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Abstract 

This study was designed to determine whether injured myocardium can be identified by 

simultaneously monitoring contrat-induced T 1 and T2* signal intensity changes with an 

interleaved Tl-T2* imaging sequence and to compare these results to techniques that 

calculate relaxation rate following contrast agent injection. 

Eight pigs were subjected to in situ coronary artery occlusion for 2 hours, followed by 

1-hour of repemision. The hearts were then excised and imaged ex vivo. Gadolinium- 

diethylene triamine pentaacetic acid (0.05 mmol/kg) was injected as a bolus and T l  and 

T2* signal intensities were monitored using aitemathg T l  and T2*-weighted imaging to 

obtain simultaneous T l  and T2* tirnecourses during the f ~ s t  pas.  The T2* signal at 

maximum Tl signal intensity displayed a percentage recovery that was signifcantly 

different (p c 0.05) between normal (30.5 I 2.4 % of baseline value), reperfüsed- 

infarcted (63 r 7.2 %), and low-reflow infarcted myocardium (90 t 2.8 96) respectively. 

This may reflect differences in membrane integrity between regions. On the other hand, 

R1 and R2* relaxation rates did not show any significant difference (p > 0.05) in the low- 

reflo-w infarcted myocardium relative to normal tissue. These results suggest that 

observing contrat-enhanced R1 and R2* rates early after contrast injection cannot hilly 

differentiate viable from non-viable myocardium, but sirnultaneously monitoring both Tl  

and T2* signal intensity may help in the assessrnent of myocardial injury. 
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1. Introduction 

The assessrnent of myocardial viability is a major goal because it will allow the 

cardiologist to differentiate patients suffering reversible ventricular dysfùnction from 

those with irreversible damage. The information can guide patient management decisions 

by distinguishing which individuais wïil gain the most benefit from the revascularization 

and transplantation options that are available (1-5). Hopefülly, irnproved identification 

and resource allocation can lead to better patient care. 

The techniques that are currently in use to evaluate myocardial viability include 

single photon emission computed tomography (SPECT), positron ernission tomography 

(PET), and echocardiography. However, these diagnostic rnethods suffer from poor 

spatial resolution with pixel sizes in the range of 0.5-1 cm2. In addition, SPECT and PET 

utilize radioactive tracer materials. These are limitations that make the development of a 

new measure of tissue viability very appealing (6-8). 

We believe that with its superior spatial resolution, magnetic resonance imaging 

(MRI) can be used to gauge tissue damage more effectively. In previous studies, contrast- 

enhanced MRI has been used to distinguish irreversibly damaged tissues using either Tl  

or T2*-weighted imaging by probing cell membrane integrity (9, 10). These techniques 

rely on a homogenous distribution of contrast agent throughout the heart. However, flow 

affects the extracellular concentration of a contrast agent (1 1). Because perfusion withui 

an infarct may not be homogenous, contrast agents may not be evenly distributed to ail 

regions similarly leading to zones of hypoenhanced and hyperenhanced infarct (12). 

One method that has beer, proposed to circumvent this limitation is to continudy 

infuse an MR contrast agent until equilibrium levels are reached in the heart (13, 14). 
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While this method has shown promising results, it requires additional patient preparation 

time and administration of large amounts of contrast agent, Due to the nature of these 

agents, this approach would be unsuitable for patients with depressed rend function (15). 

Additionally, these techniques do not appear very good at identifying regions of 

reversibly damaged tissue or regions of damage that include pleomorphic populations of 

viable and non-viable cells (16). 

To irnprove the reliability of an MR diagnosis, we hypothesized that a combined 

Tl and T2*-weighted technique could be used. This is because Tl-weighted imaging is 

sensitive to concentrations of contrast agent in a given region (related to perfusion), whïle 

T2*-weighted imaging is sensitive to the loss of compartmentalization of contrast agent 

(related to diffusion) (1 1). Our intent was to develop a technique combining both 

dynarnic T l  and T2* signal intensity measures to gauge myocardial perfusion and 

diffusion simultaneously to achieve a more accurate assessment of viability. 
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2. Background information 

2.1. Myocardial Ph ysiology 

Myocardial metabolkm depends on three major substrates to maintain myocyte 

function and viability; glucose, Iactate, and fiee fatty acids (17). Under normal 

conditions, there is a preference for the aerobic generation of adenine triphosphate (ATP) 

fiom non-esterified fatty acids (18). This reliance places an O2 demand of approximately 

8-10 mL per 100 g of tissue per minute at rest, which may increase up to 300% dunng 

exercise ( 17). 

To meet these requirements and maintain continuous function, the heart has 

developed an extraordinary system of blood vessels. The network originates from the 

base of the aorta and extends two large arteries to feed the left and right ventricles, 

known as the left and right coronary arteries. They run down the surface of the heart to 

the apex, coctinudly branching off into srnalier vessels (Figure 1). 

Figure 1. The coronary circulation 
of the heart is composed of two 
major vesse1 systems. 

A. Left anterior descending 
coronary artery. 
B. Right coronary artery. 
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Coronary vessels can be divided into two classes, smaU resistance arterioles and 

larger conductance artenes. It is the coronary arterioles that branch off until capillaries 

are formed. In a normal heart, there are nearly 2500 capillaries per cubic millimeter or 

one for each myocyte (19). Most cases of heart disease that lead to acute myocardial 

infarction (AMI) are due to a failure in the coronary circulation (20). 

Cardiac rnetabolism 

Under normal conditions, the network derived from the coronary vasculature will 

adequately provide the myocardium with substrates and oxygen to fuel oxidative 

phosphorylation and maintain the heart. This is remarkable, as an estimated 4-8% of the 

total ATP is consumed during each contraction (21). The pool is replenished by a 

combination of anaerobic glycolysis, but more importantly, oxidative phosphorylation. 

1) Anaerobic Metabolism 

In 1907 Locke and Rosenheim observed glucose uptake in the isolated h e m  (18). 

Glucose is bansported from the extracellular space into the individual myocytes by a 

process involving an insulin sensitive transporter (22). Once internalized, glucose can be 

used to produce ATP in a "fast" reaction that may be augmented through increased 

glucose uptake by facilitated diffusion or by regulation at the enzyme Ievel (i.e. allostery) 

(22)- 

In healthy individuals the intracellular glucose concentration is low relative to the 

extracellular cornpartment (18). This provides an advantageous gradient and allows 

glucose, as well as other similar sugars, entry into the ce11 through carrier-mediated 



facilitated dif is ion (22-24). Insulin regulates this process; increased levcis of the 

hormone wilI increase glucose transport. Additionaily, high levels of insulin have been 

shown to increase the activity of hexokinase II and phosphofnictokinase, the two 

regulatory enzymes involved in the metabolism of glucose (22). 

For carbohydrates to be utilized, a conversion step is required to synthesize the 6- 

carbon sugar known as glucose-6-phosphate (G-6-P). Hexokinase II moderates this 

reaction, but requires that at least one ATP be hydrolyzed and converted to ADP (22-24). 

Once in the G-6-P form, enzymes in the cytosol lead to its rapid conversion into two, 3- 

carbon pyruvate molecules for a net production of 2 ATP and 2 NADH (22-24). The 

overall reaction may be summarized by the following equation: 

Glucose + 2NADf + 2ADP +2Pi + 2NADH + 2pynivate +2ATP + 2 H 9  + 4W 
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Glucose or 
Givcogen 

f 
Glucose 6- 
PhosPate 

$. 
Fnicto~e 6- 
ph=pcrte 

f 
FIUC~OS~ 1.6- 
bisphosphate 

v 
Giyceraldehyde 

glycogen to pymvate. (adapted from 
Lehninger AL, et al., 1993 [23]) 
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2) Aerobic metabolism 

Oxidative phosphorylation is a relatively slow reaction that can be divided into 

two stages, the catabolism of acetyl-CoA through the citric acid cycle (also called Krebs 

cycle) and the generation of a proton gradient in rnitochondrial respiration (18). 

In the fmst stage, energy-rich substrates are converted to acetyl-CoA and oxidized 

through the citric acid cycle (25, 26). Because there are several reaction mechanisms to 

convert organic compounds to acetyl-CoA, the cycle may be considered the common 

pathway for the final metabolism of carbohydrates, Lipids, and proteins (27): Essentially, 

the Krebs cycle reactions take a two-carbon acetyl-CoA and a four-carbon oxaloacetate, 

which combine to form citrate. Then in the series of steps that follow, two molecules of 

COz are released and oxaioacetate is regenerated (25, 26). In one turn of the cycle there is 

one ATP equivalent in the form of guanosine triphosphate (GTP) created through 

substrate level phosphorylation, as well as three of the and electron equivalents 

nicotinamide adenine dinucleotide (NADH) and one flavin adenine dinucleotide 

(FADH2) (25,26)- 
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succlnyl CoA 

Figure 3. The citric acid cycle (adapted 
from Lehninger AL, et al., 1993 [25]) 

Very little ATP is actually produced via the citric acid cycle. Under normal 

conditions, the majority of aerobic ATP is generated through the next stage of oxidative 

phosphorylation, which is mitochondrial respiration, or the electron transport c h a h  This 

step utilizes the NADH and FADHz that was synthesized during glycolysis and the citrîc 

acid cycle to generate ATP (28). 

During rnitochondrial respiration, there is a consumption of molecular oxygen, 

which is evenniaüy reduced to H20. This allows the passage of electrons from NADH 

and FADH? to cytochromes b, c, and a through the rnitochondrial membrane complexes 1, 

II, III, and IV (25, 29). Each of these complexes is composed of membrane proteins that 



Assessing Myocurdial V i a b i e  19 

are associated with redox-active prosthetic groups and increasing reduction potentials. An 

important feature is that complexes 1, III, and IV function to "ppump" H+ ions to the 

intermembrane space of the mitochondria (25). This buildup of protons Hi the 

intermembrane space creates an electrochemical gradient that is used by complex V, also 

lmown as ATP synthase. ATP synthase uses the proton gradient to generate ATP via the 

exergonic return of H' into the ma& (25,28,29) (Figure 4). 

inter Memaaie Space 

3) Substrates 

The normal heart can utilize a number of compounds to generate the necessary 

ATP to drive contraction. The most important of these are carbohydrates and fatty acids, 

which will be focused on. However, when necessary, amino acids and ketone bodies rnay 

also be used upon conversion to acyl esters and entry through the citric acid cycle (18). 
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i. Carbohydrates 

Energy from carbohydrates is of less importance to the heart than oxidative 

phosphorylation. However, it is linked to the citric acid cycle, by the production of 

pyruvate and lactate, which c m  be converted to acetyl-CoA and oxidized through the 

citric acid cycle. Lt also produces 2 NADH during glycolysis, which may be consumed by 

the electron transport chah (22). 

An important feature of carbohydrates as fbel sources is that they may undergo 

anaerobic glycolysis. Glucose can enter the ceil by an energy neutral process of 

facilitated diffusion to be used for glycolysis. Also, cellular glycogen, which is normally 

present in smail amounts, may also be converted to G-6-P during periods of reduced O? 

availability, such as ischemia. The myocardiurn becomes much more dependent on these 

foms of energy production, particulariy glucose, when glycogen stores are depleted and 

glucose transport proteins translocate to the ce11 membrane (17, 18). 

ii. Free fatry acids 

Saturated free fatty acids (FFAs) are the heart's preferred substrate (18). To be 

utilized, they must first be transported into the mitochondria. Enzymes present on the 

outer mitochondrial membrane facilitate this process by estenfication with a CoA-SH to 

yield a fatty acyl-CoA (26). Once converted to a fatty acyl-CoA, it is possible for the 

camitine shuttle to transport it into the mitochondria. Here the acyl-CoA will undergo 

steps leading to P-oxidation to acetyl-CoA (25). 
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P-oxidation is a four-step process that yields energy equivdents in the fonn of 

NADH, in addition to those generated by the oxidation of acetyl-CoA. This makes 

saturated fatty acids a very rich energy source. The process of P-oxidation begins with 

the creation of a double bond between the a and P carbons of a saturated fatty acid, 

which is catalyzed by the acyl-CoA dehydrogenase enzyme (25). Acyl-CoA 

dehydrogenase is itself an electron carrier, by virtue of its FAD prosthetic group. Once 

the enzyme has catalyzed the reaction to create a t r a n s - ~ ~ - e n o ~ l - ~ o ~ .  It will transfer the 

captured electrons directly into the electron transport chah via the electron-transfering- 

flavoprotein (ETFP) of the inner mitochondrial membrane (27). The second step results 

in the addition of a water molecule at the double bond by enoyl-CoA hydratase (26)- 

Thirdly, P-hydroxyacyl-COA dehydrogenase dehydrogenates the molecule using NAD+ 

as the electron acceptor (25). Lastly, acyl-CoA acetyltransferase promotes the removai of 

a two-carbon fragment from the newly formed P-ketoacyl-CoA to create an acetyl-CoA 

(25). The process may then repeat itself until the entire fatty acid is oxidized to acetyl- 

CoA. 

In summary, using a paimitoyl-CoA (with a 16-carbon backbone) as an exarnple, 

the reaction would be as follows: 

Palmitoyl-CoA + 7CoA +7FAD  NAD+ +7H20 Sacetyl-CoA + 7FADH2 

+7NADH +7w 
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Myocardial lschemia 

The heavy reliance of cardiac tissues on aerobic metabolism implies that there 

will be severe consequences to ischemia (a decrease in oxygen supply that results in 

failure to meet the global or regional O2 demands of the heart). This was elegantly shown 

in pioneering experiments performed by Tennant and Wiggers where it was obsewed that 

tying off a coronary arteiy would imrnediately lead to cessation of function in the region 

of myocardium fed by the vesse1 (30). These effects c m  be explained by changes in 

myocardial metabolism and function. 

1) Myocardial metabolism during ischemia 

During ischemia an imbalance deveiops between energy producing mechanisms 

and energy consuming processes. This imbalance is due to the decrease in high-energy 

phosphates produced by oxidative phosphorylation and the greater dependence on less 

efficient anaerobic glycolysis (3 1). 
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Figure 5. ATP is balanced 
between production 
mechanisms and consumption 
processes- An imbalance due to 
decreased delivery of substrates / 
is known as ischemia. ~f=l=roblc c 

With the loss of oxidative phosphorylation and following depletion of the 

glycogen pool, glucose becomes the prirnary substrate for ATP production (18, 3 1, 32). 

Thus with moderate ischernia there is increased glycolytic flux that is mediated by 

increased glucose transport through the cell membrane as well as hexokinase and 

phosphohctokinase (PFK) activity (both rnoderate rate limiting steps in glycolysis) (18, 

3 1, 32). Additionally, there is further metabolism of glycolytic metabolites. Nonnally 

following glycolysis, the ciîric acid cycle and the electron transport chah will oxidize 

pyruvate and NADH. However, under strictly anaerobic conditions, there is a buildup of 

these metabolites, which c m  lead to the inhibition of glycolysis. To prevent this, a further 

reaction occurs in the absence of aerobic metabolic pathways where NADH is reoxidized 

to NAD+ by coupling to the reduction of pyruvate to lacate. Given adequate perfusion 

NAD+ can be reused, while lactate may exit the ce11 into the blood stream (25). 
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In cases of severe ischemia glycolysis is inhibited (18). This is likely due to 

inhibition of the PFK enzyme by acidosis resulting from inadequate washout of lactate 

(32, 33)- This enzyme regulation may be considered a protective mechanism. When 

washout is marginal, the ceU acts to prevent further acidosis by decreasing the glycolytic 

rate and lessening the production of metabolic byproducts (33,34). 

 SC hemia Figure 6. Regulation 

anaerobic glycolysis during 
ischemia. (from Opie LH, 
1995 [183) 

Accelerated gyicdysls lncreased ATP 
turnover 

I 

I 
NADH accumuldon I 

lnhlblibn of GAPDH t Protons 

Decrease ln gycdytlc - lnhlbition of PFK 
rate 

2) Ionic imbalance during ischemia 

The reduction in available Oz has several immediate effects on the ceiI membrane 

that result in an increased resting membrane potential (35-37). A major factor is the 

inhibition of the energy-dependent N~+/KC ATPase, which occurs in the eady stages of 

ischemia (37). Failure of the Na%+ pump resuits in cascade of events that c m  lead to 
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cell necrosis. Acidosis and the lack of intraceilular ATP are responsible for the decrease 

in Na'/K+ pump function. This alters membrane potentials due to increased intraceilular 

F a 7  and extracellular WC] in the vicinity of the sarcolemma (38). Membrane potentials 

are fùrther disturbed by increased extraceliular ~7 as it may cause the inactivation of 

rapid Na' channels (37, 38). Ion fluxes are augmented by the concomitant increase in 

~ a ' / ~ a ~ +  exchange and activation of ATP-sensitive K+ channels (39). 

The aforementioned shifts affect myocyte function through a short-term decrease 

in the amplitude, duration, and conduction vetocity of the cardiac action potential (AP) 

(3 8). However, the release of catecholamines during ischemia rnay stimulate slow ca2+ 

channels and cause a later prolongation of APs, which result in post-repolarization 

refiactoriness and possible unidirectional block and reentrant arrhythmias (39). 

Figure 7. Ion pump inhibition by ?[~a+] 
ADP + P, 

acidosis during ischemia affects 
1 membrane potentials 1 

Apart fiom the obvious electrophysiological effect, the slow inward caZC current 

is responsible for decreased myocyte contractility due to the abbreviation of the action 

potential plateau phase (39). Further, acidosis can cause decreased sarcoplasmic caZf 
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release and uptake and further reduce contractile function via decreased myofilament 

sensitivity to calcium (39, 40). While detrimental, this may be a fonn short-term 

cardioprotection. The mechanical activity of the heart accounts for about 75% of the 

energy use under normal conditions. The inhibition of contraction may be considered a 

tradeoff for more available ATP to enable the maintenance of homeostasis and short-terrn 

survival during periods of marginal oxygen availability (40). 
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Myocardial lnfarction and lnjury 

When the decrease in myocardial blood fiow is severe and/or prolonged, then 

irreversible damage or myocardial infarction will result. Typicall y, no single event leads 

to heart attack. However, AMI is commonly precipitated by the development of 

artherosclerosis in the coronary arteries, usually in conjunction with coronary thrombosis 

(40) - 

Whatever the cause, if the myocardium is reperfised before necrosis, aerobic 

metabolism will retum to pre-ischemic levels (39). Failing timely reperfusion, hypoxia, 

acidosis, and the build-up of metabolites will occur. These ischemic changes cause 

ùnmediate alterations in electricd activity, metabolism, and contractile function with the 

end result leading to necrosis. 

1) Irreversible Injury 

If blood flow to the myocardium is decreased to the extent where the myocytes 

are no longer able to maintain function, cell death may result. The region of the heart that 

is the most susceptible to severe ischemia is the subendocardiurn as this layer may require 

more oxygen (41). There is indirect evidence of this in the form of a higher capillary 

density in the region. But it is aiso known that endocardial tissue has a lower oxygen 

tension, which rnay cause a lower oxygen uptake, and a more anaerobic metabolism (41). 

When flow is reduced, this can lead to a greater depletion of ATP and creatine phosphate. 

Once subendocardiai ischernia has occurred, concomitant left ventricular faiiure 

causes compression on the coronary artenes and leads to an advancing wavefront pattern 

of tissue damage (41). Because of increasingly poor blood flow, more tissue becomes 
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involved, eventualiy encompassing epicardial zones (4 1, 42). Irreversible injury to the 

subendocardium generally begins at about 40-60 minutes of ischemia, while transmural 

infarction is present at 3 - 6 hours (41). 

Figure 8. Progression of Infarcted Zone Following LAD 
Occlusion (adapted from Reimer KA, et al., 1981 [42]) 

The key event differentiating reversible from irreversible injury appears to be the 

loss of cell membrane integrity (43, 44). Depletion of ATP and accumulation of toxic 

metabolites disrupt key ionic pumps resulting in the loss of the cell's ability to maintain 

biochernical and electrical gradients and leads to membrane darnage (40). Increasingly 

severe ischemia results in the production of arnphipathic catabolites of membrane 

phospholipids (45). In addition to darnaging ceii membranes, these cari lead to the 

production of lysophosphoglycerides and longchain acylcarnitines, which induce 

delayed afterpotentials and promote lethal ischemic arrhythmias (45). 
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QLb --"-+-* AIP and CP 

Figure 9. Depletion of ATP and ionic changes during ischemia 
cm lead to infàrction. This results in necrosis and a Ioss of ce1 
membrane integrity (adapted fiom Fleckenstein -Grun G, 1994 
[ 4 a  

Because cell membrane d h p t i o n  is associated with necrosis, creatine kinase, 

Lactate dehydrogenase, myoglobin, and aspartate amino bans ferase leakage into the 

bloodstream are used as markers of membrane disruption and ce11 death (43, 44). 

Conversely, dye uptake into the intracellular space resulting fkom the same ce11 

membrane degradation, has been used to identifL nonviable tissues. 

2) Reperfusion injury 

Uncontrolled reperfusion, which can lead to the no-reflow phenornenon, ischemic 

ce11 swelling, and acceleration of myocyte necrosis or dysfiinction, has been show to 

resuIt in injury beyond what can be attributed to ischemia (39,40). 

It is unclear what mediates reperfùsion injury. However, there is a huge rise in 

intracellular ca2+ levels following reperfusion, which is particularly evident in the 

mitochondria. These cellular ca2' fluxes are accompanied by myofibrillar disruption and 
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cellular edema (46). Ttiere is also fundamental injury by lipid peroxidation from oxygen- 

derived fiee radicals (47). Reactive oxygen intermediates (ROIS) rnay be the metabolic 

byproducts of the ischemic/postischemic celi or may be derived from neutrophils, which 

accumuIate in the ischernic area following reperfusion (47). Both may be potent factors in 

the development of reperfusion Znjury (Figure 10). 

lschernia and 
Reperfusion 

Neutrophils 

Free Ca2+ 
Radicals Overload 

J Ptlosphofipases 

Membrane damage 
and contractile 

dysfunction 

i. Calcium Overload 

Calcium ions have been chosen to play a centrai role in modulating the 

contractility of the heart. Under normal circumstances the level of free cytosolic ca2+ is 

kept at a low level by cell sequestration mechanisms. Calcium becomes toxic at high 

concentrations (48). Therefore a loss of homeostasis could be detrimental to the fimction 

of the myocardium. Calcium aHects cell function in two ways; it can reduce myocyte 

contractility, but may also cause *damage (48,49). 
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During ischernia there are changes in the interactions with proteins involved in 

sequestration andor contractile machinery (50). Mechanisms such as acidosis or the 

release of lipases may modify the phospholipid membranes of the ce11 (50, 51). If this 

happens at the sarcolemma, it affects the cell's ability to sequester calcium. The resulting 

increase of fiee cytosolic calcium could lead to the activation of protein kinases and 

affect the phosphorylation of contractile proteins, which in mm, can decrease the calcium 

sensitivity and/or the maximal caZ+ activated force (50,51). 

Ischemia is aiso associated with a depletion of ATP stores, which prevents the 

fünction of the Na+/K+ exchanger (52, 53). This influx of ~ a +  acts to elevate intraceliular 

~ a %  by increasing ~ a + / ~ a >  transport (53). Lower ATP stores also create diff~culties in 

sarcoplasrnic uptake and cellular extrusion of calcium ions (54). The elevated [~a'fl 

causes a mitochondrial calcium overload, which c m  M e r  reduce ATP production and 

cause damage to phosphoiipid membranes through the activation of phosphlipases (52- 

54). 

ii. Free Radicals 

Free radicais are formed via several biological reactions. Under normal conditions 

their reactivity is quenched by endogenous protective systems within the ce11 (such as 

enzyme catalysis) (47). Without these mechanisms in place, free radicals will interact 

with a variety of biological compounds (including lipids, proteins, DNA, etc) and can 

lead to cellular damage (lipid peroxidation, radical polymerization) (47, 55). Two of the 

most biologically important species of fiee radicals are the superoxide (*O?) and 



Assessing Myocardial Viabilig 32 

hydroxyl radicals (*OH). The major sources of these free radicals during ischemia are 

(55, 56): 

1. 

-. 
11. 

- - -  
111, 

iv, 

v, 

vi. 

the xanthine oxidase pathway 

ac tivated neutrophils 

the arachidonate cascade 

the accumulation of reducing equivalents during O2 deprivation 

autooxidation of catecholamines 

derangement of the electron transport chah leading to univalent reduction 

of oxygen in mitochondria 

Damage from free radicals is non-speciflc, but some proteins (particularly ion 

regulating and E-C coupiîng proteins) may be more vulnerable than others as sulfhydryl 

groups on these molecules rnay be especially Milnerable to oxidation. For example, free 

radicals have been shown to inactivate the Na+/r  pump directly (55). 

Reversible injury 

Foliowing reperfusion, there is often an element of reversible injury in addition to 

myocardial infarction. This component of myocardial dysfunction has been described in 

two major forms, stunned and hibernating myocardium (57). This was shown in the 

1970s with expenments perfonned by Heyndrickx et al. Cornrnencing after fiow was 

restored from a reversibly occluded coronary artery, researchers noticed a prolonged 

contractile dysfunction that gradually returned to normal. This condition was termed 

"myocardial stunning" by Kloner and Braunwald (57). Shortly thereafter they also coined 

the term 'khronic myocardiai stunning" to describe another form of reduced function. 
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This was from clinicd observation of patients suffering from chronic ischemia who 

displayed a chronic depression in contractility (58). Rahimtoola coined the more recent 

and cornmon name for chronic stunning, "hibernating rnyocardium" (57). 

Both stunned and hibemating myocardium are becoming increasingly important 

conditions for cardiologists (1-3). Periods of depressed function are common after 

surgery and pharmacological support is often required (14). 

1) Stunned myocardium: 

Stunned myocardium is a generic term used to describe the functional deficits 

seen in a wide range of experimental and clinical settings, some lasting hours, some 

lasting in excess of several months. There are two main hypotheses explaining the 

phenornenon of stunaing (57,58)+ The f i s t  is centered on the idea of calcium overload as 

the agent of dysfunction. In this view, stunning is due to increased intracellular calcium 

as it has detrimental effects leadhg to a decrease in ca2+ sensitivity and induced force 

(50, 59). The second hypothesis is the oxyradical hypothesis, which insists that 

reperfbsion and the resultant flux of reactive oxygen species cause cellular damage 

leading to the observed contractile deficits (47, 56). Most likely though, the actual 

progression of stunning depends on components fiom both the overload and radical 

hypothesis. Stunning appears to be a multifactonal process that depends on a complex 

interaction of pathogenic mechanisms and cellular aiteration. 
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2) Hibernating myocardium 

Hibemating myocardium, as opposed to stumed myocardium, shows persistently 

impaired myocardial and left ventricular function following a reduction in myocardial 

blood flow (2, 60). It c m  occur during unstable angina, chronic stable angina, and 

myocardial infarction. Irnportantly, function is restored with an increase in myocardial 

perfusion and/or decrease in myocardial oxygen demand ( 2 , 6  1). Another difference from 

stunning is that in hibemating myocardium, tissues appear to have Iowered metabolism 

and energy requirements related to its decreased function (60, 61). These observations 

have brought out speculations of a "smart heart" or that hibernation is a protective 

mechanism that matches oxygen demands (via modulation of contraction) to that which 

the local perfusion is able to supply (60). While this may or rnay not be true, hibernation 

is receiving a considerable amount of attention fkom cardiac surgeons. In a clinical 

setting, hibernating myocardium may be considered a reserve of tissues that can bc 

salvaged with revascularization (2, 4, 61). Complete or nearly complete recovery of 

function can be expected when therapeutic intervention is received in a timely fashion (2, 

61). Unfortunately this protection is limited. While hibernation c m  prevent ischernic 

symptoms and necrosis, myocardial O2 demands may exceed the limits of what can be 

tolerated. This leads to progressive subceilular damage and/or necrosis (59) emphasizing 

the need for accurate diagnosis and prompt treatrnent. 
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2.2. Nuclear Magnetic Resonance 

Basic Principles 

Nuclear magnetic resonance is made possible by a physical property of protons 

and neutrons known as spin. While there are two forms ("up" and "down"), it is 

important to understand that protons and neutrons tend to group themselves in spin- 

opposed pairs (62) (Figure 1 1). 

Figure 11- Particles such as protons 
and neutrons tend to pair with one 
particle in an "up" orientation and 

This cancels out the effects of spin in many atoms (62, 63). But some nuclei 

possess an uneven number of protons or neutrons (such as in 'H and 3 1 ~ )  and there are 

unpaired particles. Because nuclear spin attributes to the particles an anguiar momentum 

vector and a magnetic dipole moment, these nuclei behave like tiny bar magnets (Figure 

12) (64,65). 
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can have magnetic properties due to 

1) The Proton 

NMR c m  be most easily described using the exarnple of the hydrogen nucleus, 

which is composed of a single proton. A lone proton possesses an intrinsic spin and mas ,  

and therefore a spin-angular momentum (62, 63). But because a proton also possesses a 

charge, there is a magnetic dipole moment (64,65). The magnetic properties of hydrogen 

go unnoticed as the nuclei around us are subject to thermal motion and they are 

continually reorienting themselves. This results in a averaging of their magnetic effects 

(65)- 

In NMR the magnetic dipoles are manipulated using a static magnetic field, 

conventionally termed Bo. This is applied to alter the random orientation of the protons. 

Normally there is no reason for a proton to aiign in any paaicular direction, but when 

placed by a rnagnet, alignment with the field becomes more favorable energeticdly (65). 

A hydrogen nucleus may take one of two orientations, one where the magnetic dipole 

moment is parallel to the field and one where it is anti-parallel (65, 66). Because the 

parallel orientation is favored, a disproportionate number of protons become aligned and 

leads to a small, but important net magnetization vector (called M, which is the sum of ail 

the individual magnetic vectors within the sample) is created (65, Figure 13). 
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No Bo field t Bo field 

Figure 13. In a strong magnetic 
field, individual dipoles wi11 
tend to align leading to a net 
magnetization (M) in the same 
direction as Bo. 

Frorn Figure 13, it is apparent that it is the net magnetization that aligns with the 

Bo field and not the magnetic dipoles. This is because protons possess a spin angular 

momentum and when exposed to a static magnetic field they do not align paraiiel to the 

field per se, but the angular momenturn vector will precess around the direction of 

magnetic field lines (67). This motion is known as precession and it occurs at a specific 

frequency dependent on the strength of magnetic field (62, 66, 67). An analogous 

situation is the example of a spinning top (65). Wben you take a top and spin it, the top 

will eventually begin to wobble. This wobble occurs when the angular momentum is 

tipped away from the axis of the field and the motion is known as precession (Figure 14). 
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Figure 14. Precession is 
rotation about an axis as 
in this diagram of a 
spinning top, (fiorn 
Smith RC and Lange 
RC, 1998. [65]) 

Protons behave similarly. Instead of a true "physical" spin, a proton has intrinsic 

angular momentum and a magnetic dipole moment that will tend to rotate about the Bo 

field. The rate at which precession occurs is also known as its resonance frequency (v) 

and is proportional to the external magnetic field strength (67), related by the following 

equation: 

v=@o (1) 

where y (known as the gyromagnetic ratio) is a constant, specific to each species 

of magnetic nuclei and Bo is the external field strength. The gyromagentic ratio of a 

proton is about 42.86 MHz/Tesla (63). Therefore, the resonance frequencies of protons in 

1.5 and a 7 Tesla fields are equai to about 64 and 300 MHz respectively. 

Al1 magnetic nuclei in a sarnple, such as 'H, 3 1 ~ ,  " ~ a ,  etc will precess at their 

own distinct resonant frequencies in a static Bo field. Therefore it is possible to alter the 

orientation of the net magnetization vector for one specific type of nucleus. This is 

achieved by the application of a secondary magnetic field (Bi) at the resonant frequency 
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of the nuclei of interest (67). Because each species of nucleus precesses at its own 

frequency, oscillating the BI Eield at the same rate will result in resonance (66). The 

secondary fieId will effectively alter the magnetic field experienced by the nuclei i t  is in 

resonance with and lead to a tipping of the net magnetization into the x-y plane (66,67). 

the net magnetization to dip into the x-y 
pIane due to the precession of individud 
protons, 

Magnetic Resonance Spectroscopy 

Magnetic resonance spectroscopy (MRS) is a very powerfid, non-destructive tool 

that is suited to analyzing and quantifying both the chernical and local magnetic 

propertïes of a sample. With MRS it is possible to distinguish chemical compounds and 
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their contributions to a sample and thereby locate organic compounds and calculate the 

rates at which they are being used or created (68). 

1) Basics of MRS 

MRS requires that a sample (or subject) be placed in a sUoW masetic field- 

Typically, a combined transmitlreceive surface coi1 is then placed near the volume of 

interest. In the most basic case, this coi1 is used to generate a small m a ~ e t i c  field at the 

resonance frequency of a specific nucleus (68). This tips the rnagnetizaùon of the nuclei 

precessing at the same frequency. Once the magnetization has tipped into the x-Y plane, 

the nuclei in the sarnple are allowed to relax and reorïent to the Bo field (68)- As this 

occurs, the coi1 c m  then be used to acquire a signal from the shifUng magnetic field- 

Because the magnetization in the x-y plane rotates coherently in the plane, it 

generate an electromotive force in the receiving coi1 (67). The current that is generated 

osciliates at the sarne frequency as the precessing nuclei. This signal is c d e d  a free 

induction decay (FID) and is analogous to a sonic wave (67). It is a set of frequencies in 

the time domain that represent resonating nuclei in the sample and cart be converted from 

the tirne domain to the frequency domain t'y performing a mathematical procedure 

known as a Fourier transformation (66, Figure 16). In the fiequencY domain- the ares 

under the curve is proportional to the number of nuclei present in the sample- 
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Figure 16, Free induction 
decay with conversion to 
fiequency domain (adapted 
from Gadian DG, 1995. 
[661) 

2) Chemical Shift 

Conventionai sarnples are very rarely homogeneous- In such cases, MR 

spectroscopy results in interactions of magnetic nuclei with other adjacent chemically 

different species and FIDs become much more complex than in our example. They will 

contain a range of frequencies that can be detennined with the Fourier transformation. 

The distribution of frequencies is due to the local chemical or electronic properties. This 

phenornenon is known as chemical sbift (68,69)- 
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leads to transformation of 

Fouler 
Tronsform 

Chernical shifts are due to inhomogeneities in the local magnetic field. One 

important source is from electrons (69), which are affected by factors such as 

electronegativity of a nucleus, conjugation of bonds, and resonance structures of the 

molecule. Electrons create magnetic fields that tend to act in opposition to the applied 

field, and result in the chemical shift due to the arnount of shielding (o) experienced by 

the nuclei (68, 69). 

o is dependent on the chernicd and electronic environment experienced by the 

nuclei. Different chemical environments give nse to different O values, which slightiy 

alter frequency (69). This is extremely important to MR spectroscopy. It is possible to 

separate not only species of nuclei, but also the chemical nature of nuclei, based on the 

frequency (69). One example is of this use is to identiQ, by chernical shift, electronically 

differing species of the sarne nuclei (such as the a, p, and y 3 1 ~  of ATP, 70). 
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Figure 18. 31P Spectrum 
from a perfused rat heart, 
(from Gadian DG, 1995. 
1681) 

PCr = Phosphocreatine 
ATI? = Adenosine 
Triphosphate 

Magnetic Resonance lmaging 

Image data can be extrapolated from the RF signal generated by an MR 

experiment. However, sampling methods and data must be manipulated to acquire a 2 or 

3 dimensional image. 

1) Basics of MRI 

The basic principle is straightforward and similar to magnetic resonance 

spectroscopy, but MRI takes advantage of the linear relationship between the strength of 

a magnetic field and the resonant frequencies of the magnetic nuclei (65). If the strength 
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of the Bo field is altered accordïng to distance dong an axis you can relate the different 

resonant fkequencies to position dong the z-axis (71). 

z axis 

x axis 

Figure 19. Application of a magnetic 
gradient dong a direction Ieads to a 
spatial separation in frequency. 

r 

x axis 

This is done using gradients, which are magnetic mils designed to produce an 

uneven field, which increases or decreases as a function of distance (72). 
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Increasing gradient strength 

Figure 20, Exmples o f  gradient 
coils used to create linearly 
variable magnetic fields for MR 
imaging. Maxwell pair (top) and 
Golay coils (bottom) 

Three gradients are applied sequentially and data are acquired after each one. This 

process creates the desired spatially separated frequencies, but it also creates a separation 

in phase (71). 

2) Creating an image 

To reconstmct an image from the signai derived from an NMR experiment, the 

three magnetic gradients need to be applied in a specific order. This is typically shown 

schematically using a pulse sequence diagram (Figure 2 1). 



Assessing Myucardial Viability 

l Figure 21. Spin Echo pulse sequence displaying the application of 
gradients to produce an image (from Gadian DG, 1995 1731). 

The three gradients shown in Figure 21 are known as the slice select (G,), phase 

encoding (Gy), and the read (G,) gradients. All three components help create a signal that 

is a composite of frequencies (relaying information along one axis, x) and phases 

(information along the other mis, y). 

The slice select gradient selects a slice along a single axis. By applying the Gz 

gradient, you alter the effective Bo field strength in the z-direction (71). This causes the 

nuclei along the z-axis to precess at a different fkequency from the other regions of the 

sample. By applying a 90' pulse at the fkequency related to a particular position, you cm 

excite the nuclei in a specific region. 



Assessing Myocardial Viability 47 

The phase encoding gradient is then used to acquire information dong the y-axis. 

It ternporarily alters the precessional frequency of the nuclei in the sample as a function 

of distance along the y-axis (71). By turning the gradient on before the signai reception 

processes, you alter the rate at which nuclei precess. But once the gradient is tumed off, 

and nuclei are again precessing similarly, a phase shift will have been introduced Figure 

22). This process is repeated several times, leading to a number of sampling points dong 

the y-axis. The gradient is manipulated so that it shifts fiom one direction to another. The 

numbers of gradient changes used to achieve the change in direction are known as phase 

encoding steps. 

, 

y axis 

r 

x axis 

r 

x axis 

Figure 22. Phase encoding results in 
spatid separation of phase along the y- 
a i s .  

The find step is the application of a read gradient, which is applied during the 

signal measurement step to alter the fiequencies in the sample. By introducing frequency 
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differences that correlate to fistance dong the read-axis it is possible to locate the signal 

component from any point dong the axis by choosing the appropriate fi-equency (71). 

Ushg the read gradient and sampling the phase-encoded signal at various points, 

data can be coliected that possesses both phase and frequency components. Because 

phase and frequency are at right angles to one another, data is sarnpled into "k-space". 

This is essentially a real and imaginary number matrix that simplifies the calculations 

needed to construct an image from the data. 

Relaxation 

MRI can develop image contrast based on proton density as well as on relaxation 

properties. The latter refers to the ability of the magnetic nuclei to absorb and release 

energy (72). In order to cause precession and have the net magnetization fall into the x-y 

plane, it is necessary to apply energy (with an oscillating B I  field) to the protons in the 

sample. This leads to an unstable equilibrium. Once the B 1 field is eliminated, processes 

act to return the distribution of protons back to their equilibrium vdue within the Bo field. 

1) T l  and T2 relaxation 

These relaxation mechanisms cm be broken down into two components. Firstly 

magnetization returns to the z-axis. The process that is involved is known as longitudinal 

or spin-lattice relaxation and is characterized by Tl relaxation t h e .  Secondly, 

magnetization will decay in the x-y plane. This process is termed transverse or spin-spin 

relaxation. This is characterized by T2 relaxation time (72). Both T l  and T2 relaxation 

times are rneaswe of the time needed for the net magnetization vector (dong the 
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longitudinal axis and the transverse planes respectively) to return to equilibnum in the Bo 

magnetic field once the influence of the B 1 fieId has been removed. More precisely, T 1 is 

the time needed for the Iongiitudinal component of magnetization to recover to about 63% 

(or [1-l/el]) of its original value. And T2 is equal to the time needed for the transverse 

component of magnetization to retum to about 37% (or lie1) of its original value in the 

absence of gross inhomogeneities (72). A third time measurement known as T2* is also 

used. This represents the observed T2 relaxation. Variations in the Bo magnetic field 

cause the observed T2 to be shorter than would be expected due to an increased 

dephasing in the transverse magnetization of the x-y plane. The time constant that is seen 

is termed T2* to differentiate it fiom the actual T2. Because the homogeneity of the Bo 

magnetic field will differ from magnet to magnet, T2* varies among NMR systems (73). 

2) Relaxation tirne weighting 

It is possible to skew image acquisition or to weight for T l  or T2* properties by 

modiQing the timing of image acquisition. As shown in Figure 23, following a 90' pulse 

the contributions of Tl and T2 relaxation to an MR signal is different, and will change 

with time. By modifying the moment at which data are acquired, it is possible to 

eliminate the signal contributed by longitudinal or transverse magnetization. This is 

useful as each these parameters can provide difierent information about the sarnple being 

exarnined. For exarnple, due to the nature of spin-lattice relaxation mechanisms, T1- 

weighted images show high intensity where tissues contain large arnounts of lipid and 

charged proteins (which bind to bodily fluids) (72). Alternatively, T2 and T2* images are 

good at observing flow phenornena since the compartmentalization (and oxygenation 
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state) of hernoglobin can increase the rate at which magnetic dipole moments dephase 

(73). 

Longitudinal 
Magnetization 

Transverse 
Magnetization 

T l  Time \ T2 Time 

Tim e After 90' Pulse Tim e AfTer 90' Pulse 

Figure 23. Relationship between time and recovery or 
loss of signal in Tl and T2* relaxation. Note that the 
tirne scale for T2 is typically rnuch shorter than for Tl. 
(adapted fiom Smith RC and Lange RC, 1998. [72]). 

Contrast Agents 

In many situations, the differences between relaxation properties in tissues are 

minor ( e g  infarcted and viable tissue in the heart or brain). Ideally, what is needed is a 

compound that can ,perturb the tissues' relaxation tirnes to increase the contrast between 

them. This has led to the development of various fonns of contrast agents (74). 

A contrast agent needs to influence the local magnetic properties of a sarnple and 

must therefore have strong dipole-dipole interactions (74, 75). These interactions may 



Assessing Myocardial Viability 51 

affect Tl or T2* relaxation. Common foms of contrast agent are based on chelates of 

gadolinium (75). Gadolinium is a lathanide metal that c m  be ionized in aqueous 

solution. When ionized, gadolinium becornes ~ d ~ +  and possesses seven unpaired 

electrons (76). This makes it highly paramagnetic and provides the strong dipole-dipole 

interactions needed in a contrast agent- However, ionic gadolinium doesn't normally have 

an effect on relaxation because ~ d ~ +  in solution is relatively smail and tumbles rapidly 

(77), which prevents optimal interactions with surrounding protons. By chelating the ion 

to another molecule such as Diethylene Triamine Pentaacetic Acid (DTPA) this rotational 

speed is reduced. When tumbling closer to the resonant frequency of hydrogen nuclei its 

effects are greatly increased (77). 
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2.4 Magnetic Resonance Myocardial Viability Assessments 

Basics of MR assessments 

Researchers have attempted to assess rnyocardial viability or infarction size using 

contrast enhanced MI2 imaging. A cornmon technique is to probe for cellular injury, of 

which membrane damage is an important component (78, 79). This may be done by T 1 - 

weighted imaging techniques based on the assumption that a loss of ce11 membrane 

integrity increases the available distribution volume for contrast agent. The increased 

regional concentration leads to an increased regionai MR signal and may be used to 

i d e n w  infarcted tissues. Because Tl-weighted imaging is sensitive to the amount of 

contrast agent in a given region, and may be influenced by membrane damage, contrast- 

induced hyperenhancement is equated with non-viability (80-82). 

Intact Cell Mem brane Damaged Membrane 
Restricts Contrast Allows Contrast To 
AgentTo EC Space Enter IC Space 

Figure 24. One effect o f  ce11 membrane damage is to allow 
contrast agent entry into the intracellular space (IC) from the 
extracellular space (EC). 
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In a study by Periera and colleagues, it was demonstrated that Tl-weighted 

imaging in an infarcted canine heart mode1 with a 2-hour coronary occlusion, leads to a 

si,onifantly higher partition coefficient of Gd-DTPA in infarcted myocardium than in 

normal tissue (83, 84). They also found that the partition coefficient of the contrast agent 

was inversely related to 'ol~hallium uptake. This suggests that the distribution volume of 

a contrast agent is related to myocardid viability. 

Figure 25. Entry of contrast agent into the intracellular space leads to an 
increased regional concentration of contrast agent (adapted from Nilsson S, 
1995 1781). 

Controversy 

These findings have been somewhat controversial (85-87). A recent study from 

Higgins' group showed that the infarct size determined by Gd-DTPA enhanced T l  signal 
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intensity was significantly larger than that quantified by TTC staining (85). The 

overestimate area rnay be due to the presence of pleomorphic populations of viable and 

nonviable cells that can border the more easily defined infarcted region. Another reason 

rnay be interstitial edema, which is a common event in rnyocardial injury. Edema can 

lead to an increase in extracellular space (88). It is possible that when assessing viability, 

this injury can lead to increased Tl  signal or R1 relaxation rate in areas of reversibly 

damaged myocardium because more contrast agent rnay enter the interstitiurn. Therefore, 

an increased distribution volume of contrast agent rnay not necessarily be an indication of 

irreversible injury. 

Tl-weighted imaging 

Another factor rnay be that Tl-weighted imaging techniques are affected by blood 

flow. Perfusion to regions of heversibly damaged myocardium rnay be depressed 

significantly during reperfusion (no-reflow phenornenon) (2). Lower flow can limit the 

accessibility of contrast agent to areas of occlusive infarction imrnediateiy following 

injection and lead to hypoenhancement relative to the reperfused regions of infarction. 

Because, Tl-weighted imaging is affected by both distribution and flow, it is our belief 

that Gd-DTPA-enhanced Tl-weighted imaging alone rnay not be sufficient to 

differentiate reversibly fiom irreversibly injured tissues. 

T2*-weighted imaging 

Other researchers have attempted to use T2*-weighted irnaging to assess viability. 

T2* is sensitive to hernatocrit and hemorrhage as well as the homogeneity of the local 
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magnetic environment- When contrast agent flows into the capillaries, a microscopically 

heterogeneous distribution creates discrete magnetic gradients at the boundaries of the 

capillaries (1 1, 89-91). These local gradients result in the rapid decrease of T2* signal 

intensities or R2* rates. As the contrast agent crosses the capillary walls and diffuses into 

the interstitial space, the distribution of contrat agent becomes more homogeneous, 

leading to a recovery of T2* signal intensity- With irreversible injury, cell membrane 

integrity is lost and contrat agent c m  diffuse into the intraceilular spaces. This may 

result in magnetic gradients becorning much more uniforrn due to the ubiquitous 

distribution. T2* signal intensity may then show a rapid recovery to pre-contrast values 

after an initial decrease on the first pass of contrast agent. Unfortunately, while RZ* 

relaxation rates may be related to the degree of membrane damage, R2* may also be 

affected by the regional concentration of contrast agent. Relatively shorter EU* rates or 

higher T2* signal intensities may be due to a more homogenous distribution or a lower 

concentration. A shorter EU* or higher T2* signal intensity may indicate ce11 membrane 

damage only when the regional concentration of contrast agent is equal to or higher in a 

darnaged region compared to a normal region. Therefore, we believe that the use of T2*- 

weighted imaging alone is insufficient for assessing myocardial injury. 
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3. Materials and Methods 

3.1. Experimental design: 

Our experiments were designed to test the hypothesis that we could improve MR- 

based tissue viability assessments by observing TI and T2* signal intensity time courses 

following a bolus injection of contrast agent. By observing T l  and T2* properties in the 

heart simultaneously, we postufated that it would be possible to measure perfusion and 

the dispersion/diffusion of a smali molecular weight contrast agent. This is because 

contrast-enhanced Tl  and T2*-weighted images are affected by different parameters. Tl 

is affected by the regional concentration of contrast agent, which will depend on 

perfusion. T2*-weighted image contrast is subject to the uniformity in distribution of 

contrast agent, which is af5ected by the loss of membrane integrity and diffusion of 

contrast agent into the intracellular space. 

To test this hypothesis an experiment was designed that c m  be broken down into 

two parts: 

1 > Test the ability of simultaneous monitoring of T l  and TZ* signal 

intensity to assess rnyocardial viability, with histologicdly stained 

beart sections as a references. 

Compare our Tl-T2* results to other, established, techniques that use 

either Tl or TZ* relaxation time calculations to assess rnyocardial 

viability. 
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Part 1: Use of Tl-T2*-weighted imaging to assess myocardial infarction 

Myocardial infarction was induced and triphenyl tetrazolium stain was used to 

identiw the region damage. This was correlated to the observed regions of damage found 

in Tl-T2* MR imaging. Statistical analysis was performed to observe significance and 

the ability of the Tl-T2* technique to differentiate between infarct and normal tissue- 

Part 2: Comparison of T l  and T2*-weighted imaging with Tl-T2* technique 

The second part of the expehents  compared the ability of Tl-TZ* imaging to 

identiw myocardial darnage to delayed contrast-enhanced MR irnaging techniques (12, 

13). We tested the ability of TL-T2* imaging against T l  and T2* relaxation times as a 

way to identie tissue viability. This was done by infusing contrast agent into infarcted 

hearts and using MR imaging to obtain T l  and T2* relaxation tirne values. Using the 

reciprocal of T l  and TZ* time (Rl and EU* relaxation rate) we used statistical methods to 

test the ability of R1 and EU* relaxation rate measure to differentiate between infarct and 

nomai tissue. 

Choice of animal mode1 

Domestic pigs were selected as the subjects for these experirnents. The large 

animal model is considered to compare very well to humans and maintains the clinical 

simcance of these studies. To create an infarction we chose to use swine that had been 

subjected to in situ occlusion of the left antenor descending coronary artery (LAD) for 2 

hours, with a 1-hour reperfusion period. This is a well-established model that consistently 

led to significant levels of myocardial darnage. Following reperfusion, the hearts were 



Assessing iLZyocardial Viabilig 58 

excised and connected to a perfusion apparatus in the Langendorff mode for ex vivo MR 

imaging, 

In Langendorff-style perfusion, perfusate is provided via the aorta. The pressure 

gradient causes tbe aortic valve to close and blood is forced through the coronaries. 

Normally, blood does not enter the left ventricle in this manner, so it does not pump any 

blood. This of course means that there is no external work- While Langendorff-style 

perfusion is a non-working model, it was used in order to the control various 

experimentai parameters including temperature, coronary fiow, and ionic composition of 

the perfusate. In addition, the non-beating model was preferred because of a limitation 

with cardiac MR imaging. Temporal resolution was inadequate to obtain clearly defined 

images in the beating heart, due to slow image acquisition. 

Perfusion System 

The perfusion system was composed of 3 parts: a perfusion pump, an oxygenator, 

and perfusion lines. A Precision Blood Pump (Kobe) connected to a Capoix 308 hollow- 

fiber oxygenator (Tenimo Corp, Tokyo Japan) was used with a 20 mm arterial blood 

fdter (rnodel D735, Dideco, Mirandola, Italy). AU arterial Lines were made from Tygon 

tubing (Cole-Parmer, Chicago IL). In addition a water bath and heat exchangers (Shiley) 

were used to control perfusate temperature. 
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I Figure 26. Setup and design of the 
experimental perfiision apparatus. 

Solutions and perfusates 

AU solutions were prepared prior to experimentation using Ultrapure water and 

solutes obtained fkom the Sigma Aldrich Chernical Company. For heart perfiision a 

modified Krebs solution was prepared using: 

NaCl- 102 mM KCL - 16.79mM MgCl* - 16 m .  

EDTA - 0SmM Glucose - 1 1m.M NaHC03 - 25 mM 

CaC12 - 1.28 rnM Bovine semm albumin - 0.625% 

During occlusion of the coronary arteries, the heart was perfused with whole 

blood. However, following the LAD occlusion procedure, the pig was exsanguinated and 

a mixture of blood and Krebs solution was used to perfiise the excised heart in a 
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Langendorfî manner. This mixture was monitored using a Statprofile 7+ blood gas 

anaiyzer (Nova Biomedical) to ensure blood pH was maintained at 7.4 I 0.5. Hematocrit 

of this perfisate was measured at about 11-13%; magnesium and potassium were 

adjusted to 16 mM/L to prevent contraction of the heart. 

Notes 

We had intended to create a myocardial infarct as well as perform imaging in 

vivo. In fact, animals 1 and 2 were imaged in vivo with a specially designed surface coil. 

Unfortunately, the method proved to be technically difficult and no useable data were 

obtained from animals 1 and 2 following successfblly surgery- Imaging with the in vivo 

surface coi1 was unacceptable due to poor homogeneity of the rnagnetic field. 

For the remaining 8 animals the left anterior descending coronary artery was 

reversibly occluded to create a region of infarction. However, following in vivo 

reperfusion, the hearts were excised and perfûsed in Langendorff mode. This allowed 

imaging of the hearts ex vivo with a conventional, dud-ring, Helmholtz c d .  
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3.2 Surgical Preparation 

The Animais used in this study received humane care in cornpliance with the 

Guide to the Care and Use of Experimental Animals formulated by Canadian Council on 

Animal Care. The National Research Council Animal Care Cornmittee qproved the 

protocols that are detailed in this study. 

Ten domestic pigs (n = 10) weighing 20 - 25 kg were obtained and held in the 

animai facilities for two weeks prior to use. Surgery was successfully performed on the 

fust two animds, but data were not coilected due to technical difficulties with imaging 

the heart. The remaining eight hearts were prepared as follows. 

Prior to experimentation, the pigs were fasted ovemight and sedated with an 

intrarnuscular injection of diazepam (0.4 mgkg) and ketamine (20 mgkg). Anesthesia 

was maintained with 1-2 % isoflurane in a mixture of oxygen and nitrous oxide with 

respiratory rate and volume adjusted to keep arterial blood gases within the physiological 

range- Ventilation was monitored using an Excel 210 anesthesia system with a 5250 

respiratory gas monitor (Ohrneda, Madison MI). 

Zn situ coronary artery occlusion was performed by opening the chest via a 

midline sternotomy. Once the heart was exposed, the ascending aorta and the right atrial 

appendage were canniilated for emergent cardiopulmonary bypass whenever a lethal 

arrhythmia could not be converted to sinus rhythm (bypass was required in 5 out of 8 

animals . Three animais required b ypass immediately follo wing occhsion, the remaining 

2 animals required bypass 30 minutes following LAD occlusion). The femoral artery was 

cannulated to monitor arterial pressure. Blood gases were monitored using a Statprofile 

7+ (NOVA Biochemical). A venous infusion iine was established through an ear vein. 



Pancuronium (0.2 mg/kg/l - 2 hours) was administered through the venous infusion line 

as a muscie relaxant, Lidocaine was administered to reduce the incidence of ischemia- 

induced arrhythmia (initiai bolus injection at 1 rng/kg followed by an intravenous 

instillation at 25 mg/kg/rnin thereafter). 

To induce a massive myocardial infarction, the Ieft antenor descending coronary 

artery (LAD) was occluded for 2 hours at its origin using a reversible surgical snare. The 

snare was then removed and the heart was crllowed to reperfuse for 1 hour. The pig heart 

was then excised and mounted on a Langendorff perfusion apparatus. A mixture of 

autogenous blood and modified Krebs-Henseleit solution was used as perfusate for the 

heart (hematocrit was measured at 11-13 %). The concentrations of potassium and 

magnesiuni in the perfusate were each adjusted to 16 mmol/L to keep the heart quiescent 

throughout the imaging penod. The heart waç moved into the center of a 7 Tesla magnet 

and perfused at 50 - 60 mmHg. Throughout the ex vivo portion of the experiment, the pH 

and temperature of the perfusate were rnaintained at 7.4 t 0.5 and 37 '~ ,  respectively. To 

prevent air-tissue interface artifacts in T2*-weighted images, the pig heart was irnmersed 

in the perfusate throughout the protocol. 

3.3 Exmimental Protocol 

Once the ex vivo pig heart was placed inside the magnet, control (no contrat 

agent) T l  and T2* relaxation times were assessed using an inversion recovery technique. 

Gd-DTPA (0.05 mmol/kg) was then injected as a bolus through the perfusion line, 

entering the heart through the aorta. The dynamic T l  and T2* signal intensity changes 
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were monitored using an interleaved Tl-T2* irnaging sequence during the fxst pass of 

contrast agent. 

M e r  the concentration of the contrast agent in the perfusate reached a steady 

state level, which was ensured by observing a constant signal intensity in Tl-weighted 

images over a 5 minute perïod, measurements of T l  and T2* relaxation times in the 

myocardium were repeated. 

Following the MRI studies, the heart was removed from the magnet. Perfusion 

conditions were maintained and the heart was injected with colored microspheres to 

assess regional myocardial blood flow. Hearts were sectioned for TTC staining and 

rnicrosphere andysis. TTC stained sections were used as references in analyzing the MR 

images and for selecting regions of interest as weli as to identiQ regions to be analyzed 

for regional blood flow. The heart was sectioned according to a Tl scout image (long 

cardiac axis) to ensure a correlation to MR images. 

Magnetic Resonance lmaging 

1) Hardware 

Once the isolated heart was connected to the perfusion apparanis, it was placed in 

a dud-ring Helmholtz coil, designed to give a very uniform Bi field throughout the 

sample volume and moved into a 7 Tesla, 40 cm horizontal bore Magnex MR scanner 

(Magnex Scientific) equipped with a Bruker console (Bniker Inc, Karlsruhe, Germany). 
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2) Pulse Sequences 

Simultaneous monitoring of T l  and T2* signai intensities was performed using an 

interleaved Tl-T2* imaging sequence (92, Figure 27). The sequence consists of one 

gaussian-shaped 90' pulse (3.1 ms) followed by read and phase spoiler gradients to 

eliminate residual magnetization fiom the T2*-weighted imaging portion of the sequence. 

A 1.5 second delay was inserted to allow magnetization to relax back to equilibrium and 

then followed by a sech-shaped 180' pulse (13 ms) to invert the magnetization, after 

which spoiler gradients were applied in al1 three directions. To acquire both T l  and T2* 

images in a single set of scans we used a dynamically variable echo time set to 4.2 ms for 

T l  and 15 ms for T2*-weighted imaging with repetition times of 6.75 and 18-15 ms, 

respectively. 

Briefly described, the inversion pulse was active onIy for the Tl-weighted 

portion. Once 128 phase encoding steps had been completed for the Tl-weighted portion, 

there was a 1.2 ms delay foilowed by the T2*-weighted portion. Originally, the pulse 

sequence contained phase encoding rewinders, however these were removed and centric 

phase encoding was used to increase the temporai resolution, with Little image 

degradation. The preparation portion of the sequence consisting of the 90' pulse and 

spoiler gradients lasted 1524 rns. Each Tl-weighted image was acquired in approximately 

864 ms with T2*-weighted images acquired in 2324 ms. This sequence was repeated 50 

times for a total of 100 images over 235 seconds, 
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where SI is signal intensity, A is initial signal intensity (at time zero), t is the 

inversion recovery intervd, and q is the time shift between the calculated T l  (inversion 

recovery) and preset T l ,  

To measure T2* relaxation time, 4 MR images were acquired using a FLASH 

sequence with different echo times (4.6, 12, 20, and 25 ms) over 256 seconds. TZ* 

relaxation times were then calculated in Marevisi by fitting image intensities with the 

function: 

SI =  ex^(- t / T 2  *)] ( 3 )  

where t is echo time, SI is signal inteasity, and A is signal intensity at time zero. 

All imaging (Tl-T2*, T l ,  TZ*) was performed with a slice thickness of 3 mm, 

field of view set at 12 x 12 cm, with a rnatrix size of 128 x 128 pixels. To rninimize 

imaging tirne, only one slice was obsenred for each heart. However, to ensure that the 

level contained a sizable infarct several levels were observed pnor to contrat agent 

injection. 

Colored Microsphere and TTC Staining Procedure 

At the end of each experiment, approxirnately 5 x 106 to 8 x 1o6 non-radioactive 

red colored microspheres (15 I 1.9 pm diameter, suspended in 2 ml of saline solution) 

were injected through the aorta via the perfusion line to measure regional rnyocardial 

blood fIow. Arterid reference samples were withdrawn simultaneously from the 

ascending aorta at a constant rate of 5 mVmin for five minutes, starting one minute before 

the injection of rnicrospheres. The heart was then removed fiom the perfusion system and 

sectioned. Alternating sections were used for triphenyl tetrazolium chloride staining with 
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the opposing side used for analysis of the colored rnicrospheres. A proper spatial 

correlation to MR images was ensured by using a Tl-weighted, long axis, scout image as 

a reference. Sections used for microsphere analysis were divided into 6 pie-shaped 

regions and tissue was coliected from the endocârdium, rnid-myocardium, and 

epicardium. These sample regions were correlated to TTC-stained regions in the 

matched, opposing sections. The average weight of each sample was approximately 0.5 g. 

Following collection, the tissue and blood samples were digested. The numbers of 

microspheres in the samples were counted using a spectrophotometer at a wavelength of 

536 m. Actual blood flow was obtaùied based on calculation of the microsphere count in 

the tissue and blood samples and the speed of blood collection. 

Data Analysis 

Image data were processed using Marevisi and EvIdent 5.2 (NRC - Institute for 

Biodiagnostics, Winnipeg, Canada). Marevisi was used to determine the Tl and T2* 

relaxation times with the fitting functions described previously. Round, hand-drawn 

regions of interest (ROIS) were created by correlating the MR images to the TTC stained 

references. The size of the regions selected varied between hearts due to the variability in 

both heart size and size of infarction. However, the regions selected were approximately 

400 pixels for normal, 300 pixels for reperfused, and 200 pixels for low-reflow infarct 

ROIS, while the total heart covered approximately 3500 pixels. 

S tatistical analyses were performed using Statistica (S tatsoft Inc, Tulsa, 

Oklahoma, USA). One-way analysis of variance (ANOVA) with a Tukey's Honest 

Significant Difference test was used to compare R1 and R2* relaxation rates, percentage 
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recovery of T2* at maximum Tl  signal intensity, and regional blood flow between 

n o m i ,  reperbed infarcted, and low-flow infarcted myocardium. A significant 

dif5erence was said to exist at a probability value of less than 0.05. All numerical results 

are expressed as the mean * standard error. 

4. Results 

4.1 TTC Staining and Regional Biood Flow 

A representative heart section (TTC-stained, shoa axis) is shown in Figure 28. 

Figure 28. TTC-stained heart section 
showing tissue regions commonly observed 
during the experiments. 
Note the red stained normal region, the pale 
reperfused infarct, and the pink non- 
reperfbsed infârct. 

It is clear fiom the TTC staining that there is a large degree of heterogeneity in 

myocardial injury induced by 2-hours of occlusion of the LAD. Other thm normally 

staining viable tissue, we observed regions of the myocardnim that remained completely 

unstained (mid-myocardium in the LAD region), which suggests myocardial infarction. 

In addition, a core region in the infarction was lightly stained (subendocardiwn in the 
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LAD region) in ail heart preparations. Several hearts ais0 showed regions in the 

subepicardium that contained stained and unstained tissue, indicating the CO-existence of 

viable and non-viable myocardium or a mixed region (4 out of 8 hearts). 

Relating the TTC staining to blood flow rneasurements obtained from colored 

microsphere analysis (Figure 29), we found that the Iightly stained region recorded the 

least amount of rnyocardial perfusion (0.123 I 0.19 ml/g/rnin). This flow was 

significantly lower (p < 0.05) than in the normal (4.55 + 0.48 ml/g/min) and unstained 

regions ( 1 -20 + 0.29 mYg/rnin) - 

derived from 8 experimentai 
preparations- 

O Normal Ei Reperfused O Low-Reflow 

WstoIogical sections of the pig hearts displayed severe blood cell sludging and 

trapping of colored microspheres in the capillaries of the lightly stained myocardium 

(Figure 30). 



Figure 30. Micracopic analysis shows many trapped 
rnicrospheres (indicated by arrows) in the Iow-reflow region of 
infarct (A) compareci to the reperf'used region (B). 

These flow data and rnicroscopic observations appear to hdicate the existence of 

an occlusive infarction in the myocardium that showed light TTC stainhg. As a 

consequence, lightly stained and unstained tissues are referred to as 10 w-reflo w infarcted 

and reperfused infarcted rnyocardium, respectively. The non-LAD region, which stained 

brick red, is termed normal myocardium. The size and relative location of the reperfused, 

low-reflow, and mixed regions varied significantly between sections; but not aii hearts in 

this study displayed a mixed region. Therefore blood flow and MN parameters for this 

area were not analyzed. 

Experiment 1: Percentage recovery of T2* signal at maximum T l  

Representative signal intensity t h e  courses and MR images fiom one set of 

interleaved Tl-T2* data are shown in Figures 3 1 and 32. The three regions of the 

myocardium exhibited very distinct temporal relationships between Tl and T2*. From 

Figure 3 1, it is apparent that there is a daerence in the T2* recovery among regions of 



myocardium. By evalsiating this recovery at a set point, when Tl signal intensity reached 

its maximum level, we found significantly different values of T2* signal intensity 

recovery in the three regions (Figure 32). Low-reflow infarcted myocardium exhibited 

the greatest percentage recovery of T2* signal (90 t 2.8 % of its initial value), foUowed 

by reperfused infarcted myocardium (63 + 7.2 %). Normal myocardium displayed the 

least recovery of T2* signal intensity at maximum Tl signal (30.5 t 2.4 %). 
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-- T 1 Signal Intensity 
4- T2* Signai Intensity 

Figure 3 1. Sarnple Tl-T2* 
timecourse data derives from 
one animai. A. Normal 
myocardium. B- Reperfused 
infarct. C. Low-reflow 
infctrct. 

I o "  

T h e  (seconds) 
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0 Normal H Reperfused O Low-Refiow 

- 

Figure 33. Sumrnary of  T2* recovery percentage 
averaged over al1 8 preparations I SE. l 
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Clustering of data 

Noting the difference between signal intensity time course plots of our regions of 

interest, we used software to automate the identification- Using EvIdent 5.2 fuzzy 

clustering software we were able to identify groups of pixels that displayed similarity in 

their Tl-T2* signal intensity time course data. This rnethod was able to select regions in 

the ME2 data that showed sirnilarity and resulted in an excellent correlation with TTC- 

stained sections. Several heart section images and regions identified by Tl-T2* data 

clustering are shown in Figure 34. Each color in Figure 34 represents pixels that fa11 

within the same cluster, or follow the same time course. 
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Figure 34. TTC- 
stained tissue 
and fü=Y 
cluster analysis 
of Tl-T2* data 
shows a good 
match. 



Assessing Myucardial Viab il@ 

Expriment 2: R I  and RZ* Relaxation Rate 

Sample post-contrast T 1 and TZ* maps are presented in Figure 3 5. 

I Figure 35. Tl and T2* relaxation time maps. A. 
Tl relaxation tirne. B. Tî* relaxation tirne. I 

Average R1 relaxation rates measured with and without Gd-DTPA are shown in 

Figure 36. Pnor to injection of Gd-DTPA (Figure 36a), R1 rates were significantly 

shorter in the reperfùsed infarcted and low-reflow infarcted myocardium relative to the 

normal region. Mean R1 values were 5.57 * 0.10 x 104 me', 4.91 * 0.17 x 104 md, and 

4.37 * 0.16 x 104 ms-' for normal, reperfused, and low-reflow infarct myocardium 

respectively. R1 relaxation rates measured with Gd-DTPA (Figure 36b) were 

significantly shorter in the low-reflow inf'arcted myocardium (1 1.8 I 2.1 x 1 o4 ms-') than 

in the reperfused infarcted (21.2 * 2.1 x 104 md) and normal myocardium (17.0 1.6 x 

104 md). The reperfused and normal myocardium exhibited similar R1 relaxation times 

in the presence of Gd-DTPA. However, Gd-DTPA-induced R1 shortenhg (ml, Figure 

36c) was significantly greater in the reperfused infârcted (16.3 * 2.1 x 104 ms-') than in 
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the Low-reflow infarcted (7.38 t 2.0 x 104 ms-') and normal myocardium (1 1.4 t 1.6 x 

104 ms-'1. 
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Figure 36. R1 relaxation rate data 
averaged over 8 preparations + S.E, 
A. Pre-contrast R1 rates 
B. Post-contrast R1 rates 
C. AR1 rates 

0 Normal El Reperfused O Low-Reflow 
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Average EU* relaxation &es measured without Gd-DTPA from normal, 

reperfused infarcted, and low-reflow infarcted myocardium were 3.62 r 0.23 x IO-' ms-', 

2.60 t 0.18 x IO-' ms-l, and 3.09 I 0.38 x IO-' ms-l, respectively (Figure 37a). Normal 

and low-re flow infarcted myocardium s howed similar R2* aithough their viability 

differed significantly. Foliowing injection of contrat agent, both reperfused infarcted 

(4.06 t 0.25 x 10-~ ms-') and low-reflow infarcted myocardium (4.36 + 0.37 x 10" ms-') 

displayed a significantiy shorter R2* relative to normal myocardium (7.23 t 0.73 x 10" 

ms-'), as shown in Figure 37b. 
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Figure 37. R2* relaxation rate data 
averaged over 8 preparations + S.E. 
A. Pre-contrast R2* rates 
B. Post-contrast R2* rates 

O Normal üi Reperfused O Low-Reflow 
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5. Discussion 

The injury resulting from occlusion of a coronary artery results in very 

heterogeneous myocardial perf'usion. This parameter can affect the analysis of MR image 

data. When studying contrat-enhanced T 1 -weighted images, periüsion of the contrat 

agent and redistribution leads to changes in signal intensity. When using Tl-weighted 

imaging to assess myocardial viability, one needs to assume equal pefision of the 

contrast agent in ali regions of the heart. If so, irreversibly injured tissue will uniforrnly 

accumulate contrast agent in the intracellular cornpartment and lead to hyperenhancement 

on MR imaging. However typically there are regions of occlusive infarction, which on 

TI-weighted, contrast-enhanced imaging appear as regions of hypoenhancement 

compared to the reperhised (and hyperenhanced) infarct (89, 90, 93-95). One technique 

that has been used to circurnvent perfusion differences is to use a continuous infusion of 

contrat agent, which allows redistribution and equilibration of the contrast agent in the 

extracellular space (13, 14, 79). Higher signal intensities observed in MR imaging are 

then assumed to result from higher intracellular concentrations of contrast agent, which 

are a consequence of passage through damaged celi membranes. Unfortunately, this 

required additional patient preparation time and exposure to contrast agents (13, 14,79). 

We have correlated regions of poor blood flow to TTC staining following a short 

repefision period. In normal myocardium, the presence of NADH (the reduced form of 

nicotinamide adenine dinucleotide) leads to the reduction of TTC dye to a brick red 

precipitate. In non-viable myocardium, which does not retain NADH, TTC is not reduced 

and the infarcted myocardium appears as a pale area on TTC stained sections. In addition, 
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we have observed lightly stained regions in the subendocardium in ail heart preparations. 

This staining is likely due to incomplete washout of NADH resulting from extremely low 

regional blood flow following reperfusion, These findings were corroborated by analysis 

of colored rnicrosphere distribution. Blood ce11 sludge in the capillaries, as observed in 

tissue sections, appears to be the major reason for the decrease in biood flow. The lightly 

stained region was used as an indication of occlusive or low-reflow infarction. 

With interleaved Tl-T2* imaging, there are distinct temporal relationships of T1 

and T2* signal intensities during the first pass of Gd-DTPA (Figures 30 and 3 1). Normal 

myocardium shows a rapid decline to a minimal level of T2* signal intensity. This 

decrease in T2* signal intensity may be due to a heterogeneous distribution of contrast 

agent as it passes through the capillaries and is confined to intravascular spaces. 

Corresponding Tl  signal intensity is relatively low, presurnably due to confinement of 

the contrast agent to the intravascular space, a cornpartment that accounts for a small 

percentage (approximately 5%) of total tissue volume. As contrast diffuses into the 

interstitial space, Tl  signal intensity reaches its peak level. Infiltration of Gd-DTPA into 

tissue may decrease micro-gradients across the capillary w d s ,  leading to recovery of 

T2* signal intensity. Because Gd-DTPA cannot d i f i se  into the intracehlar space in 

normal myocardiurn, the distribution of contrat agent remains relatively heterogeneous. 

Consequently, T2* signal intensity displays a s r n u  percentage recovery when the 

concentration of contrat agent reaches its maximal Ievel (manifested by peak T l  signal). 

Further recovery of T2* signal intensity in the normal myocardiurn is mostly reiated to 

washout of the contrast agent. 
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In the reperfused infarct region, Gd-DTPA rnay not only diffuse into the 

interstitial space, but also into the intracellula. space. The distribution of contrast agent 

becomes more homogeneous relative to that in normal myocardium when the regional 

concentration of contrast agent reaches its maximum level, which leads to a greater 

percentage recovery of T2* signal intensity at maximum Tl signal intensity than in 

normal myocardium. 

The low-reflow infarcted zone displays low levels of reperfision. As a result, the 

amount of contrast agent delivered to the region is limited, leading to a smaller increase 

in Tl  signal intensity during the first pass of Gd-DTPA relative to that observed in 

reperfused infarcted myocardium. Although the total concentration of contrasf agent is 

significantly less than in the reperfused infarcted region, the relative distribution volume 

in the low-reflow infarcted region supported by the intact capillaries may be Iarger in the 

low-reflow than in the reperfused infarcted regions. This may explain the higher 

percentage recovery of T2* signal intensity. It may also suggest more severe damage to 

ce11 membrane integrity in the low-reflow region relative to that in reperfused infarcted 

myocardium. Therefore, we believe that the percentage recovery of T2* dunng the frrst 

p a s  of Gd-DTPA rnay be related to the degree of myocardial injury. 

Lastly, we note the distinct shapes of the time courses in tissues with differing 

viability and perfusion. Using the EvIdent clustering package on our Tl-T2* data, we 

were able to identify regions of interest that closely matched the ?TC stained sections. 

Using the clustering feature of the software, it was possible to automatically pick out 

regions in the MR images that showed similar changes in signal intensity. 



Assessing Myucardial Viabiliv 85 

Using TTC-based tissue classification, we found that prior to injection of contrast 

agent the R1 relaxation rates in the infarcted regions of the myocardium (low-reflow and 

reperfused) were indistinguishabIe. Each showed a sirnilar R1 value (Figure 36a). This 

likely resulted from the accumulation of water or interstitial fluid in infarcted tissues. 

Administration of contrast agent shortened these relaxation times to differing degrees. RI  

increased to a greater degree in the reperfused infarcted areas than in normal or low- 

reflow stained areas of the myocardium, implying a greater amount of contrast agent 

accumulated in the region. Our interpretation is that damage to ce11 membranes in the 

reperfused infarcted myocardium allowed contrat agent to penetrate the intracellular 

spaces leading to an increase in effective distribution voiume of the contrast agent (10- 

12). The low-reflow infarct did not show an R1 increase sirnilar to that observed in the 

reperfused region of infarction. This was most likely due to poor flow. Based solely on 

RI,  our results would Iead to an inaccurate assessment of tissue viability. Observation of 

RI early after contrast injection cannot completely differentiate between darnaged and 

normal myocardiurn. 

As with RI, R2* relaxation rates may be influenced a number of factors. With 

R2* both the concentration and heterogeneity of distribution of contrat agent can aIter 

the relaxation rate. Initialiy R2* was shorter in the reperfused infarcted myocardium, 

indicating homogeneity in the local magnetic environment. However, low-reflow 

infarcted tissue showed a surprisingly long R2* relaxation rate. This may be related to 

intra-myocardial hemorrhage that was observed in the region (blood ceil sludging). Red 

blood cells and deoxymyoglobin trapped in the tissue can result in magnetic susceptibility 

effects that lengthen R2* rate (12). Following injection of contrast agent, the reperfüsed 
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myocardium displayed significantly shorter R2* relative to normal tissue. The R2* rate 

remained highest in repemised infarcted myocardium, which may be the result of loss of 

membrane integrity. The R2* rate in the low-refiow region was not significantly different 

from that in normal or repemised infarcted myocardium, which may be related to 

attenuated blood flow in the former. 

Limitations and future work 

In this study, we did not assess the distribution volume or the hornogeneity of 

distribution of ~d-DTP-A directly. At present, it is still a working hypothesis that the 

percentage recovery of T2* signal intensity depends on the severïty of membrane injury, 

which remains to be detennined. In addition, a field strength of 7 Tesla was used, which 

had the effect of decreasing imaging time and increasing the T2* effect. Future 

applications of the Tl-T2* technique will need to deal with iower Ievels of T2* contrast, 

which will result from use of clinicai MR scanners that operate at lower magnetic fields 

that the one used in this study. One way of overcoming this limitation would be to use 

contrast agents that preferentially affect T2/T2* relaxation, or magnetic susceptibility 

agents such as dysprosium-DTPA. Furthemore, Our experiments were conducted on a 

non-beating, ex vivo heart model. Clinical work may be complicated by cardiac 

contraction and significantly different blood flow patterns than that which was observed. 

It is important that image acquisition tirne be reduced to allow imaging of beating hearts. 

This rnay be accomplished by using echo-planar irnaging, however these types of 

imaging sequences trade image detail for imaging tirne. The trade-off will need to be 

explored in fùture applications. One last concem may be the blood flow rates that were 
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observed in our acute model. In a clinical situation, foilowing a longer period of 

reperfusion, regions of the reperfused infarction may have a level of blood similar to that 

of norma! myocardium. While it is not expected that this will have any adverse affect on 

the identification of nonviable tissue, variations in blood flow within the infarcted 

myocardium should be explored- 

Summary 

The distribution of myocardial injury resulting ftom the occlusion of a coronary 

artery can be very heterogeneous. One aspect of the diversity was seen in the regional 

blood flow patterns measured with microsphers. These patterns may be important since 

dissimilar regional perfusion often indicates the presence of both reperfused and 

occlusive infarct zones. With contrat-enhanced MR, a perfusion mismatch affects the 

distribution of contrast agent and can be observed as hyper- and hypo-enhanced regions. 

It has been proposed that the observation of these zones rnay have clinical relevance, as 

the presence of an occlusive infarct (hypo-enhanced region on early contrast-enhanced 

imaging) may indicate poorer late functional recovery (83, 84). However, relying on a 

single measurement of T l  or T2* signal intensity can Iead to errors in identiQing the 

extent of infarction, particuiarly when an occlusive infarct is juxtaposed to viable 

myocardium (as seen at the lateral boundaries of the lightly stained region in Figure 28, 

and its corresponding Tl/T2* maps; 35ah). Penera et al. (13, 14) have suggested that to 

improve the evduation of infarction a continuous infusion of contrast media may be used 

with calculation of the partition coefficient. However, this method is limited by additional 

tirne and contrat agent requirements. Also, recent reports suggest that constant infusion 



Assessirtg Myocardial Viabi l i~ 88 

may overestimate the Limits of Infarction (16). Our technique improves on both 

previously mentioned procedures- Using a single bolus injection of contrat agent we are 

able to observe the hypo-enhanced region as well as differentiate normai and infarcted 

rnyocardium. 
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