous information on metabolism and perfusion 

on the cellular level. 

Determination of prognosis. One important application of 

radionuclide techniques is the determination of prognosis in 

patients with known coronary artery disease. High risk sub

sets of patients with angina pectoris and myocardial infarction 

have been identified by these techniques (30,43,44). Submaximal 

exercise Thallium myocardial imaging and radionuclide ventric

ulography before hospital discharge have been found to be more 

sensitive than the electrocardiogram in detecting areas of 

jeopardized myocardium and subsequent risk of cardiac events 

(45-47). Moreover, as suggested by Brown et al (46), the 

demonstration of a large quantity of myocardium at jeopardy 

for ischemia exercise scintigraphy may be more useful in 

predicting the risk of an adverse clinical outcome than 

conventional contrast angiography. Since left ventricular 

performance is a powerful indicator of prognosis its evalua

tion during the various phases of coronary disease, this 

measurement provides important clinical information (48,49) 

In data derived from the Seattle Heart Watch program, the left 

ventricular ejection fraction was one of the best predictors 

of subsequent mortality in patients who had sudden cardiac 

death, but who survived the event. Following acute myocardial 

infarction, the resting left ventricular ejection fraction 

has been identified as an important harbinger of early mortal

ity and subsequent congestive heart failure with sudden death. 

The concept seems attractive that the functional consequences 

induced by exercise stress or by myocardial infarction may 

impinge more on prognosis than the mere number of stenotic 
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imaging with radionuclide techniques. 
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Use in acute myocardial infarction. The development of 

mobile gamma cameras facilitated their use at the bedside in 

the Coronary Care Unit. The advantage of a non-invasive method 

becomes especially important in the acute setting (50). Radio

nuclide ventriculography, myocardial and infarct scintigraphy 

provide a number of parameters which allow the evaluation of 

the consequences of myocardial infarction in a quantitative 

manner (51-53). We have evaluated in the past years 186 

patients with acute myocardial infarction in the acute phase 

with these techniques and analysed their potential for the 

management of the patients (54). 69% of all patients with 

anterior myocardial infarction developed heart failure (Killip 

III and IV) during the evolution of their cOUrse. They had a 

one year mortality of 25%. More than half of the patients 

with posterior myocardial infarction has a non-complicated 

course associated with a significantly lower one year mortality 

(12%). We also could demonstrate that the clinical picture 

does not always reflect the accurate state of left ventricular 

performance; on the other hand for the determination of prog

nosis in the acute phase the objectively determined left 

ventricular ejection fraction was a very sensitive parameter 

(54-56). Radionuclide angiography in acute myocardial infarc

tion does not enhance diagnostic evaluation rather than the 

consequences of infarction on global and regional pump function 

and, thus, provides information on short and long term prog

nosis (55-57). 

In cardiogenic shock radionuclide techniques allow a 

differentiation between postinfarction aneurysm or global 

inoperable hypokinesia (58). This diagnostic information can 

influence the further management of these patients. Thallium 

scintigraphy has been employed to detect and to localize 

acute myocardial infarction. Thallium scintigraphy appears to 

have a greater sensitivity than pyrophosphate imaging. How

ever, Thallium scintigraphy is less specific than pyrophos

phate scanning because old myocardial infarction and ischemia 
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produce a positive Thallium perfusion image. Consequently, 

Thallium scintigraphy does not allow differentiation between 

old and new myocardial infarction or unstable angina pectoris. 

In a practical sense, however, these limitations may not be 

serious because most cases of suspected acute infarction are 

readily diagnosed by the combination of a typical medical 

history, evolutionary electrocardiographic changes and a rise 

and fall of myocardial-specific MB creatinine kinase. 

As such Thallium scintigraphy performed during the early 

phase of acute myocardial infarction might more properly be 

considered a test for estimating short term prognosis. Silver

man et al (59) had recently shown that in patients with extens

ive regions hypoperfused myocardium at the time of admission 

for acute infarction, the probability of proceeding to cardio

genic shock is high, regardless of clinical classification at 

the time of admission. 

Finally, rest- redistribution imaging may differentiate 

unstable from acute myocardial infarction. During the early 

phase of infarction scintigraphically detected perfusion 

abnormalities reflect both necrosis and ischemia. 

Repeated Thallium imaging on several days after acute 

infarction has revealed a decrease of the size of defects 

which implies resolution of ischemia at the time of follow-up 

imaging. Several authors have demonstrated the impact of the 

initial Thallium defect on prognosis. Since Thallium scinti

graphy and infarct avid imaging with pyrophosphate provide 

different pathophysiologic information they can be applied in 

a complementary way. Since infarct size is the most important 

determination for the patient's prognosis an exact quantifica

tion of this measure would be desirable and was an important 

aim of radionuclide techniques during the past years. From a 

clinician's standpoint a method would be ideal which could 

define normal, necrotic and ischemic zones immediately after 

the admission and which could detect changes by interventions. 

This has not been accomplished so far in the clinical setting. 

With the presently available radionuclide techniques the 

status of the myocardium can be characterized in a more physio-
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logical way than do ECG, enzymes and ventricular performance, 

however, up until today no exact quantification as a measure 

of gram of tissue has been accomplished. May be tomographic 

approaches and especially the use of positron emission tomo

graphy could provide an important inpetus for further progress. 

Evaluation of the patients with valvular heart disease 

Valvular heart disease is usually recognized by suggestive 

medical history, physical examination, electrocardiogram, or 

chest roentgenogram. Furthermore, these basic clinical tools 

may indicate the severity of the abnormality. Heart failure 

in patients with valve disease may result from mechanical 

factors or depression of ventricular contractile function. 

The differentiation of the contribution of each of these 

factors to cardiac insufficiency can be facilitated by nuclear 

imaging techniques. 

The clinical importance of these applications in terms of 

management of the patient and prognosis, however, varies with 

the individual valvular lesion. Radionuclide angiography is 

less important in obvious clinical situations, but is more 

important in complex disorders or perplexing situations, 

particularly in patients with associated coronary artery 

disease or after valve operations. Echocardiography is general

ly the non-invasive procedure of choice when evaluating 

patients with valvular heart disease. Furthermore, echocardio

graphy is less expensive than other techniques. High quality 

echocardiograms are sometimes difficult to obtain for technic

al reasons, however. Radionuclide angiography is helpful if 

the echocardiogram does not provide adequate information 

about ventricular function, particularly in patients with 

valvular regurgitation (60). 

Radionuclide studies may be helpful in solving difficult 

clinical problems such as timing of the operation or estima

tion of operative risk (61-63). It is difficult to predict 

the surgical results in patients with preoperative diminished 

ventricular function (64,65). We have assessed the response 

of patients to afterload reduction and whether such pharma-



392 

co logical interventions might be useful in predicting the im

provement that can be expected after valve replacement (61) 

Although in the majority of patients a decrease in volume 

overload by pharmacological after load reduction could be ob

served, that was not accompanied by an increase of left ventric

ular ejection fraction to the same degree. Radionuclide angio

graphy is able to confirm the presence of ventricular overload 

and left ventricular dysfunction (60,63). Exact volume deter

mination at rest and after intervention may identify patients 

in whom earlier surgery should be considered as well as 

patients who might benefit from valve replacement (66). At the 

same time criteria for optimal timing of valve replacement in 

patients with either asymptomatic aortic insufficienty or 

aortic regurgitation associated with severe left ventricular 

function are not yet precisely defined. The use of ejection 

fraction response to exercise in asymptomatic patients with 

aortic regurgitation as suggested by Borer (65) appears to be 

inappropriate because of the complex entity of ejection 

fraction in aortic regurgitation. The volume of regurgitation 

decreases per beat with exercise because of a shorter diastole 

and an exercise induced decrease in peripheral resistance. As 

a results, the total stroke volume and the enddiastolic volume 

decreases during exercise but the forward stroke volume actual

ly increases. Because the ejection fraction reflects the total 

stroke volume and does not separate regurgitant from forward 

stroke volume, it is possible to have both a fall in ejection 

fraction and an increasing forward stroke volume during exer

cise. Therefore, the ejection fraction response to exercise 

in patients with aortic regurgitation is likely to be differ

ent from that in normal patients. Furthermore, no study has 

so far demonstrated the prognostic value of the exercise 

response of the ejection fraction in this patient population. 

Because many patients with valvular heart disease are 

older adults, it is not unusual to find associated coronary 

artery disease (67). Radionuclide approaches are suggested to 

detect coronary artery disease in these patients, partly to 

avoid catheterization, if the clinical diagnosis of the val-
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vular disease is apparent. However, both exercise Thallium and 

exercise radionuclide angiographic studies appeared to be un

reliable in detecting or excluding coronary artery disease in 

association with significant aortic steonis (68). Cardiac 

catheterization is the only means of determining the presence 

of coronary disease in these patients. On the other hand, in 

patients with the combination of aortic stenosis, coronary 

artery disease, heart failure and a depressed left ventricular 

ejection fraction, Thallium imaging at rest may be helpful in 

defining the amount of viable myocardium present, as opposed 

to the amount of scar tissue from previous infarction. There

fore, radionuclide studies may be useful in this setting to 

assess to overall impact of the coronary disease on the 

patient's left ventricular myocardium. 

Evaluation of the patients with myocardial disease 

Nuclear techniques allow the determination of the function

al type of cardiomyopathy as well as quantitative evaluation 

of right ventricular and left ventricular function (69-71). 

For example, patients with dilative cardiomyopathy usually 

demonstrate both right and left ventricular dilatation and 

dysfunction. Again, from a standpoint of cost-effectiveness, 

echocardiography is clearly superior in evaluating patients 

with primary myocardial disorder. In the late stage of the 

disease, definitive diagnosis can be established without heart 

catheterization (72). The ischemic type of cardiumyopathy 

still requires invasive evaluation, however, because occasion

ally potential surgical candidates are found in this group. 

A combined scintigraphic approach - gated blood-pool imaging 

and T1 201 imaging is very useful in distinguishing dilated 

cardiomyopathy from severe coronary disease (58,63,74/. 

Radionuclide imaging appears useful in following the 

progression of the disease and in evaluating the efficacy of 

therapeutic interventions (73). However, it is no substitute 

for the echocardiographic approach but complement the diagnost

ic armamentarium if echocardiographic studies are not satis

factory. 
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Future directions 

The clinical impact of radionuclide techniques on the 

evaluation of patients with various forms of heart diseases 

have been and will continue to be great. New imaging tech

niques, advances in computer technology and improvement and 

development of new radiopharmaceuticals will undoubtedly open 

new areas for clinical investigations. Positron emission 

computed tomography might offer an improved understanding of 

global and regional myocardial pathophysiology in various 

diseased states; its clinical utility will be defined within 

the next year. It is possible that advantages in digital left 

ventriculography, quantitative echocardiography, nuclear 

magnetic resonance imaging and other non-invasive techniques 

will replace some of the currently applied radionuclide tech

niques. It is undeniable that the ability of the clinician to 

diagnose disease, to assess the effect of therapeutic inter

ventions and to determine prognosis with radionuclide imaging 

techniques has been gratifying. The information provided with 

currently available techniques - their insight into patho

physiology, diagnosis, therapy and prognosis, are an important 

impetus for the further progress. The potential to relate 

these techniques to prognosis is an exciting new area in 

nuclear cardiology. 
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