
Antegrade and Retrograde Continuous

Warm Blood Cardioplegia: A 31P Magnetic

Resonance Spectroscopic Study

by

Edward Frank Hoffenberg

A thesis

submitted to the Faculty of G¡aduate Studies

in Partial Fulfillment of the Requirements for the Degree of

Master of Science

Departrnent of Physiology, University of Manitoba

Winnipeg, Manitoba

and

Institute for Biodiagnostics

National Research Council Canada

and

St. Michael's Hospital, University of Toronto

O August4, 1995



I*l National Library

Acqu¡sitions and
Bibllographic Services Branch

395 Wellington SÙeet
Onawa, Onlario
KlA ON4

Bibliothèque nationale
du Canada

Direct¡on des acquisit¡ons et
des services bibliographiques

395, rue Wellington
Ottawa (Onlario)
KlA ON4 Youlile vot¡e élércnêe

OutI¡tè Notrc ñlé¡encê

The author has granted an
irrevocable non-exclusive licence
aflowíng the National Library of
Canada to reproduce, loan,
distribute or sell copies of
his/her thesis by any means and
in any form or format, making
this thesis available to interested
persons.

The author retains ownership of
the copyright in his/her thesis.
Neither the thesis nor substantial
extracts from it may be printed or
otherwise reproduced without
his/her permission.

L'auteur a accordé une licence
irrévocable et non exclusive
permettant à la Bibliothèque
nationale du Canada de
reproduire, prêter, distribuer ou
vendre des copies de sa thèse
de quelque manière et sous
quelque forme que ce soit pour
mettre des exemplaires de cette
thèse à la disposition des
personnes intéressées.

L'auteur conserve la propriété du
droit d'auteur qui protège sa
thèse. Ni la thèse ni des extraits
substantiels de celle-ci ne

doivent être imprimés ou
autrement reproduits sans son
autorisation.

ISBN 0-612-13I92-0

C¿nadä



Subi¡c Cot¡go¡íes

IIII HUNI|ÜÍIIS AIID sOC¡ÂT SCII}ICES
(oI JIK ¡dts ¡lto Ífi atls
Ardrii.dtr€.,.,.,...,...,.....,,.,,.,...,0729
Arl H¡riôry.-................-.............0377
Gfãm..1.................................o9o0
Do¡<.,.,..,....,.....,,..,..,....,,,,,,.,,,0378
FiÉ Ar¡ .............-.....-...-..........O357
lnhrdion Science..,....,.....,.,.,. 0723
Ja¡r¡d¡gn...,,,.,...,,..,....,.....,.,,.. 0391
ührErv &bl.. .....................-...0399
,rto.s Cdnrruni.ûrfttß...............0708
,ùrsh,...,..,....,.,..,,..,..,,..,,..,.,....0¡l 3
SÊh coíyflrnicolion.............0¿59
TfrdËr ....................................0¿¿5

lHE SGIENGES AND EI{OINEERII{O

st SJECÎ COot

Pfi[o!oPHY, R¡UGt0I AHD

llt¡0loGY
¡{i|o:æhv................................0¿22
Rel¡oirir '

ëer*ro1..............................03)8
Biblicol Stud;es.................... 0321
cle¡av ................................0319
Hi¡Èi o1............................0320
t6ìlorínlv of ......................0322

Theolosy.,l..:............................01ó9

Soeêch Po ìô1oov................0dóO

Hom€ Econo:Áica ......................038ó

PHYStGt S(I¡l{CS
Pure S<iences
Cheñhtry

Genáo1 ..............................0¿85
Aôriculturô1.........................07¿9
Âñot¡ìcol . ......... ...............0¿8ó
8io.líemirhv .......................0¿87
lñô160ñic..:.........................0¡88
N,trls. O71AHlÀt t Ât{D HrvlRollÀl¡llfaL

s(l¡[G5

035¿
0381
o571
04r9
o572
0382
o573
o571
o57s



ÀThesissubgtittedtotheFacultyofGraduateStudiesofiheUniversilyofManitoba
in paxial futfillment of the requirements of the degree of

ANTEGRADB AND RETROGRADB CONTINIIOI'S I{AXU

BLOOD CARDIOPLEGIA: E 31P UECUSITC

RESONÄNCE SPEC:rROSCOPIG STI'DY

BY

EDWAßD FRANK EOFFEU¡ERG

MASTER OF SCIENCE

@ 1995

Permission has been gtanted to the LIBRARY OF TI{E UNTVERSITY OF MANTTOBA

;;-l""d-;; t"U .opi"" of this thesis, to the NATIONAL LIBRARY OF CANADA to

;;f _ this thesis and to lend or sell copies of the film, and LIBRARY

MICROEILMS to publish an abstract of this thesis'

The author r€serves othe! publicaHon rights, and neith'q ihe thesis nor extensive

;ãJ ¿"- it may be prinied or other-wise reproduced without the autho/s written

pemrission.



E. F. Hoffenberg

Table of Contents



Antegrade and Retrograde Warm Blood Cardioplegia

1.6 Evaluating Cardiac Condition........................ ......I-22

1.7 Magnetic Resonance Spectroscopy..... ................. 1-30

2 Materials and M

ltl

iii.PreparationforPhysiologicalMon¡toring.,...........................,. ...................,..,...............2-6

3-1



E. F. Hoffenberg

3.1 Effect of ANBC and RNBC on Myocardial High Energy Metabolites................,.... 3- I

3.2 Intracellular pH.................... ......3-10

3.3 Myocardial Contractile Function...,....... .............. 3-14

4 Discussion



Antegrade and Retrograde Warm Blood Cardioplegia

Äbstract

Retrograde Nonnothermic Blood cardioplegia (RNBC) was studied to aìd in optimizing the

protective strategy used for open heart sulgery. Isolated beating pig hearts were perfused

antegradely (aoftic root pressure: 85-95 mmHg) for 30 r¡inutes. Arrest was induced with bigh

K* blood cardioplegia delivered either antegradely (Group i, n:8), or retr.ogradely (Group II,

n=8, coronary sinus pressure:35-55 mmHg), arrest was maintained for 60 minutes followed by

30 minutes of recovery. Intracellular pH, phosphocreatine (PCr), inorganic phospliate (pi), and

ATP were lnonitored continuously and non-invasively with 3lP Magnetic Resonance

Spectroscopy (MRS) througliout the experinrent and functìonal parameters (rate pressure product

(RPP), and + dP/dt) were assessed concurrently. Antegrade cardioplegia rnaintained high energy

rnetabolites, pH, and myocardial function. RNBC resulted inarr increase of Pi(197%! lSVo of

contlol) and a decrease in PCr' (5 1% + 60% of control). Recovery of myocardial function was

consistently lower in the retrograde group. The MRS data,indicate ischemia occured within 2

minutes of initiating retrograde perfusion. This study suggests that in the nonnal pig heart

retrograde perfusion causes a transition into ischemic metabolisrn.
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I General Introduction

Cardiac surgery has evolved from an age of venerated circumvention; a time when the

heatt was considered untouchable, "the fountaine of the vitall spirits,, [65], to an age

where remodeling, artificially assisting, or entirely replacing the heart has become

common place. The increased complexity of surgical plocedures per.formed today

demand precision, time, and excellent visualization. This has traditionally been

accomplished by arresting the hear1, providing a stable and blood fi.ee surgical field.

While the heart is anested during the bypass procedure, the extracorporeal blood

circulation provided by an artificial pump, oxygenator, and filter maintains the patient's

metabolic stability. The procedure is perfonned in the following order; initiation of

bypass, cardiac arrest, required surgical procedute, recovel.y of nor.mal sinus rhythm, and

{rnally weaning the patient off bypass. There are approximately 450 000 patients

undergoing open heart surgery each year in North America, the majority of them

requiring elective cardiac arrest. During cardiac arrest the notmal coronal.y circulation is

auested and the challenge lies in providing the optimum degree olprotection to the hear.t

during this period. This challenge has led to the development ofa number of protective

strategies, all involving diffelent forms of cardioplegia or cardioplegic delivery (see

Cardioplegia page 1-7). It has been established that the peri- and post-operative recovely

is highly dependent on the extent of myocardíal protection pr.ovided dur.ing the anest
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period [42]. The extensive use of cardioplegia each year combined with the impact that

the cardioplegic strategy has on patient outcome, makes cardioplegic research very

pertinent. This study will investigate one form of cardioplegia known as retrog.ade

normothermic blood cardioplegia (RNBC).

l.t Ststement of the Problem

In order to adequately protect the heart during eiective anest when continuous

nolmothermic blood cardioplegia is the strategy of choice, it is imperative to provide a

sufficient supply of nutrient perfusion, supplying oxygen and removing metabolic waste

products. Normally this is provided by antegrade perfusiàn by means of the proximal

aoÍa, howevel for surgical procedures involving the aoltic valve or for bypass procedures

in patients with severe coronary occlusion, antegrade perfusion is most likely insufficient

[13,19,40,58]. The other alternative is to petfi)se retrogïadely, into the coronary sinus and

tlnough the venous system (see Coronary Venous System, page 1-4) to reach tissue which

would normally be perfused by the occluded coronary artery; a technique that was

conceived almost one hundred years ago by Pratt [69]. Since the 1950's when retrograde

perfusion was first applied clinically there has been controversy over its ability to

adequately protect the heart during arrest. There has been a great deal of resear.ch probing

the efficacy ofRNBC, and a number ofthese studies have suppotted its clinical use. They

demonstrated it provides equal, if not superior, protection for the myocar.dium relative to

antegrade nolmothermic blood cardioplegia (ANBCj during some procedures



E. F. Hoffenberg

[2,10,40,5 8,78]. There is, however, reluctance on the patt of surgeons to embrace RNBC

as a reliable cardioplegic strategy. concern stems from studies which have shown that

with significant collateral vascularization in the venous bed of the myocardium, during

retrograde perfusion a large percentage (65 - 75%) ofthe perfusate is shunted through the

Thebesian veins as non-nutritive flow [80]. This, combined with the typically lower flow

rates used in retrograde perfusion, means a potentially hypoperfused and poorly protected

myocardium. The purpose of this study was to use 3lP magnetic resonance spectroscopy

(MRS) to observe the continuous metabolic events in the isolated porcine heart during

RNBC in order to evaluate its protective ability. There have been numerous clinical and

animal studies on retrograde perfirsion where a number of functional parametels have

been examined, however nevel before has retrograde normothermic blood car.dioplegia

been looked at with the revealing eye of magnetic resonance spectroscopy (MRS).

Lz fne Coronøry Vessels

In order to discuss RNBC adequately, it is first necessary to review the basic anatomy of

the coronary vasculatule. The coronaty venous system is of particular relevance to

RNBC.

i. Coronary Venous System

Venous drainage ofthe hearl is ensured by a myr.iad of interconnecting networks ofveins,

with subepicardial ¡outes communicating with all layers of the myocardium. This sponge-

1-4
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like arrangement provides excellent drainage fol the coronary circulation. The venous

system can be divided into two groups; what has been traditionally known as the greater

and lesser systems. The greater.ç/slem consists of a subepicardial system of venous

drainage which directly involves the coronary sinus, and the ante¡ior cardiac vein system

which drains directly in the right atrium. The lesser systent consists of deeper venous

system which drains directly into the cardiac chambe¡s.

The coronary sinus is located in the right atrium, between the orifice of the inferior vena

cava and the leaflets ofthe atrial-ventricular valve, The coronary sinus provides drainage

prirnarily for the left side ofthe heart and is fed from the great, middle, and small cardiac

veins as well as the left ventricular posterior veins, and the left atrial oblique vein of

Marshall.

The anterior right ventricular wall is drained either by the anterior cardiac veins which

empty directly into the right atrium, or by branches of the small car.diac vein which

empties into the coronary sinus.

The lesser system consists of the arterioluminal, arleriosinusoidal, and rhebesian veins.

The Thebesian veins provide dlainage from capillary bed to cardiac chambers

predominately in the right ventricle. Arterioluminal vessels provide bi-directional flow

frorn capillary bed to coronary arteries. Ate¡iosinusoiàal vessels are ilregular and

originate fi'om coronary vessels and empty into either the capillary bed or directly into the

ventricles.
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Coronary Arterial System

The hearl's blood supply is provided with its own vasculature originating from the right

and left coronary artelies and telminating mostly in the coronary sinus of the riglrt atrium.

The ostia of the coronary arteries are located at the base of the aortic root, superior to the

leaflets of the aortic valve. The left coronary artery originates at the left posterior aortic

sinus as the coronary osteum, and travels medially to divifle into two branches, the left

anterior descending (LAD) and the circumflex branches (Circ). The LAD travels

inferiolly towards the apex through the anterior interventriculal groove, and further

branches off supplying the majority of the interventricular septum. The Circ. branch

travels posteriorly around the left side ofthe heaft within thè left atlioventricular sulcus to

terminate at the posterior interventricular sulcus. The right coronary aftery originates at

the light coronary sinus and travels along the right atrioventricular groove curving

posteriorly and turns caudally to follow the posterior atrioventricular groove. There is

extensive branching of the right coronary artery imigating the right side of the hearr.

These branches include the conus artely, sinus and AV node arteries, right ventriculal

branches, right atrial branches, an acute marginal branch, poster.ior descending artery, and

some terminal branches to the left atrium and ventr.icle,

l-6
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l.t Cartlioplegia

t-7

The goal of cardioplegia is to provide an optimal protective environment for the

myocardium allowing for a prolonged safe operative period. cardioplegia achieves this

by ensuring that the supply of oxygen and substrates is always sufficient to meet the

metabolic demand of the heart. The supply is determined by the carrying capacity of the

perfusate and the adequacy of its distribution. The demand of the myocardium is reduced

significantly by imposing diastolic anest (see page 1-13).. Cardioplegia is any solution

which electively halts all mechanical activity and provides nutrients when perfused

through the heaft. The membrane potential of the cardiomyocyte is normally

+

approximately -90 mV. According to the Nernst equation ek = -OOloe'n+!, un--[K 
]n

increase in the extracellular concentration of K* causes the reversal potential and the

membrane potential to decrease and the myocardial membrane becomes depolar.ized.

with increasing depolarization, the generation and propagation of action potentials is

prevented, thereby amesting the heart. The most common form of cardioplegia is the use

of a solution containing KCI at a concentration of between 15 and 30 mM which

depolarizes the membrane to approximately -58 and -40 mV, respectively. A successful

cardioplegic strategy impedes the two proposed culprits in myocardial injury during

surgery, ischemia and reperfusion injury (see pages 1-14 and 1-18, respectively).
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t. History

To describe the evolution of cardioplegia one must go back to the beginnings of bypass

surgery. Greater demands of more intricate procedures r.equiring a stable and clear

surgical field brought about the evolution of bypass surgery. During this revolutionary

type of surgely the heart is voluntarily arrested, blood is routed extracorporeally,

artificially oxygenated then returned to the body. Initially an arrested heart meant an

ischemic one and protection against ischemic injury was achieved by reducing the

metabolic demand of the hearl. This was accomplished through hypothermic diastolic

arrest, using ice slush to cool the epicardium. This technique of heart preservation was

blought into clinical use by Bigelow, Lindsay, and Greenwood in 1950 [5]. The idea that

the heart could be alrested chemically was introduced by Melrose in 1955. Melrose

helped bring about what is now the most common form of.cardioplegia [53]. The use of

crystalloid cardioplegic solution for induction and maintenance of arrest meant that not

only could tlie metabolic demand of the heart be decreased (typically a reduction in

oxygen consumption from 9 ml/min/l00g to 0.6 r¡l/min/l00g at I 1.C) [9], there was now

a means of metabolic waste removal and delivery of nutrients during ar.r.est. Despite the

development of chemical anest in 1955, it was not until 1967 thal the importance of

myocardial management was fully recognized. Najafi and associates suggested that post-

operative deaths and low cardiac output syndrome immediately following surgery were

likely related to the lack of myocardial management during the surgery [28]. This

realization brought about the development of new forms of car.dioplegic solution. In

1-8
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1972 Bretschneider and associates developed a new cardioplegic solution which was used

clinically for elective cardiac arrest, and was named Bretschneider,s solution [8]. The use

of hypothermic blood caldioplegia, instead of crystalloid solution, was introduced by

Buckberg and associates in 1978 [17]. This led to the next stage in the evolution of

myocardial protection; a rise in the cardioplegic tempeiature towards normothermia

(37"C in humans). Normothermic blood cardioplegia began in 1996 with Buckberg,s

recognition of its resuscitative capabilities as a hot såof in reperfusion 1121. The idea of

continuous normothermic blood cardioplegia was introduced at the Myocardial protective

Symposium in Oxfold in 1990 [75] and was tested clinicalty at St. Michael,s Hospital,

university of roronto that same year. All the teclmiques discussed thus far have used

antegrade delivery of cardioplegia. Surprisingly, the notion of perfusing retrogradely was

fir'st introduced in 1898 by Pratt [69] but was not used clinically until 1957 by Gott and

associates, who used the technique in patients undergoing aortic valve procedures [20].

After more than 40 years of development and experience, letr.ograde perfusion has now

evolved to a stage where RNBC may be initiated with a relatively uncomplicated and low

risk, trans-atrial cannulation, which has been clinically shÒwn to provide protection for

the myocardium during arrest 11 0,1 6,40,5 4,58,7 7 l.

íi. Contt'oversy

The developments in myocardial protection have generated a quagmire of controversy

over which nethod provides optimal protection for the myocardium du.ing auest. The

debate continues up until today over which methods ar.e superior, blood versus crystalloid

1-9
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and normothermic ve¡sus hypothermic. Although the literature in this area ¡esembles a

contest between the different techniques, i will discuss them with the notion that they

should all be considered as a medley of techniques from which the surgeon may choose

the optimal and most suitable method of protecting the heart.

a. Blood vs. Ctystalloid

Clystalloid catdioplegia consists of an iso-osmotic salt solution with var.ying

concentrations ofelectrolytes. An example is given in Table 1-1 and rable 1-2, showing

the composition of standatd st. Thomas and modifieil Ktebs Henseleft solution,

respectively. crystalloid solution was originally developed with the advent of chemical

au'est in the 1950's (see page.l-8) and has the advantages ofbeing available in unlimited

quantities, lelatively inexpensive, offers a low risk of infection from blood borne disease,

eliminates the need to consewe volume during ,urg".y, doa, not have to be returned to

the body after bypass, and is not affected by the roller pump during prolonged perfusion

times.

iöönïö'f ÌfmMi iöö;¿ö,r l(mMi 
-ì

iiii:
iñàci -"i-íî0 

ö 
-'i öàöi'"'*'i 1:ä"- 

"'i
i......¡..................i......................j.....................jiMgCl i 16 iNaHCO3 i25 i;r!i¡iKöi ; ïö iöH- 

- ii,A - -*i
¡ii!:
;il;;;; ;;;;;;.",;;,;;
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Table l-2: Modified Krebs Henseleit solution. Abbreviations BSA and EDTA are bovine serum albumen

and ethylenediaminetetraaceticacid, respectively

The major disadvantage of crystalloid solution is that it is non-physiological. Although it

has similar electrolyte concentrations as blood, there are no human proteins or factols

such as complements and immunoglobulins. In the absence of r.ed blood cells it is

necessary to use a high oxygen content (PO2 > 600 --Ugj in order to pr.ovide sufficient

oxygen distribution. This extreme saturation may be toxic to endothelial cells. The

toxicity ofan ultra high PO2 and the abnormally low concentr.ation ofproteins is thought

to be responsible for the myocardial extracellular edema observed with prolonged

perfu sion of clystalloid solutions.

Blood based cardioplegia has the advantage ofcontaining red blood cells which aid in the

delivery of oxygen and contain abundant oxygen-derived fiee radical scavengers [37]. In

addition blood has a buffering capacity provided by histidine and imidazole gr.oups of

blood proteins [42].
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b. Norntothernùc vs. Hypotherntic

As discussed previously cardioplegia had its debut with hypothermic temperatures of

between 10 - l5 'C. Since its introduction in 1950, liypothermic cardioplegia has been

popular as a means of myocardial protection. Its popularity is due, in part, to a dramatic

reduction ofthe hearl's metabolic demand, requiring less dependence on continuous flow.

This provides the surgeon with the option of using brief ischemic periods for better

visualization and a measure of safety in case of complications. unfortunately there are a

number of disadvantages to cooling the heart. cooling has delete¡ious effects on

enzymatic function reducing glucose utilization, intr.acellular hydrogen regulation, and

(ilonically) ATP generation and tissue oxygen uptake [38,4S,57]. The ability of

hemoglobin to deliver oxygen is severely inhibited by hypothermia because of the left-

ward shift in the hemoglobin-oxygen dissociation curve. At a temperature of l2oC

dissociation of oxygen from hemoglobin does not contribute to oxygen delivery [23].

Other reported disadvantages of hypothermia are a reduction in membrane stability [52],

a decrease in calcium sequestration 17 41, and a reduction of platelet function [83]. The

lo\rser temperature has been shown to cause an increase in intracellular edema [45],

increase in blood viscosity sometimes leading to sludging, and increase in extracellular

glucose concentration sometimes leading to severe hyperglycemia [23,32]. Hypothermic

cardioplegia is very often used intelmittently allowing for drift in myocardial
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temperature. Christakis gives a good summary of sorne problems associated with

hypothermic cardioplegia.

...during the majority of the cross-clamping period myocardial
temperatures are higher than 10 - 11 oC and closer to 18 - 20 "C. We are,
therefore, faced with warming hearts with increasing metabolic rates that
receive boluses ofcold blood whose oxygen cannot be easily used because
of the left-ward shift in the oxygen-haemoglobin dissociation curve.
Furthermore the heart suffers from the negative effects of hypothermia
1771.

Another observed disadvantage ofcooling the heart is the metabolic imbalance created by

unequal slowing of different energy dependent reactions. For instance the energy

dependent sodium-potassium pump is inhibited preferentially with decreasing

temperature as opposed to other energy dependent pumps [23].

The argument for using hypothermic arrest is to minimize the metabolic demand of the

heafl, however there is little difference between the melabolic demand of the arested

myocardium at 12oC and 37"C. The oxygen demand of a beating, unstressed heart is

approximately 10 ml/l0Og/min. Normothermic cardioplegia reduces the demand to

approximately 1 ml/l00g/min. Reducing the temperature to 12oC fi.om 37.C only

reduces the oxygen demand a further 0.8 ml/lO0g/min [9]. Normothermic cardioplegia

provides a period of warm aerobic aruest, during which it has been shown to resuscitate

the hearl and avoids all the disadvantages described above which have been associated

with hypothermia. One of the disadvantages of normothermic cardioplegia is that any

area of the myocaldium which is inadequately perfused is subject to normothermic

ischemia and possible ineversible injury. Situations where the myocardium may be
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inadequately perfused could occur during antegrade delivery in patients with severe

coronâry disease, where retrograde delivery may not adequately perfuse the right

ventricle, or during surgery where flow must be interrupted for any reason, Studies have

shown that these disadvantages of normothermic car.dioplegia ar.e manageable. One

reason to stop flow during surger.y is to improve visualization, however Salerno and

associates have shown that âdequate visualization may be achieved by using a jettison of

air or saline [76]. Our group has shown that nor.mothermic blood cardioplegia may be

turned offifneeded for a period ofup to 10 minutes without causing irrever.sible damage.

This may be repeated 6 times, with 5 minutes of reperfusion between ischemic episodes

[8s].

l.¿ Ischemìa

In order to optirnize cardioplegic delivery, one must fully understand the two factors

involved in myocardial injury that cardioplegia strives to overcome: ischemia and

reperfusion injury. Although these two pathologies are very closely related they will be

discussed separately. Ischemia is derived from the Greek words ischo meaningto .,hold

back " and haítna "blood", literally meaning not enough blood. Perhaps a more suitable

definition of ischemia is given by Hearse, "[Ischemia is] a condition in which coronary

blood flow is inadequate to pelmit the maintenance of a steady-state metabolism" [89].

Ischemic injury does not only occur because of inadequate substrate delivery, but
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includes inadequate washout of wastes such as lactate, protons, and CO2. Myocardial

ischemic injury can result from a number of pathologies which restrict blood flow

through the coronary circulation, such as coronary occlusion or spasm. The complications

ensuing ischemic injury are manifest in signs such as loss of contractile force, depletion

of high energy phosphates, an increase of inorganic phosphate, lactate, intracellular

acidosis, and an increase in creatine kinase (MB) activity [39]. More severe and

prolonged ischemia is likely to lead to a myocardial infarction (MD t421.

Mechanisms

Cardiomyocytes change from aerobic to anaerobic metabolism when the rate of 02

delivery becomes less than is required to meet the metabolic rate of the myocardium. A

consequence of anaerobic metabolism is the decline of mitochondrial adenosine

triphosphate (ATP) p.oduction. As a result there is a gradual decrease in ATp, however

the decline is buffered by replacement ofATP from the creatine kinase catalyzed reaction

bleaking down creatine phosphate (CP):

CP + ADP + H+<+ cleatine + ATP, ATP = ADP + Pi.

Therefore a decrease in the ratio CP/Pi is a more sensitive indicator of anaerobic

metabolism than changes in ATP concentration. This buffer.ing effect will maintain

energy supplies for a few minutes until the supply ofPCr is depleated, The reason ATp

continues to decline even with buffering is multifactor.ial. The major causes can be
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attributed to an increased flux of ca2* at the sarcoplasmic reticulum, inhibition of

transport of ATP from mitochondria by acyl CoA, glycogen breakdown and resynthesis,

and triglyceride breakdown [63]. The decrease in high energy phosphates such as ATp

and CP, and the increase in Pi, removes inhibition from and stimulates

phosphofi'uctokinase (PFK), hexokinase, and phosphorylase å; augmenting glycolysis.
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Figure l-l: Effects of mild ischemia on glycol¡ic flux.

During ischemia fatty acid is unable to be oxidized leadirig to an accumulation of free

fatty acids, acyl CoA, and acyl carnitine [63]. The accumulation of these metabolites

inhibits some membrane function such as mitochondrial translocase, the

sodium/potassiurn pump, and phospholipid cycles [63]. Accumulation of the breakdown

producfs of phospholipids form micelles and are thouglrt to U" f,igÌrty membrane active,
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perhaps responsible for early ischemic arrhythmias [63]. The decrease in fatty acid

oxidation indicates a decrease in citrate which removes the normal inhibition on pFK and

fuilher augments glycolysis. All of these factors cause a net increase in glycolytic flux in

mild ischemia (FiguLe l-1).

Major sources for protons are the breakdown of ATP and lactate from glycolysis. If

anaerobic glycolysis is complicated with low or no flow ischemia there is an

accumulation of protons and tissue pH is lowered. Low tissue pH is a strong inhibitor of

glycolysis thlough its action on PFK, overpowering any stimulation of glycolytic flux

seen in mild ischemia. In addition, the accumulation of NADH strongly inhibits

glycolysis. Mild and severe ischemia can be differentiated by their effects on the

glycolytic rate: mild ischemia accelerates glycolysis and severe ischemia inhibits

glycolysis [60].

The decrease in contractility accompanying ischemia can be explained by protons

competing with Ca2* for binding sites on contractile proteins (i.e. troponin), impairing

actin-myosin interaction. A decrease in intracellular pFÌ also closes Ca2* charnels

inhibits Ca2+ charurel activity, and reduces sensitivity of the sar.coplasmic reticulum to

Caz* , all of which results in a decrease in contr.actility. CO, is released from bicarbonate

during acidosis and may also be involved in decreasing contractility. The accumulation

of Pi reduces the Cut* sensitivity of contractile proteins, providing another. explanation

for the obseryed decrease in contractility seen during ischemia [60].



E. F. Hoffenberg

l.s Reperfusìon Injury

When ischemia has caused reversible biochemical changes in the myocardium, the most

effective method of recovery is reperfusion. There is, however, a paradoxical risk

involved in reperfusing ischemic tissue, which has been obseryed to cause additional

injury other than from the ischemia itself. This phenomenon is known as repetfusion

injury. This is a clinically relevant phenomenon which is, indicated by a depression of

myocardial function, anhythmias, stunning, and/or microvascular damage after

revascularization or use of tluombolytic agents such as stl'eptokinase in patients suffering

from ischemic heart disease [61].

Mechanisms

Calcium overload has been implicated as a possible cause of reperfusion injury. The

theory is based upon the observation that after a period of severe ischemia whe¡e there

was ineversible damage to the myocaldium, an excessive, accumulation of intracellular

calcium (Ca,2*) occuned during reperfusion [82]. In addition, it has been proposed that

oxygen derived fiee radicals (ODFR) may be responsible for development of reperfusion

injury [64]. I will bliefly discuss the curuent theories explaining both calcium overload

and ODFR and how they intenelate.
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free
radicals

Figure l-2: Proposed mechanisms for calcium overload during reperfusion.

a. Calciun Overload

Rapid increases in ca¡2* during reperfusion have led to the belief that intracellular

calcium overload may contribute to myocardial injury during reperfusion. The

mechanisms of injuly ale not well understood. One proposal for the influx of Ca2* is that

during ischemia damage is inflicted upon the sarcolemma and its Ca2+ channels, allowing

the internal passage of Ca2*. During reperfusion ther.e is a large influx of Ca2*

intlacellularly leading to excess accumulation of Ca2*. in the mitochondria and a

subsequent decìine in ATP production. This is one possible explanation for the observed

reper'fusion related cell necrosis [61]. During reperfusion, with the restoration of ATp

stores, there will be uptake of C** into the sarcoplasmic reticulum (SR) and an

catecholamines

iglycolysist
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augmented release of ca2* during the next systole. This overcycling of ca2* is thought to

be involved in reperfusion induced arrhythmias because the effect may be lessened by

ryanodine or caffeine which inhibits ca2* sequestration in the SR [84]. Another proposed

mechanism for Ci* influx involves the Na+/Ca2+ and Na*ÆI* exchanges. During

ischemia there is a rise in Na¡t because of gradual leakage tluough fast Na* chan¡els,

which remain active during ischemia [82]. In addition, the increase in the intracellular

proton concentration as pHi decreases during ischemia (see Lacrate and pH page 1-29),

causes a fuither rise in Na'* by driving the Na*/FI* exchanger. The net increase in Na¡+

drives the Na*/Ca2* exchange in the reverse direction, causing an increase in Ca,2*. The

Na*/ca2* exchanger is sensitive to pH so that during ischemia when the extracellular pH

drops significantly, the Na*/Ca2* exchanger will be inhibited [6g]. However during

reperfusion when pH is returned to normal, inhibition of,h" Nu*/Cu'* exchanger is

removed and there is a rapid reactivation of the exchanger causing a subsequent inward

flow of Ca2*. The Na*/K+ ATPase pump plays an important role in Na* homeostasis.

During ischemia the loss of ATP and the accumlation of .pi and H+ inìibit the normal

function of the energy dependent Na*/K* ATPase pump, causing a further increase in

Na*, ¡311. Upon reperfusion, the restoration of ATP and the washout of H+ and pi

restore the pump's function. In addition, the pump's activity is augmented by the

increased Na+¡. It is thought that the Na+/K+ ATPase pump.is responsible for most of the

decline ìn Na+¡ observed during reperfusion [82].
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Oxygen Derived Free Radicals (ODFR)

ODFR are formed during ischemia and particularly during reperfusion [7]. The primary

sources for ODFR related to the ischemic myocardium, are postulated to be from

xanthine oxidase involved in purine degradation, the activation of neutrophils, activation

of the arachidonate cascade, autoxidation of catecholamines, and damage of the

mitochondrial respiratory chain [7]. During reperfusion they are thought to be

responsible for compounding the effects of Ca2* overloading, discussed above.

Reintroduction of oxygen duling reperfusion can form ODFR tll.ough the reaction:

Oz * e- -+ 'O2 
- (superoxide radical)

.Oz - * e- + 2H+ -+ H2O2 (hydrogen peroxide)

'O2' + HzO2 + H* -+ Oz + HzOz +.OH (hydroxyl radical)

.OH+e-+H*+HrO

ODFR help increase Ca¡2* during r.eperfusion tll.ough two proposed mechanisms.

Hydroxyl radicals, formed in the reaction described above, react with lipids and initiate

another reaction known as lipid peroxidation. Lipid peroxidation alters trans-membrane

transpolt mechanisms and increases Ca2* permiability [46]. ODFR are also believed to

oxidize certain residues of membrane-bound proteins which are involved in ion transpoft.

For example the Na+/Ca2+ exchange has been shown to be activated tlu.ough oxidation of

the methionine residue by ODFR [70]. There is still a great deal of uncertainty about the

exact mechanisms by which ODFR affect Cai2+ concentration. Attempts to reduce the
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effect of lipid peroxidation by enhancing the activity of the free radical scavanger,

glutathione reductase, have failed to demonstrate any observed protection from

reperfusion injury [82]. In addition, lipid peroxidation only occurs during the late events

of reperfusion and therefore does not explain the early rise in ca¡2* seen during the early

stage of reperfusion. other possibilities include stimulation of cr or B adrenelgic receptors

by catecholamines released during reperfusion.

1.6 Evøluøting Csrdíøc Contlition

As stated above the goal of cardioplegia is to provide optimum myocardial protection for.

optimal post-operative recovery. The recovery of the patient is dependent on the post-

operative ventricular function, or how effectively the heart moves blood tlu.ough the

body. This is measured in terms of caldiac output (co) which is equivalent to the heart

rate (HR) rnultiplied by the stroke volume (SV), CO = HR x SV. The SV is dependent

on the loading conditions and on the contractile function. Although it is known that the

normal cycling of calcium which occurs during contraction and relaxation is dependent

on the HEP, there is no cleal conelation between the contractile function ofthe heart and

the intracellular concentrations of HEP. However it has been demonstrated that if the

level of ATP drops below 80% of normal, there is a dramatic reduction in functional

recovely of the ischemic heart. A number of conclusions about cardiac condition can be

made based on the levels ofthese essential metabolites. Therefore in this study, the focus
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for evaluating cardiac condition was the contractile function and metabolic status of the

myocardium.

Contractíle Function

contractility of the heart describes the dynamics of ventricular contraction and can be

defined as, the rate of contraction and ability to reach peak tension or pressure

independent of other factors such as heart rate, preload, and afterload [62]. contractility

may be equated wiih inotropic state and may be increased with inotropic agents such as

digitalis or adlenaline. with experimental animals it is possible to measure contractility

using cardiac function curves, however it is more difficult to make clinical assessments of

contractility. one method which is thought to be an appropriate measure of cardiac

contractility is dP/dt [25].
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dP/dt

Figure l-3: Tracing of left ventricular pressure curve (top) and dp/dt (bottom).

dP/dt is the rate of change in ventricular pressule with respect to time. dp/dt is normally

generated by a computer which differentiates the standard pl.essue curve from the

ventricular contractions. Figure 1-3 shows a sample tracing of the left ventricular

pressure culve and dP/dt. Maxirnum dP/dt corresponds to the maximum rate of increase

in pressure, which couelates to the maximum contraction sttength of the ventricle [26].

Minimum dP/dt co*esponds to the maximum rate of relaxation of the ventricle, which is

of particular interest because it is related to the function, of the SR and therefore the

metabolic status of the myocardium, Although information about the contractile state of
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the myocardium may be infe.ed frorn dP/dt, there is a problem with usi'g this parameter

as an absolute quantification. dP/dt is affected by factors such as preload and afterload,

and is therefore not an independent variable. In this study preload and afterload are kept

constant, maintaining dP/dt as an independent variable, and is of value in assessing

contractility.

b. Myocardial Relaxation

when thinking of cardiac function one naturally considers contraction of paramount

importance, but of equal importance is cardiac relaxation. The left ventricle must eject its

volume of blood into a high pressure arterial system, then fill under sufficiently low

pressure to avoid atrial or pulmonaty hypertension. The dependence of pulmonary

vascular function on ventricular relaxation is illustrated by a number of cardiopathologies

where relaxation is restricted, such as pericarditis, constlictive pericarditis, and restrictive

and hypertrophic cardiomyopathies. All of these conditiôns decrease minimum dp/dt,

increase filling pressure, and progressively lead to pulmonary hypertension and

pulmonary edema. Myocardial lelaxation is the process by which the myocardium returns

to its initial or resting length and tension. Relaxation begins after the second phase of

ejection in the cardiac cycle and ends with the onset of systole. The process ofrelaxation

is highly energy dependent. A decrease in availability of intracellular ATP will lead to a

decrease in its availability for ATPase induced cross-bridge detachment and active

sequestration ofCa2* in the SR, leading to the depression of- dP/dt [4].
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The developed pressure (DP) is an indicator of contractility because it measures the

strength of the contraction from end diastole to peak systole. one difficulty with using

the DP as a functional palameter is that it varies with healt rate. one solution is to pace

the heart and standaldize the HR for all experiments, however it is more technically

challenging to pace the heart while in the bore of the MR instrument without decreasing

the signal to noise ratio (see MR EquipmenT page I-39). An altelnative is to use the ¡ate

pressure product (RPP) which takes the HR into account; Rpp = HR x Dp. Many studies

have utilized RPP as a funtional parameter for ventr.icular contractility [31.

íi. Vasculat' function

At the level ofthe capillary a single endothelial cell layer and a basement membrane is all

that separates the contents ofthe vessel from the interstitium. The endothelium plays an

essential role as a filter, containing pores which allow the free passage of plasma, ions,

small solutes, glucose, lactate, and amino acids, but prevents the fi.ee passage of

macromolecules such as proteins and globulins. Banicading the passage of these

macromolecules creates an oncotic pressut'e, a force whicil pr.events most plasma from

filtering out into the interstitium. Therefore the banier provided by the endothelium to

macromolecules in the blood is one of the forces which prevents interstitial edema by

creating an oncotic pressure of sufficient magnitude to allow only a small amount of

RPP
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filtration into the interstitium. The forces involved in capillary exchange are summarized

in the Starling equation:

The net force on capillary exchange = (P" + zr) - (P¡ + n"),

where P" and P¡ are the capillary and interstitial hydrostatic pressures, respectively and æ"

and n¡ are the capillary and interstitial oncotic pressures, respectively.

The coronary microvasculature is capable of autoregulation of its blood supply. This

autoregulation of blood flow is mediated through a number of neural, rnetabolic, and

endothelial derived factors. Neural mediation acts predominantly through sympathetic

activation. Therefore a neurostimulant such as adrenaline, which increases contractility

and heart rate, also increases colonaly blood flow tlu.ough the activation of p-receptors

and subsequent vasodilation. The metabolic status of the myocaldium has a direct effect

on colonary blood flow, primalily mediated through the vasodilator adenosine. As the

supply ofATP is reduced there is an increase in ADP and Pi. This is thought to activate

the 5' nucleotidase mediated bleakdown of AMP into adenosine. Adenosine then acts by

stimulation of AMP formation, and by hyperpolarizating the smooth muscle and

preventing the activation of voltage dependent ca2* channels. Endothelium-der.ived

relaxation factor (EDRF) is released in response to platelet aggregation and subsequent

release of ADP and serotonin [61]. EDRF is actually nitric oxide and acts to dilate

coronary vessels by stimulating smooth muscle cGMP dependent reuptake of Ca2* into

the sarcoplasmic reticulum.
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In addition to myocyte injury, ischemia can cause significant micr.ovascular damage. The

production of ODFR during ischemia (see Oxygen Derived Free Radicals page t-21) is

thought to be the primary cause of microvascular damage [71]. The damage caused by

ODFR during ischemia makes the endothelium more permeable to macromolecules,

thereby reducing the oncotic pressure, and allowing a greater amount of filtration into the

interstium. If filtration is extensive enough to cause interstitial edema, the swelling tissue

will compress the local microvasculature, pleventing normal distribution of the per.fusafe.

This is one explanation for the "no-reflow" phenomenon observed during reperfusion

Í711.

In addition to damage from ischemia, the endothelium may be damaged by the

cardioplegia itself. There is a growing concern ofthe deleterious effects of hyperkalemic

caldioplegia. It has been proposed to cause reversible distur.bances in cardiomyocyte

calcium handling and ineversible alterations of myofibril function [43]. studies have

shown that hypelkalemic cardioplegia may also cause endothelial cell damage 127,491.

One proposed mechanism involves an increase in intracellular calcium due to the

electrogenic Na+/Ca2* exchanger being dr.ivien in response to membrane depolarization.

iii. Metabolic Status

The concept of supply vs. demand and the consequences of an inbalance between them

was discussed in Ischemia page 1-14. The changes in HEP dur.ing ischemia and their

causes was also discussed. In this study NMR is used to monitor HEP to detemine the
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metabolic status of the myocardium, however there are other parameters which may be

considered.

a. Lactate and pH

Intracellular pH is a good indicator of the metabolic status of the myocardium. The pH

can be altered by the two end products of glycolysis, pyr.uvic acid and hydrogen atoms,

shown here in the net equation for glycolysis;

Glucose + 2ADP + 2 PO4 <> 2 Pyruvic acid + 2ATP + 4H.

The hydrogen atoms combine with NAD* to form NADH and H*. This combines with

pyluvic acid in the lactic dehydrogenase catalyzeð, reaction to form lactic acid and NAD+.

o
l

CH]_ C.COOH + NADH

Pyruvic acid

lactic OH
dehydrogenase

+Il< > CHj- C COOH+ NAD-
I

H

Lactic âcid

During anaerobic conditions there is a build up of pyruvic acid and H*, and a subsequent

increase in the formation of lactic acid. since lactate easily leaves the cell to be washed

away by extracellular fluid, it acts as a sink for protons, delaying the dissolution of

glycolysis (see Ischemia page 1-14). It is possible to 
.rnonitor 

the level of lactate

continuously with rH NMR spectroscopy [79], In addition to levels of lactate, NMR is

also able to monitor pHi continuously (see Intr.acellular pH page 1-38). A gradual

decline in pHi occurs when the buffering capacity oflactic acid is insufficient.
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1.7 Magnetic Resonance Spectroscopy

1-30

Background

Since the Nobel prize winning discovery of nuclear magnetic resonance (ì.JMR) by

Purcell and Bloch in 1952, it has rapidly evolved to become one of the most important

analytical tools of the 20th centur.y. The best known application of NMR is imaging

(MRI), which can be used to non-invasively scan tissue in vivo and pr.oduce sharp three

dimensional images without the use of ionizing radiation.

Figure l-4: Left) sagital section ofskull, right) transverse section ofthorax and pelvis.

Another application of NMR is magnetic resonance .O..rror.op, (MRS), which has

traditionally served the chemist or physicist in determining structures of solids, chemical

compositions, and molecular structures, but is now emerging as a diagnostic tool. l3C-

MRS has been used successfully to follow b¡ain amino acid metabolisrn in humans [24]
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and to study glycogenolysis and gluconeogenesis during fasting in the liver [n]. tH

MRS may be used to resolve a number of compounds ln vluo, such as the levels of

inositols, choline-containing compounds, N-acetyl aspaÍate QrIAA), and glycine from

brain tissue [14]. In addition, tH MRS may be used to observe changes in levels of

creatine, glycine, lactate, lipids and many other metabolites. ''p MRS has been used to

study utilization and recovery ofhigh energy metabolites in human skeletal muscle [6], to

provide plognostic information from neonatal brain tissue for disorders such as asphyxia,

focal seizures, and stroke [29], and to study differences in patients' liver metabolites with

cinhosis and hepatitis [56]. However of all the applications of 3rp MRS, its use for

evaluation of the heart is among the most difficult. This is due to difficulty in obtaining

the spatial resolution necessary to define lelevant volumes of interest (vol) and to the

undesirable (from an NMR point of view) motion of the beating heart. Despite these

difficulties "P MRS has become invaluable to cardiac research because it offers unique

opportunities to examine the heart while it is subjected to a variety of physiological

conditions. ''P MRS is a powerful tool because it can monitor not only cardiac function,

but also the metabolic status.

Quantification ofhigh energy phosphates (HEP) in tissue has classically been performed

witlr the technique known as f'eeze clamping. This technique involves lemoval of tissue

samples with a biopsy needle which are rapidly fi.ozen (in less than a second) in liquid

nitrogen. High Performance Liquid Cluomatography (HPLC) is then used to quantify the

levels of HEP, such as PCr, and ATP, as well as Pi, This has proven an accurate and
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reliable method of analysis, but it is both highly invasive and cannot practically be

performed continuously.

The energy requirements of the heart necessary for the mechanical function are met

directly by ATP and PCr. As long as the supply of blood and oxygen are meeting the

demands of the myocardium Pi, PCr, and ATP will remain unchanged. However as soon

as flow is inteuupted, or oxidative phosphorylation is not meeting the energy demands of

the myocardium, there is a drop in PCr and a concunent sharp rise in pi within seconds

[79]. The PCr/Pi ratio provides information about the metabolic stare of the myocardium

and a sensitive test for ischemia (see Ischemía page 1-14).

Before an evaluation of 3lP MRS and a discussion of different NMR techniques and their

limitations is conducted, a brief overview of the underlying principles behind NMR will

be provided.

Resonance

Nuclear magnetic resonance Q.JMR) is a technique based. on the principle that certain

nuclei have an odd number of protons giving them what is known as net nuclear spin.

some examples are 'H, 
tH, 

''N, 
tto, 

'nK, ''p, 
13c, and t'Nu. since the nucleus is

charged its spin causes a small magnetic field pr.oducing a magnetic moìrrcnt. It is this

magnetic moment which causes the nucleus to behave as a,small magnet. If these nuclei

are placed in a strong magnetic field, refelred to as 80, the magnetic moments of the

nuclei will align themselves parallel or antiparallel to the axis ofthe field, along the z axis

(Figure 1-5). It is imporlant to clarify that by alignment of the nuclei it is meant that the
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larger population of spins are aligned in parallel with the field. The difference in

populations is proportional to the strength of the Bo held and results in a net macroscopic

magnetization. The process of alignment with Bo is known as The longitudinal or spin-

lattice relaxation and has a characteristic time constant called ?¡.

Figure l-5: Nucleus precessing about the z axis w¡th Boparallel to z,

The nucleus spins about its axis, however if it is tipped away from Bs then it will precess

about the z axis (Figule 1-5) with a natural angular frequency, known as the Larmor

û'equency (oto). r¡o is equal to TB0, whel.e y = propoÉionality constant, known as the

magnetogyric ¡atio of the nucleus [18]. A typical magnetic field str.ength for use with

humans is between 0.1 tesla (T) and 2.0T. The field strength typically used for a 3rp

1-33
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MRS experiment involving animals is very large; between 1.5 and 11.4T. In order to

compare the strength of this kind of magnetic field, keep in mind that the magnetic field

strength ofthe earth is approximately 5 x l0-5T.

The magnetic field that is experienced by a particular nucleus in a strong magnetic field is

known as the local magnetic field B¡ and is dependent on its chemical environment. For

example small magnetic fields may be caused by neighboring electrons or other charged

species altering B¡. Therefore two identical nuclei with different chemical environments

will experience different B¡, and with the Larmor equarion (<o0 = yB¡ (l-s), s:
contribution of a small secondary held caused by surrounding electrons) can be shown to

have different positions (known as chemical shift) in the NMR spectrum, caused by their

chemical envilonments. The chemical shift is usually expressed in the dimensionless

units of parts per million þpm).

It is possible to apply another rnagnetic field which is perpendicular to and rotates about

the z axis with equal frequency to the Larmor fi.equency. This is known as a rotating

frame of reference and the field is defined as B¡ (see Figure l-5). This rotating f,reld B,

may be generated by a small coil with a voltage across it oscillating with the Larmor

frequency. Applying B, causes the nucleus to tip towal.ds the x-y plane, by an angle 0,

where 0 = T B, tp and tp is the time the field is applied. A pulse of B¡ that has a duration

yBrtp = n/2 is known as a 90o pulse [18]. A 90" pulse causes the nucleus' magnetic

moment to tip onto the x-y plane. Now the net magnetization precesses in the x-y plane,

about Bo, at rrr¡, and causes an electromotive force (e.m.f,) to be induced in the coil of tlte
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probe which sunounds the sample. A coil is, in essence, a loop of wire which

encompasses the sample with its axis perpendicular to the axis of B6. Typically coils

consist of numelous wrappings of wire which may incorporate a number of variable

capacitors for tuning and optimizing the field homogeneity. The e.m.f. oscillates at co¡

and according to Faraday's law of magnetic induction, it's magnitude depends on the

amount of net magnetization, which is proportional to the concentration of nuclei in the

sample. As soon as precessing in the x-y plane begins there is a natural decay

representing the transverse (or spin-spin) relaxation, caused by spin-spin interaction. The

time for this decay to reach 63% is the transverse (spin-spin) rclaxation time constant

(Tr)'

iii. The NMR spectrum

The e.m.f. detected by the coil is amplified and digitized in the spectrometer. This signal

is called a free induction decay (FID, see Figure 1-6). The FID represents the initial

e.m.f induced by the magnetization precessing in the x-y plane with a decay

approximately equal to 22. In order to sepatate the differênt conponents of the FID a

mathematical operation known as a Fou'ier rransformation is performed. A Fourier

transformation converts the time domain signal (FID) to a frequency domain signal

(spectrum). This conversion produces a spectrìrm with peaks at distinct fi'equencies

(Figure 1-7).
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Figure 1-6: 3rP 
Free induction decay signal ofa beafing heaft at 7T.
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Figure l-7: 3rP 
spectrum after a Fourier transfotmation ofFigure 1-6.

-3O -4O ÞÞr

Figure 1-7 sltows an example of a phosphorus spectn¡m from an isolated beating heart

with six peaks of distinct chemical shifts, Working from left to right there is a reference
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peak which is phenylphosphonic acid (PPA), then Pi, then pCr, followed by the three

phosphates of ATP. All three ATP phosphates have unique chemical environments

resulting in the clear separation in their chemical shifts. There is significant overlapping

ofresonances from closely related compounds in the phosphorus spectrum. For instance

the Pi peak has overlapping resonances from the second phosph ate of 2, 3

diacylphosphoglycerate (2,3 DPG) contained in blood, and a broad sugar phosphate

resonance. y and cr,-ATP peaks also contain two resonances of ADp. In addition the NAD

resonance appears as a shoulder on the a-ATP resonance. Therefore the peak labeled y-

ATP is comprised of y-ATP and B-ADP, and the c¿-ATP peak consists of a-ATp, c¿-ADp,

and NAD. The B-ATP peak is considered to be mostly ATp with less fhan 5yo

contribution from other nucleotide triphosphates and for this reason is used to quantif'

ATP [34]. It is possible to quantitate the levels of all the high energy phosphates by

measuring the areas of the peaks obtained in the spectrum (see Analysing Spectra, page l-

42).

In addition to being able to quantifl, the concentrations of HEP it is also possible to

extract information about other ionic species from the chemical shift of certain peaks.

For instance the chemical shifts of the ATP groups are sensitive to the intracellular

concentration of magnesium, and thus magnesium may be monitored continuously and

non-invasively using 31P MRS [36]. Inhacellular pH (pHi) may be determined from the

chemical shift of the Pi peak.
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iv. Introcellular pH

In living systems inorganic phosphate exists predominantly as either HpOa2- or H2pOa-.

In solution these two forms give rise to one resonance with a frequency dependent on the

pHi [18]. It is possible to form a standard titration curve with which the chemical shift of

Pi may be compared and the pHi calculated. Therefore using 3lp MRS one may monitor

pHi continuously and non-invasively. There are, however, limitations to calculating pHi

in this manner which result from overlapping resonances in the pi peak (see Analysing

Spectra, page 1-42). In addition there is a source of error due to the nonlinearity of the

lelationship between pHi and the chemical shifi. This rou, O. ou"r.orne by dividing the

intensity axis of the resonance by the derivative of the Henderson-Hasselbalch equation

Í22]. Another source of error is that the standard titration solution only estimates

intracellular composition but may not accurately reflect the Mn 2* 
concentration, the salt

concentration, or the viscosity. There is a method of accurately calculating both pHi and

Mn2* concentration fiom the chemical shifts ofATP resonances [88].

Quantification

The goal of MRS is to be able to measure concentrations of metabolites continuously and

non-invasively, however, in order to do so one must first be able to quanti$ the spectra.

In theory, one need only measure the area under the peaks.to determine the contribution

fi'om a particular resonance, which is related to the concentration of a particular

metabolite. In plactice, however, there are a number of difficulties which must be
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overcome to analyze the data. There are a number of factors which are potential sources

oferor in interpretation ofthe spectra, such as errors arising from the MR equipment, the

biological system, and the final spectral analysis.

MR Equipment

Inhomogeneity of RF fields has been mentioned above, however the effect on the data

has not been discussed. Conclusions about the sample concentrations from peak

intensities makes the assumption that there is homogeneity of flip angles throughout the

sample. Ifthis is not the case, i.e. if 10% ofthe spins are at less than 90" angles, then the

signal will be weaker and there will be error in quanti$.,ing the concentration of the

sample. The extent of this error is dependent on a number of factors, one of which is the

degree of inhomogeneity in the coil. An additional problem may be found as a result of

the inhomogeneity of the B6 field caused by changes of the inegularly shaped sample,

such as a beating hear1. Therefore it is not only the MR equipment which can cause error,

but also the sample itself.

vu. Biological System

The use of MRS by a chemist for analysis of in vitro compounds and determining

molecular sttucture of soiutions, is relatively uncomplicated compared to the complexity

presented by biological systems. In a biological system there is a myriad of interactions

between compounds of completely different electronic environments, providing different

chemical environments. This is responsible for such observable phenomena as alterations
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in 7r and 12, nuclear coupling such as spin-spin coupling (J-coupling), and distortions in

the phase of spectral lines and of the baseline. A biological system contains a relatively

high concentration of ions and is therefore able to conduct electrical current. The

generation of an electrical current within the sample is responsible for creating noise and

diminishing the SNR. It is also responsible for the phenomenon known as eddy currenîs.

An RF pulse causes the magnetic moment to tip onto the x-y plane producing net

magnetization and an induced e.m.f. in the coil, however in a biological system there is

an additional back e.m.f, induced in the sample. The e.m.f. induced curents are

conducted through the sample, the extent of which depends on the amplitude and

frequency of the RF pulse, and on the conductivity of the sample [18]. Eddy cur.rents

dissipate power, which may be equated to resistance; affecting another parameter known

as coil loading. Essentially coil loading refers to the receiver efficiency, which involves

the inherent resistance of both the coil and the sample; also coined The quality factor or e

factor [12]. The Q factor is related to the dielectric constant (conductivity) of the

sample. The difficulty in using biological systems, such as a whole heart, is that the

dielectric constant changes throughout the experiment with changes in volume; such as

edematous swelling seen during ischemia. A change in the dielectr.ic constant alters Q

and thelefore can alter the observed height, phase, and width of the peaks in the specttum,

as well as a loss of signal. This source of enor is difficult to account for when acquiring

MR spectra, however it may be minimized by using specialized coils (tuned coupling coil

for matching), and special electronics (low impedance pleamplifiers) which partially

I-41
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remove the dependencies ofreceiver efficiency on sample volume, therefore significantly

reducing the problem ofchanges in coil loading [30].

viii. AnalysingSpech'a

In order for MRS to be useful as an analytical tool, a reliable and efficient method for

analysis of the spectra must be available. There are a number of complications which

must be overcome befole the data can be meaningfully interpreted. A standard method

fol quantifiiing FID's is a Fourier transformation and then quantification of the areas

under the peaks. The traditional method of manually measuring the area under the peaks

is extremely labour intensive and is not practical for large quantities of data. Computer

analysis is possible, but at present involves first fitting. the spectta with Lorentzian

approximations through firnction fitting algorithms. Although this method offers a high

degree of automation and provides a means of accounting for contributions from

overlapping resonances, it brings with it the error involved in approximating a fit [15].

The software used to fit the spectra generally require à great deal of coaxing and

definition which is intrinsically a subjective process. There are a number of overlapping

resonances which constitute the 
3lP MR spectrum of living tissue (see The NMR specttum

page 1-35). Overlapping resonances present a number of difficulties in interpretation

because ofthe their uncertain relative contribution to the observed peak. The calculation

of pHi is a good example of this complication. Typically the calculation of pHi uses the

chemical shift of the Pi peak from 31P spectra. There are, however, a number of

overlapping resonances at the same position as Pi which obscure the exact location ofthe
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Pi resonance. This problem is acute during the normal metabolic state when the Pi peak

is low. Ischemia reduces the problem because of the dramatic elevation of pi and

diminished relative contribution f¡om the other resonances. There are a numbe¡ of

techniques for overcoming this dilemma. Firstly, estimating the contribution frorn the

other contaminating resonances is possible by modifting the biological system, such as

lowering the concentration of blood to diminish the contribution from the second

phosphate of 2, 3 DPG, imposing ischemia on the heart to identiS the location of the

other resonances, or comparing to spectra of a sample of whole blood. Once the

contribution of the other resonances have been estimated, they may be eliminated by

subtraction using processing software such as Allfit (in-house software developed by

Informatics, IBD, NRC used for peak fitting tltough algoritlln functions).

Summary

Studies using experimental animals have demonstrated 3lP MRS to be an invaluable

analytical tool for studying metabolic changes of the heafi, It is ideally suited, and has

been extensively used for the study of a number of clinically related pathologies

involving cardiac energetics. Some examples ae ischemia [90], reperfusion injury [59],

myocaldial stunning [41], cardiomyopathies [50], myocardial protection (Tian G, et al.,

1994 J Thorac Cardiovasc Surg; fupress), transplant preservation [44], and the kinetics of

cleatine kinase reactions [21]. Its sensitivity to ischemic metabolism has led to its use in

studies of cardioplegia such as this one. The limitations and sources of error with 3lP

MRS are being addressed with technological advances, such as superior forms of data
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analysis with fitting software such as Alffit, which set out to minimize interpretation error

in the data and increase the efficiency of data processing by providing a signifìcant

amount of automation. At its present state of development 3lp MRS has not only been

shown capable of monitoring HEP and pHi from a large volume of tissue such as the

right and left ventricles, but also by using localization techniques can monitor a small

volume of interest such as the apical septum of the heaú in vivo [86]. In addition it is

able to monitor levels of HEP in discrete layers of the myocardium, such as the

subepicardial and subendocardial layers of the ventricular wall [55]. 
3tp MRS is

potentially an extremely powerful analytical tool which provides insight into the

metabolic process of the hearl. It is able to provide information about the key energy

metabolites essential to cardiac function and contribute to our overall understanding of

effects of external conditions on myocardial metabolic status.



2 Materials and Methods

The Perfusion Systent

The perfusion system (see Figure 2-1) was designed with the following goals: I) The

whole isolated beating heart preparation had to be inserted in the MR inshument while

providing continuous perfusion. In or.der to accomplish this, the tubing had to be of

sufficient length to reach in the NMR instrument while keeping the perfusion pump at a

safe distance fi'om the strong magnetic field. 2) The system had to be remotely switched

fi'om a norrnokalemic to a hyperkalemic system, and from antegrade to retrograde flow.

This was accomplished by using a two reservoir system gonnected to the arterial line

through a common Y connector. Entirely remotely (without disturbing the position of the

heart within the NMR instrument) antegrade flow was switched to retrograde

cardioplegic delivery by opening stopcock B and closing stopcock A, closing the hydro-

occluder to prevent bypassing of the coronary sinus, filling the retroplegic cannula

balloon, and opening the aortic vent to allow venous return (See Figure 2-2). 3) In

order to keep the blood in the system autologous and eliminate the need for. a donor pig, a

minimal plime was necessary. This was achieved with the use of components designed
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internal diameter tubing. The blood wasfo¡ use with human neonates and minimal

oxygenated using a Capiox

Figure 2-l: Perfusion system shorving the heart (l), the coil (2), the arrerial filter (3), roller pumps (4), 2

reservoirs (5), and neonatal oxygenator (6).

Magnet
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Figure 2-2: Arterial infusion line specially designed for use in the NMR insh.r¡ment
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neonatal, hollow fiber oxygenator (Stat Health Corporation, Calgar.y, Canada). The

oxygenator was connected to a gas mixer, which was set at approximately 95/5 O2/CO2.

The blood was filtered of any particulate matter with a Dideco 20 ¡rm pore neonatal

afierial filter (Sorin Biomedica Canada, Richmond Hill, Ontario). Normothermia (39.C

in the pig) was maintained with a heat exchanger in the venous reservoir and the

oxygenator. The perfusion system was minimally primed with l L of Lactated Ringer's

solution çNa* 130 mM, K* 4 mM, Ca2* 1.5 mM, Cl- 109 mM, Lactate 2g mM) and mixed

with 350 ml of whole blood collected during surgery for a hematocrit of between 12 and

r5%.

ii. Surgical procedure

Sixteen pigs (30 - 50 kg) of either sex were sedated with an intramuscular injection of

ketamine hydrochloride (20 mg/kg), xylaxine (2.2 mg/kg), and arropine (0.03 mg/kg).

Topical xylocaine was sprayed on the larynx to prevent. spasmotic tightening during

inserlion of the endothracheal tube, which was used for ventillation and maintenance of

anaesthesia. Anaesthesia was maintained with Isoflurane (1 - 15% at 2 L/min) and

inspired and expired values were monitored using an Olureda 5250 respiratory gas

monitor (Ohmeda, Madison, MI, USA). A srnall midline incision was made just superior

to the thyroid cartilage and the intelnal carotid and jugular were dissected. The carotid

artery was can¡ulated for blood pressure measurement and exsanguination of

approximately 350 ml of blood over the whole surgery. The blood was used for minimal

prime of the perfusion system (see The Petfusion Systeit above). Lactated Ringer's

aÀ
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solution was used for volume replacement and was infused in the external jugular vein.

After a midline sternotomy the brachiocephalic artely was isolated. Intravenous heparin

was administered (660 units/kg) and the aorta was cannulated with an RMI 9 Fr, 3 lumen,

anteplegic cannula (Canadian Cardiovascular, Mississauga, Ontario, Canada). The

anteplegic can¡ulaton was performed by first placing 2 concentric purse string sutures on

the proximal aorta. The cannula, which contains its own stylette, was stabbed into the

aorta at the center axis of the purse string sutures. The sutures wele then used to fasten

the can¡ula to the aolta. Th¡ee lumens simultaneously provided a pressure line, perfusion

line, and a vent for removing air. During tetrograde perfusion the vent provided a means

of venous sampling. Umbilical tape was placed around the brachiocephalic artery and

around the aortic arch between the blachiochephalic and left subclavian arteries.

Perfusion down the aortic root was initiated keeping the per.fusion pressure in the aorta

between 75 and 85 mmHg, requiling a flow rate of 250 to 550 ml/min. The heart and

lungs were isolated en-bloc taking care not to cut the esophagus. The weight of the heañ

was distributed equally tllough suspension from the aofia. This was done to ensur.e that

aortic distofiion would not cause aortic valve incompetence. The hemiazygous vein was

closed with a purse string suture and the coronary sinus was cannulated by a transatrial

insertion of a dual lumen 13 Fr retroplegic camula (Sarns, 3M, London, Ontario,

Canada), providing concurrent perfusion and pressure monitoring. The position of the

cannula was detelmined by palpation ofthe coronary sinus and by visual examination so

as to be deep enough to prevent extensive leaking into the right atrium, but not too deep

2-5
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where blockage of proximal venous tributaries might occur. The position was secured by

fastening the can¡ula to the atrial wall with a loop suture. A stabilization period began

with antegrade flow and blood content was adjusted whenever necessary to ensure

potassium and calcium concentrations of approximately 4 mM and I mM, respectively.

Hematocrit was maintained at 15%o - 20%. PCO2 and PO2 were maintained at 35 - 40

mmHg and above 200 mmHg, respectively. PO2 was held above 200 mmHg to ensure

sufficiently high oxygen saturation of the blood (>99%),

iii. PreparatíonforPhysíologicalMonitoûng

The mitral valve leaflets wele freed by carefully cutting the cordae tendenae. A

phenylphosphonic acid (PPA) char.ged, compliant balloon (unstressed volume >50 cc)

was inse¡ted in the left ventricle via the left atrium for assessment of the diastolic and

systolic function before and after the amest period. The balloon was held in place with a

purse-string suture enclosing the mitr.al valve leaflets. PPA was used as a chemical shift

and peak area standard for the 3lP MRS (see The NMR spectt.um page 1-35). The aofic

root, coronary sinus, and left ventricular (baltoon) pressure lines were connected to

independent pressure transducers (Cobe Canada Ltd., Scarborough, Ontario, Canada) and

cleared of all inline air. The transducers were calibrated and zeroed and the entire

preparation was placed in the NMR probe. The coronary blood flow was 1 - 1.5

ml/g/rnin to maintain aortic root pressure of 75 - 85 mmHg. The whole heart weight

(HW) was estimated fi'om the previously measured bqdy weight (BW) using the

2-6
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empirical formula; HW (g) = (BW (ke) x 4.118) + 5.4 (Tian, G, unpublished). Placemenr

of the retroplegic carurula was reassured by monitoring the coronary sinus pressure,

which was maintained at 45-55 mmHg, requiling a flow rate of 100-150 ml/min.

iv. FunctionalMeasurements

Pressure transducers were connected to a multichannel Gould TA 5000 polygraph

recorder with digital output (Gould, USA). End diastolic pressure was set at 5-10 mmHg

by filling the ventricular balloon with a known quantity of PPA. Cardiac function was

assessed using the first derivative of left ventricular pressure, giving rates of myocardial

contraction ( + dP/dt ) and relaxation (-dP/dÐ. Healt rate and developed pressure were

incorporated into the functional parameter rate-pressute pr.oäuct (RPP).

Protocol for NMR Study

After tuning the NMR probe and optimizing the magnetic field, a series of 2 minute 3rp

spectla were acquired on the beating heart perfused with normokalemic blood at 39"C (30

min). The normothermic blood cardioplegia (blood mixed with Lactated Ringer's

solution for a hematocrit of 15-20% and adjusted to obtain a final KCI concentration of

18 mM) was initiated antegradely then maintained (group. I), or switched to retrograde

flow (group II), for one hour during which a series of3lP spectra was acquired. After the

arest period ofone houl, recovel'y of notmal sinus rhythm was achieved by switching to

the normokalemic venous reservoir and allowing the hyperkalemic solution to wash out.
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Once a stable sinus rhytlm was achieved a final series of NMR spectra was acquired (30

min) for a total acquisition time of 2 hours. The spectra were acquired using a 7T, 40 cm

bore magnet. At 7T, 3lP 
lesonanted at 121.5 MHz. Sixty scans with a delay of 2 seconds

and a sweep width of 12 000 Hz were used for one file of 2K. The pulse length was

between 60o and 80".

vi. Processing the NMR Data

Figure 2-3: A spectrum approxirnated with the use ofLorenztian peaks.

The raw FID's were transferred to another software package called UXNMR- P (Bruker,

Germany). UX|IMR-P was used to process the data with a.line broadening of 20 Hz and,
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auto phase cor¡ection. No baseline conection was performed. The spectra were then

converted to ASCII files to be read by the in-house software, Allfit, Another spectra

processing software package called Xprep was used to fìnd the centroids ofthe data sets,

which could be used fol placement of the Lorentzian peaks for fitting of the spectra. Nine

peaks were placed for an optimal fit ofthe spectra (see Figure 2-3) . Once the peaks were

placed, they could be saved into a peak table and entered into a journal file for automatic

fitting of all the spectra in one data set. The journal file is a set of instructions with a

number of constraints for Allfit to be able to opitmally fit the spectra. Figure 2-4 shows

an sample joulnal file which was developed to optimally fit a wide range of spectra from

these experiments. The f,rlst 9 lines give the placement instructions ofthe 9 peaks which

Allfit will use to fit the spectla.

2-9



E. F. Hoffenberg 2-10

heights=O.991 422 widths:70.3 I 25 positions:-37.3395 phases=O.00000
addpeak heights=0.22658'1 widths:150.000 positions=-45.9401 phases=0.00000
addpeak heights=O.398015 widths=407.812 positions=-47.373 6 phases=0.00000
addpeak heights=0.889224 widths=98.4375 positions=-52.6295 phases=0.00000
addpeak heights=O.391422 widths=182.812 positions:-55.3052 phases=0.00000
addpeak heights=0.444169 widths=126.562 positions=-60.2744 phases=O.00000
addpeak lieights=0.2727 4l widths:126.562 positions=-68.9706 phases=O.00000
addpeak heiglrts=0.07 49385 widths:942.187 positions=-5 3.9673 phases=0.00000
addpeak heights=O.0551582 widths:150.000 positions=-50.6227 phases=O.00000

constr'âin peaks=(1,2,3,4,5,6,7,9) phases=(O,0,0,0,0,0,0,0)
plra sefreedom =(2 0,20,20,20,20,20,20,20)
constrain peaks=( 1,2,3,4,5,6,7,9) positions=(-37.33,-45.94,-41 .37,-52.62,-55.30,-60.27,-69.97,-
50.62) posfreedorn=(0.6,0.3,0.6,0.6,0.6,0.6,0.6,0.6)
constrain peaks=(8) widths=2600 widthfreedorn=2400

in peaks=(2) widtbs:75 widthfreedorn=75
constrain peaks=(9) widths:75 widthfreedom:75

olr off
arquardt Metlìod

lt rp
%SMSimplex_Method
curvefit sp

%SMSimplex_Method
culvefit sp

%SMSirnplex_Method
curvefit sp

%SMSirnplex_Method
curvefit

Figure 2-4'. Exarnple of ajournal file used by Allfi

The constraints described in Figure 2-4 involve constraining peaks 1-7, and 9 to a phase

from -20o to +20o and a defined position with 0.6 or 0.3 degrees of freedom in position.

The 8th peak was used as a baseline col'rection. This purpose was assured by giving no

position or phase constraints for this peak. A width constraint was used to reduce the

probability of the peak being used by Allfit to fit one ofthe 6 peaks of interest. The 8th

peak was permitted to have a width between 200 and 5000 Hz. The Pi peak was fit with

3 Lorenztian peaks in order to account for the overlapping resonances in that region ofthe



Antegrade and Retrograde Warm Blood Cardioplegia 2-t1

spechum (see page I -35). Knowing that peaks 2 and 9 were used for the region of the Pi

peak that should not change throughout the experiment they were constrained in width

between 0 and 150 Hz. Therefore the resulting changes seen in peak 3 may be assumed

to be primarily due to changing Pi concentration.

vii. Data Analysis

The heights of MR spectral peaks were normalized with respect to the leference peak and

were used to determine the relative changes in Pi, PCr, and ATP (the resonance of the ß-

peak of ATP). The values were then fufiher pr.ocessed using Microsoft Excel, version 5.0

(Microsoft Corporation, USA), appended to functional data and exporled to the software

package, Statistica 4.5 (StatSoft, Tulsa, Oklahoma, USA) for statistical analysis. Data are

presented as the mean * standard ertor ofthe mean. The data were tested for significant

differences using both the Student unpaired t test for independent samples and the non-

parametric Mann-Whitney U test. Data wele considered significant atp values less than

0.0s.

viii. Animal Care

All animals received humane care in compliance with the "Guide to the Care and Use of

Experimental Animals" published by the Canadian Council on A¡imal Care [1 1].



3 Results

3l n¡¡ect of ANBC antl RNBC on Myocarrliøl High Energy

Metobolìtes

The relative changes in Pi, PCr, and ATP in both groups during anest are shown in

Figure 3-1. Antegrade cardioplegia caused no significant change in high energy

metabolites such as PCr, and ATP, or in Pi. Retroglade cardioplegia caused immediate

(occurring within 2 minutes, see Figure 3-4) changes in Pi and PCt, 197Yo + 15o/o and

51% + 6% of control, respectively. RNBC resulted in a gr.adual drop in ATP to 72yo +

30% of control. When compared to ANBC all changes in high energy metabolites during

RNBC were statistically significant (p<0.05). The extent of recovery in levels of high

energy metabolites ale shown in Figure 3-2. The alterations in Pi and PCr which

occurred during RNBC, were reversed (within 2 minutes, see Figule 3-2) after testoration

of function, with no significant difference compared to the ANBC group þ<0.05). ATP,

however, did not completely recover in the RNBC group and remained at Tgyo + 2.4% of

its initial control. The difference in recovery of ATP between the two gr.oups (ANBC and

RNBC) was significant þ<0.05). Figure 3-2 gives an example of the changes seen in
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high energy metabolites throughout the experiment in the retr.ograde group. It is clear

from this diagram that the levels ofHEP were relatively stable until at 22 minutes into the

experiment when RNBC was initiated. Within 2 minutes of initiation of RNBC, pCr

dropped precipitously until it reached a plateau which lasted tluoughout the arrest period.

There was a concunent, dramatic rise of Pi which also r.eached a plateau and was

maintained throughout the arrested period. Both PCr and Pi retur.ned to approximately

100%o of initial levels within minutes of switching to antegrade perfusion. In the

anteglade group the levels of HEP were maintained tluoughout the experiment (see

Figure 3-3).

3-2
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Alrest % Recov oZ Anest 0% Recov o% A¡rest 0% Recov o%

Group Pi Pi PCr PCr ATP ATP

Antegrade

SE

105.07 126.90 104.78

6.16 8.42 5.18

102.49 93.66

9.50 4.43

100.97

8.46

Retrograde

SE

r97.74 t02.71

14.92 16.51

5t.29

6.03

98.29

5.0s

72.59 79.22

3.22 2.44

Table 3-l: Summary ofchanges in HEP fron control duling arest and recovery. An asterisk indicates a

significant difference (p<0.05) benveen the hvo groups,
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Figure 3- l: Effect ofANBC and RNBC on high energy metabolites during a est. An asterjsk indicates a

significant difference (p<0.05) between the two groups,
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Fìgure 3-2: A comparison ofthe recovery ofPi, PCr., ATP after either RNBC or ANBC. An

indicates a significant difference (p<0.05) between the two groups.
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Figures 3-5 and 3-6 show an examples of spectra during the conh.ol beating, anest, and

recovery periods. Note the stable Pi and PCr peaks in the antegrade group. In the

retlograde group there is a visible increase in the Pi peak and a decline in the pCr peak,

3.2 Intracellulnr pH

A summary of the changes seen in pHi for both groups is given in Figure 3-7 and Table

3-2. Antegrade cardioplegia maintained normal pHi values, however retrograde

cardioplegia caused a gradual decline in pH of almost 0.4 urrits to 6.8 + 0.2 over.a period

of40 minutes (see Figure 3-7). When nolnal sinus rylrthm was restored after one hour of

RNBC by switching to the normokalemic reservoir, pHi returned to normal and was not

statistically significant compared to the ANBC group (p > 0.05).
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Group

Control

pH

Arrest Recovery

pH pH

Antegrade

SE

7.43 7 .19

0.08 0.06

t.3z

0.08

I .^L6

0.24

Retrograde

SE

6.84

* 0.17

7.14

0.1 I

Table 3-3: Changes in pHi during anest and recovery. An asterisk indicates a significant difference

(p<0.05) behveen the two groups.
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Figure 3-7: Changes in pHi seen in the ANBC and RNBC groups. An asterisk indicates a signihcant

difference (p<0.05) between the two groups.
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Figule 3-9: Changes seen in pHi versus time with RNBC

3.s Myocarditrl Contractìle Functìon

Figure 3-8 and Table 3-3 show a comparison of the recovery in +dP/dt, -dP/dt, and Rpp

between ANBC and RNBC gloups, All values are expressed as a percentage of the

control, recorded at the end of 30 minutes of function prior to initiation of cardioplegia.

The mean recovery of +dP/dt and -dP/dt for the antegrade gl.oup was 68%+9% and 650/o

* 7%, respectively. In the retrograde group the recovery of+dP/dt and -dP/dt was 61% +

7%o and 57%o + 7%, respectively. RPP was 52% + 8% in the RNBC group and 64% + 7%o

in the ANBC group. Although retrograde cardioplegia caused a consistently lower
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recovery of myocardial function, the differences between the two

statistically signifi cant þ>0.05).

3- 15

groups were not

Group

Recov o/o Recov o/o Recov o/o

+dP/dT -dP/dT RPP

Antegrade

SE

67.90 64.76

8.49 6.94

63.88

8.23

Retrograde

SE

60.50 57.32 52.58

6.82 6.61 6.84

Table 3-4: Recovery of left ventricular function.
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4 Discussion

4.t The Modet

i. Using NMR to Study Cardioplegia

There has been a great deal of resealch probing the efficacy of RNBC to protect the

myocardium during alrest. A number of these studies have supporled the clinical use of

RNBC, demonstrating it provides equal, if not superior, p¡otection for the myocardium

during some procedures relative to ANBC [2,10,40,5 8,78]. Recently work has evaluated

the changes in myocardial metabolism, including pHi and ATP in retrograde warm blood

cardioplegia [81]. Howevel there has not been any evaluation of rnyocardial metabolism

during RNBC using the continuous and non-invasive probe of cellular metabolis-, 3lp

MRS.

3tP MRS can plovide continuous measurement of Pi, PCr, ATP, and pHi. The protocol

chosen fol acquiring data in this study allowed for a time resolution of 2 minutes

thloughout the expeliment. This time resolution was chosen as optimal with both a good

signal to noise ratio, and an adequate time for observing changes in metabolism. The 
3rp
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MRS model allowed initiation of RNBC while continuously monitoring myocardial

metabolic status.

ii. The Isolated Heart Model

The model for this study was developed to allow isolation of a perfused beating porcine

heaú without any incidence of ischemia or hypothermia. The absence of ischemic or

hypothermic insult during isolation prevents any undesired secondary effects, such as

preconditioning or stunning ofthe myocardium. The isolated heart was chosen over the jø

sif¡¿ model to remove unwanted secondary neutal and humòral influences on myocardial

metabolism and function. In so doing, observed changes could be attributed to the effects

of a particular cardioplegic method on myocaldial metabolisrn and function, instead of

secondary corporeal effects. In addition, the isolated hearl preparation is more easily

placed in the bore of the 7T magnet than the whole body prepar.ation used for in vivo

studies.

iii. The Experimental Animal

The porcine heart model was chosen over other models because it is more similar to that

of the human heart in terms of biochemistry, size, and susceptibility to fibr.illation than

that of the more commonly used rat or dog. The porcine heart is also similar to the

human heart in its anatomy of the coronary system, which is clucial to this study because

ofthe issue ofheterogeneic perfusion distribution during RNBC (see below).

4-2
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4.2 Interpretation of Resulls

i. Effect ofANBC and RNBC on High Energt Phosphates

Inorganic phosphate and high energy metabolites such as PCr and ATP were preserved in

the myocardium during antegrade cardioplegia. However homeostasis failed to be

preserved when retroglade cardioplegia was used and within minutes there was nearly a2

fold increase in Pi, and PCr dec¡eased by half. This is a strong indication of transition to

ischemic metabolism [60]. Under anaerobic conditions when oxydative phosphorylation

shuts down, ATP is plimarily generated with the breakdown of PCr tlu.ough the creatine

kinase catalyzed reaction:

PCr + ADP + H+ <+ creatine + ATP, ATP = ADP + Pi.

Accordingly the decline of mitochondrial ATP ploduction ,n.un, that Pi will accumulate

and PCr will decrease. This makes the PCr/Pi ratio a very sensitive indicator of ischemic

metabolism. The buffeling effect of ATP production with the br.eakdown of PCr explains

why the changes seen in ATP, in response to the onset of ischemia, are gr.adual compared

with Pi and PCr which altel dramatically within minutes. The observed rapid transition

from aerobic to anaerobic metabolism after initiation of retroglade cardioplegia is

indicative of inadequate supply relative to demand typical of hypoper.fusion ischemia.

The oxygen demand of a beating, unstressed heart is normally approximately l0

ml/i00g/min. Normothermic cardioplegia reduces the demand to approximately 1

ml/10Og/min [9]. In our study the typical flow for RNBC was between 80 and 150
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ml/min with an arterial PO2 of approximately 500 mM. The hematocrit was maintained

between 15 and 2}%owith a hemoglobin concentration of appr.oxirnately 5-7 g/dl. Total

arterial oxygen delivery capacity is equivalent to the total blood oxygen content

multiplied by the flow rate. Afierial content may be calculated by using the following

formula:

Hb (g/dl) x SO2 /100x 1.39 ml/g + 2.35/760 xPO2,

where 1.39 ml/g is the binding co-efficient for milliliters of 02 to grams of hemaglobin

(Hb) and 2.35 is the carying co-efficient for. milliliters of 02 per 100 ml of blood per

atmosphere of pressure. Therefore assuming the following òonditions:

coronary flow tate = 150 ml/min
hematocrit = 200%

hemaglobin concentration : 7 g/dl
PO2: 500 mM
arterial 02 saturation (SO2 ): 100%
The arterial 02 content (ACO) would be;

(7 gldl x 1 x 1.39 ml of 02 lg of Hb + 2.35 ml of 02 /760 Torr x 500mM of Or) = 11.3 -t
o2ldl.

The 02 delivery capacity is the ACO, multiplied by the flow rate,

0.113 ml C.2lmlx 150 ml/min = 16.9 ml/min.

Therefore for a heart weighing 3009 this 02 delivery would be 5.6 ml/l0Og/min.

However if 65-75% of that flow is non-nutritive, i.e. it is shunted tluough the Thebesian

vessels [80], then only approximately 1.4 ml/l0Og/min of02 are delivered. The oxygen

demand of the arrested heart is 1ml/100g/min therefoe this calculation suggests a

sufficient nutrient flow to meeting the metabolic demands of the anested myocardium.

4-4
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However this calculation makes the basic assumption that there is homogeneous flow

distribution, which other studies have shown not to be the case during retrograde flow

[1,47]. This suggests that there are areas ofthe myocardium which may be inadequately

perfused, despite the total oxygen delivery of 1.4 ml/lO0g/min.

Antegrade cardioplegia is able to maintain aerobic metabolism as indicated by the lack of

signif,rcant change in pHi. Retrograde cardioplegia, however, causes a significant decline

in pHi þ < 0.05) to a value of 6.84 + 0.17. pHi recovers upon antegrade reperfusion with

ultimately no significant differences between the two groups (p > 0.05). The decrease in

pHi during retrograde caldioplegia indicates a moderate intracellular accumulation of

plotons and is further evidence that RNBC does not maintaìn aerobic metabolism, There

seems to be sufficient coronary flow during RNBC to .washout metabolic wastes thereby

limiting the accumulation of protons and pleventing the onset of severe ischemia. These

observations are consistant v/ith work by Stahl, et al. where, it was found that initiation of

RNBC caused a decrease in pHi (< 6.8 after 2 hours), a concurrent rise in myocardial

lactate concentration, and a significant decrease in recovery of left ventricular function

t811.

The rates of isovolumic contraction and relaxation are given by the first derivative of the

left ventriculal pressure culve (+dP/dt). In this model the preload is constant therefore *

dP/dt are dependent on myocardial contractility and reflect cardiac function [51].

Although the recovery of all functional parameters in the retrograde group was

consistently lower than the antegrade recovery, there was no significant difference
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between the groups (p > 0.05). This may explain why some clinical studies have not seen

any signifrcant difference in function between the two cardioplegic methods [58].

One hour of anest was chosen because it mimics the typical cross clamp period during

bypass surgery, however it is possible that no significant differences in function between

the two groups was observed because the time of RNBC was not long enough. At the

end ofone houl anest in the retrograde group, ATP was reduced to approximately 80% of

its initial amount. Studies have shown that there is a threshold of 80% ATP, below which

the extent of functional recovery diminishes significantly [87]. It is possible that if the

period of RNBC were longer, ATP stores would be further diminished and a significant

difference in functional recovery would have been observed.between the two groups.

Limitations of the Model

All the limitations previously discussed (see Magnetic Resonance Spectroscopy page 1-

30) in acquiring and processing NMR data are inherent in.a project of this nature. The

potential error caused by overlapping resonances at the same fi.equency of Pi has been

minimized by using Allfit to estimate the other peaks. Included in this potential enor is

the lack of accuracy which remains in calculating pHi values during normal metabolism.

However the goal of this study was to determine the lelaiive changes of HEP and pHi

during RNBC and this was accomplished by demonstrating a visible change in these

parameters compared to ANBC.

The coil used for the acquisition of MRS is large and encompasses the major.ity of both

the right and left ventricles. Therefore information about the rnetabolic status of the
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myocardium from this study is limited to an average ofboth ventricles. Therefore little

infonnation is available concerning the flow distribution during either cardioplegic

technique. Although this model is limited because it does not provide localized

information, the results obtained from this study provide a useful indication ofthe overall

metabolic status of the myocardium during either retrograde or antegrade perfusion and

corelate those effects to function. The metabolic and. functional data given here,

combined with plevious flow distribution studies, allow us to draw a number of

conclusions about the efficacy ofRNBC in normal porcine heafts. Cardioplegic deliver.y

could not be confirmed other than by monitoring the coronal.y sinus pressure and

observating the venous return from the ao¡tic root during RNBC. This may be improved

in the future by the combination of this model with the use of radiolabeled microspheres

which would confirm the delivery ofcardioplegia to the end organ target.

The limitation in using a porcine heart involves species specificity. Other than the

plimate heart, the pig hearl is thouglrt to be the closest modèl to that of the human. There

are however limitations in extrapolating data obtained with this model for application to

humans. For instance it has been suggested that the porcine heart has a mor.e extensively

developed venous system, including sliunts such as the Thebesian veins. In addition,

there are other minor differences in anatomy between the porcine and human heart. One

such difference is the existence of an anomylous vein called the hemiazygous which, in

pigs only, anastamoses with the coronary sinus. Without closing this anomylous vein any

attempt at perfusing into the coronary sinus would be fruitless.

4-7
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The isolated hearl model has the advantage of removing external influences such as

neural and hormonal responses, however the isolation is relatively invasive and

maintenance on bypass without any hormonal protection can result in cell damage and, in

combination with the lower hematocrit used for blood car.dioplegia, can result in

extracellular edema. In addition, perfusion for one hour with hyperkalemic cardioplegia

may cause reversible disturbances in cardiomyocyte calcium handling and ir¡eversible

alterations of myofibril function causing the relatively low functional recovery observed

in both groups [43]. Use of a normal, healthy heafi provides a less clinically relevant

model than one which has been ischemically injured or one on which acute coronary

occlusion has been imposed. Although the results of this study have shown that RNBC

causes a transition to ischemic metabolism, it is possible that in the more clinically

relevant, coronary obstucted model, RNBC could provide superior protection to the

myocardial tissue supplied by the occluded artery compared to ANBC. This advantage of

RNBC in the occluded LAD model has been demonstrated by a number of studies

[66,671. One hypothesis for this observed advantage of RNBC in superiorly protecting

myocardial tissue distal to an occluded LAD is the observed pr.eferential perfusion ofthe

more susceptible sub-endocardial tissue distal to an occluded coronary artery [67]. This

issue is currently being addressed \zvith the development of a model in which the LAD

branch ofthe coronaly artery is occluded and localized "P NMR spectroscopy is used to

evaluate and compare the metabolic state of the myocardium distal to the occlusion. In

addition the localized spectroscopy may be used transmurally, with the use of a surface
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gradient coil, to observe distinct layers of the ventricular wall [35]. This approach should

resolve whether RNBC is advantageous in protecting the susceptible regions of both

ventricles in cases involving coronary occlusion.

The possible failings of RNBC to adequately perfuse cefain areas of the myocardium

have been addressed by Ihnken et al. where it was shown that RNBC and ANBC could be

safely combined to provide simultaneous perfusion of the coronary sinus and the

proximal aorta [33]. This was a comprehensive study which included both an

experimental animal model and a clinical trial. Porcine heafs were used for with t hour

of aortic clamping, during which simultaneous retrograde and antegrade cardiolegia was

delivered at 200 ml/min. Coronary sinus pressure was maintained at less than 30 mmHg,

there was no right or left ventlicular edema, lactate productìon, or lipid peroxidation, and

there was good recovery of postbypass left ventricular end-systolic elastance and preload

recruitable stroke work index (101% * 3%o and 109% + 90%, respectively) [33]. The

clinical segment of the study included 155 high risk patients with an average clamping

time of 94 minutes, 18 patients required post-operative circulatory assistance, 16 of

whom were in cardiogenic shock pre-operatively. The incidences of post-operative

myocardial infarction was 2%o and the mortality rate was 4% [331. This study

demonstrated that simultaneous aortic root and coronary sinus perfusion is a viable

cardioplegic strategy which takes advantage of the benefits of both antegrade and

retrograde delivery.
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43 Conclusion

4- 10

Retrograde flow requires lower flow rates (0.3 - 0.5 ml/min/g) to avoid damaging the

coronary sinus. In addition a large percentage of the perfusate flowing tlu.ough the

colonary sinus is diverled through collateral veins and is therefore non-nutr.itive. This

study has shown that in the normal isolated porcine heart, RNBC causes a transition to

ischemic metabolism within minutes of initiation; indicated by a rise in Pi, decrease in

PCr, pHi, and gradual decline of ATP. The RNBC reduced pHi to 6.8 after one hour

therefore ischemia was only mild, and with the exception of ATP, there was no

significant diffelence in recovery between the two groups (p > 0.05). Although clinical

data suggests that RNBC provides adequate protection of the myocar.dium, in this model

RNBC did not provide sufficient nutlitive flow to maintain aerobic metabolism. It is

possible that the deleterious effects of RNBC are not observable other than with NMR or

with an intracellular pH probe [81], however these effects are still relevant because they

indicate a compromised myocardium which demands caution should flow need to be

intenupted for any reason during surgery. It is also possible that given the limitations of

this model (see limitatíons of the model above) that RNBC is more efficacious in human

than in porcine hearls. The results fiom this study suggest that the continuing research in

this alea utilizing localized spectloscopy and more clinically relevant models are

waranted, and should provide information fuitheling our evaluation of RNBC as a means

of cardioplegia.
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