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1. GEMERAL INTRODUCTION

It is well known that myocardial ischemia as a result of narrowing (steno-
sis) of a coronary artery is most pronounced in the subendocardial (or inner)
layers of the heart muscle. The greater vulnerability of the inner layers is
demonstrated not only by the significantly lower blood flow in these layers
during ischemia as compared with the other layers of the myocardium (Jageneau
et al, 1975; Reneman et al, 1975; Bache et al, 1977; Nakamura et al, 1977;
Schamhardt et al, 1979), but also by the biochemical changes in the different
layers under these circumstances. A significantly higher lactate content has
been found in the inner than in the outer layers after coronary artery ste-
nosis or occlusion. Also a more pronounced decrease of glycogen and creatine
phosphate in the inner than in the outer layers has been shown {Griggs et al,
1972; Opie et al, 1975; Opie and Owen, 1976; Higuchi et al, 1981). However,
assessment of tissue ATP contents showed contradictory results. Griggs et al
(1972) found that after coronary artery stenosis the decrease and the trans-
mural differences in ATP content were not statistically significant., In
contrast, Opie and Owen {1976) found a distinct decrease (90% or more)} in ATP
concentration in the inner layers and a moderate decrease (only 30%) in the
outer layers. This discrepancy may result from differences in experimental
set-up and/or sample interval after the onset of ischemia. A time course of
tissue contents of ATP, creatine phosphate as well as of inorganic phosphate
in the venous effluence has been found {Opie et al, 1972), while Higuchi et
al (1981) showed that the decrease and the transmural gradient of ATP content
were dependent on the degree of ischemia.

Beside changes in blood flow and metabolism, changes in regional mechani-
cal activity do occur following the inducement of myocardial ischemia (Ten-
nant and Wiggers, 1935; Hood et al, 1969; Van der Meer et al, 1973; Banka and
Helfant, 1974; Theroux et al, 1976). These studies, however, do not provide
data on differences in mechanical activity between inner and outer layers
under these circumstances. Consequently, it is not known whether there is a
relation between the decrease in blood flow and mechanical activity and the
metabolic changes in the various layers of the myocardium. Diminution or ces-
sation of mechanical activity could be directly related to factors inhibiting
this activity like high cellular concentrations of hydrogen ions (Katz and
Hecht, 1969; Poole Wilson and Langer, 1976), inorganic phosphate (Kuebler and
Katz, 1977) or fatty acids (Katz and Messineo, 1981), or depletion of energy-



rich phosphates (Gudbjarnason et al, 1970; Hearse, 1979) or glycogen (Rovet-
to, 1979).

Moreover, 1t 1s important to know the time course of mechanical activity
during the whole period of ischemia. A time-dependent decrease in Tlocal
mechanical activity during this period could be responsible for the decrease
in arterig-venous differences for potassium, Jactate and inorganic phosphate
as observed during stenosis of a coronary artery (Owen et al, 1970; Opie et
al, 1972; Van der Vusse et al, 1980).

Energy for processes is achieved from the residual aercbic metabolism and
anaerobic g¢lycelysis. Because of the low oxygen uptake and the inefficient
ATP production from anaerobic glycolysis under these circumstances, insuffi-
cient energy may be delivered to maintain cell wviability during ischemia.
Beside low ATP concentrations, depletion of glycogen stores and accumulation
of lactate have been mentioned to coincide irreversable damage (Reimer et al,
1973, 1981; Jennings et al, 1981).

Abnormalities in Tipid metabolism may be involved in cell death. ATthough
during ischemia fatty acid combustion is impaired (Shug et al, 1978), fatty
acids are still taken up from the blood (Opie et al, 1973). This could lead
to increased tissue contents of triacylglycerol or non-esterified fatty acids
(MEFA) [(Lochner et al, 1978). NEFA accumulation could also origin from break-
down of phospholipids which are present in cellular membranes (Vasdev et al,
1980). The few data on this subject presented in literature are contradicto-
ry. No significant {Regan et al, 1972; Haider et al, 1977) and elevated NEFA
contents (Weishaar et al, 1977, 1979; WYan der Vusse et al, 1982) have been
described following oxygen deficiency. Moreover, no clear information is
available about the time course of this elevation during ischemia, and NEFA
contents reported in these studies vary greatly in the normoxic as well as in
the ischemic situation.

High NEFA contents are thought to be harmful for the ischemic myocardium.
In vitro experiments with fisolated enzymes and subcellular fractions have
shown that high NEFA concentrations can inhibit enzyme activities and mito-
chondrial energy production (Katz and Messineo, 1981). Elevated plasma NEFA
concentrations are related to ventricular arrhythmias (Kurien and O%iver,
1966), It 1s not known whether this noxious effect also originates from
increased intracellular NEFA contents under these circumstances or from a
direct effect of the high plasma NEFA concentrations on membranes.

Knowledge about the relation between blood flow, metabolism and mechani-



cal activity in the various myocardial Tayers during ischemia is important.

- Firstly, to get insight into the mechanism{s) invoived in the cessation of
mechanical activity during ischemia.

- Secondly, this relation has never been studied extensively.

- Thirdly, it is known. that without impairment of the coronary circulation,
generated energy as well as blood flow per unit of tissue volume in the
different layers of the myocardial wall depends on the hemodynamic load
{Buckberg et al, 1972; Yipintsoi et al, 1973; Arts, 1978) and treatment of
ischemic heart failure is generally employed by changing preload or after-
load

- Fourthly, the metabolism of fatty acids during ischemia is important be-
cause accumulation of NEFA can either be a cause or a result of irrever-
sible damage, as well as a cause of detrimental events for the whole heart.

The relation between blood flow, metabolism and mechanical activity in the
various layers of the myocardium was investigated in an open-chest dog prepa-
ration. Regional ischemia was induced by narrowing the left anterior inter-
ventricular coronary artery was by an inflatable cuff. The degree of inflati-
on of the cuff was controled by the post-stenotic coronary artery pressure,
so that a reproducible degree of ischemia could be obtained. Blood flow
within various layers of the normoxic and ischemic left ventricular myocardi-
um was measured with the radicactive microsphere technique (reviewed by
Heymann et al, 1977). Regional mechanical activity in the ischemic area was
determined by measurement of epicardial surface deformation as described by
Arts and Reneman (1980). Evidence will be shown that this technique provides
relevant information about the shortening along the subendocardial fiber
direction in the inner and outer layers. Metabolism in the normoxic and
ischemic tissue was assessed by measurement of concentrations of ATP, crea-
tine phosphate, glycogen and fatty acids in tissue samples as well as by
measurement of differences in the concentrations of oxygen, glucose, fatty
acids, lactate, inorganic phosphate and potassium between arterial blood and
blood sampled from a local vein, that drains the ischemic area.



2. SURVEY OF THE LITERATURE
2.1 Mechanics

2,1.1 Global mechanics of the left ventricle and its transmural mechanical
distribution.
The basic structure of the vertebrate heart muscle is characterized by muscle
cells (fibers) arranged 1in columns (Spiro and Sonnenblick, 1965). Light
microscopic examination reveals these cells to be roughly cylindrical im
shape, measuring 10-20 um in diameter and 50-100 um in Jength (Hort, 1960).
The myocardial wall is composed of a well ordened fiber-wound continuum of
interconnected muscle fibers. Studies in the dog (Streeter et al, 1969) and
macaque (Ross and Streeter, 1975} have shown that the orientation of the
fibers is nearly vertical (i.e. perpendicular to the circumferential direc-
tion] at both epicardial and endocardial surfaces. In moving through the
ventricular wall, fiber direction undergoes a marked change such that the
angle made with the circumferential direction is about 60° for the fibers
near the inner surface, about 0° for the fibers in the middle of the wall and
about -60° for the fibers near the epicardial surface. Studies of Torrent
Guasp (1973) showed that the above-mentioned oriemtation, as established by
sampling tissue from a certain area of the left ventricle, is a result of the
course of strings of fibers through the wall: roughly a three-dimensional
eight-shaped curve.

This architecture of the left ventricle not only results in a predominant
circumferential decrease of size during ejection, but also in rotation of the
apex around the long axis of the ventricle with respect to the base during
contraction. This movement, already observed by Leonardo da Vinci [Evans,
1936), is called torsion. Studies of Streeter et al ({1970) showed the impor-
tance of the complex fiber orientation with respect to transmural fiber
stress distribution. Moreover, Arts [1978) predicted from a mathematical
model that fiber stress and fiber shortening (and therefore energy demand)
are rather homogeneously distributed across the left ventricular wall. The
latter homogeneity is enabled by the occurrence of torsion.

Attempts have been made to assess transmural distribution of workload from
intramyocardial pressure measurements. Armour and Randall (1971) found a
higher systolic pressure in the inner than in the outer layers but calcula-
tion of developed tension revealed that this tension was slightly lower in



the inner layers due to the smaller diameter of the ventricle in the inner
than for the outer layers. However, Marzilli et al (1980, 1981) concluded
from their data, that the work load in the inner layers would be considerably
higher than in the outer lavers due to a higher systolic intramyocardial
pressure [200%), rate of rise of this pressure {270%), and shortening veloci-
ty (190%) as well as a more pronounced shortening in the inner layers. These
results, however, should be interpretated with care, because measurement of
intramyocardial pressure is subject to errors and generally the values are
overestimated (see below), measured values of shortening highly depend on
correct orientation of the ultrasonic crystals, e.g. parallel to the fiber
direction, and last but not least, Tocal workload is not related to intra-
myocardial pressure.

The above-mentioned findings seem to be in conflict with the findings that
oxygen consumption in the inner layers is only 1.3-1.6 times higher than in
the outer Tayers [Holtz et al, 1977; Weiss et al, 1978). These values, which
may even be overestimations of the real transmural gradient (see below),
suggest only a moderate transmural difference in workload.

2.1.2 Failure of mechanical actiwity during oxygen deprivation
After the onset of acute ischemia or anoxia, myocardial mechanical functi-

on is fmpaired within seconds (Tennant and Wiggers, 1935; Theroux et al,

1976; Lab et al, 1978; Hearse, 1979). Several hypotheses have been developed

to explain this “"early contractile failure".

A. Oxygen deprivation induced changes in cardiac contractile proteins (Katz
and Hecht, 1969). This hypothesis 1is not very 1ikely because even after
prolonged ischemia no irreversible damage could be detected in the con-
tractile proteins ([Kako and Bing, 1958; Barany et al, 1964; Katz and
Maxwell, 1964) or in the myofibrillar ATPase (Albert and Gordon, 1962).

B. Proton-induced changes in calcium homeostasis. The increased hydrogen ion
concentration would interfere with the calcium binding to troponin (Katz
and Hecht, 1969} or with mechanisms involved in the regulation of cyto-
plasmatic calcium concentrations (reviewed by Nayler et al, 1979). Several
arguments have been raised against decreased pH as first responsible fac-
tor for the decline of contraction, such as:

a. the source of early proton production, if any, is not clear: neither
carbondioxide nor anaerobic glycolysis are believed to cause a dramatic
fall in pH in early ischemia (Opie, 1976; Gevers, 1977; Hearse, 1979).



C.

HMoreover, proton consuming creatine phosphate breakdown in the first
moments after oxygen deprivation would rather cause a transient alka-
fosis {Danforth, 1965; Gevers, 1977).

b. aithough tissue pH measurements may still be debatable, these determi-
nations did not reveal an impressive decline in pH when mechanical
function decreased during ischemia (Poole-Wilson, 1975; Cobbe and Poole-
Wilson, 1980).

c. comparing ischemia and hypoxia, Cobbe and Poole-Wilson (1980) showed
that under the former circumstances, acidosis developped earlier and
more severely, while the decline in tension development occurred at the
same time in both cases.

Fatty acid induced changes in calcium homeostasis. Elevated concentrations
of non-esterified fatty acids (NEFA), acyl-CoA or acylcarnitine could
interfere with calcium influx during electrical activation as may be
concluded from in vitro experiments {reviewed by Katz and Messineo, 1981).
Higher contents of the afore-mentioned fatty acid-esters, as in non-wor-
king hearts from diabetic rats, coincided with a faster rate of ventricu-
lar failure of these hearts as compared with hearts from normal rats
(Feuvray et al, 1979). Extrapolation of in vitro results to the myocardial
cell in situ should be done with caution, because addition of albumin, a
MEFA-binding protein, can abolish or greatly depress in vitro effects of
NEFA (Borst et al, 1962). Specific binding proteins are known to be pre-
sent in the myocardial cell (Mishkin et al, 1972; Ockner et al, 1972;
Gloster and Harris, 1977). If high cellular MEFA concentrations would be
harmful for the ischemic myocardium, the proposed deleterious effects
should be preceeded by a NEFA accumulation. In chapter 6 the time course
of the decrease in mechanical performance will be studied and the MNEFA
accumulation in chapter 7.

ATP depletion induced uncoupling of the excitation-contraction mechanism.
After all, sudden oxygen deprivation will cause a decrease in ATP concen-
tration. However, this simple and attractive hypothesis has been dismissed
on the basis of reports which showed sufficient quantities of ATP when the
contractile activity was severely reduced (Braasch et al, 1968, Katz,
1968; Willtamson et al, 1976). Mevertheless, recently, arguments were
found, which stress the importance of the degradation of energy-rich
phosphates:



a.

relatively moderate decreases in ATP concentrations may already cause a
reduction in contractility through the modulatory role of ATP in calcium
movements {Kuebler and Katz, 1977}.

a relatively small decline in energy-rich phosphates yields considerable
amounts of inorganic phosphate when compared with the normally occurring
intracellular inorganic phosphate concentration. This could promote
calcium precipitation, preventing calcium to react with the contractile
proteins. Kuebler and Katz (1977) calculated an 8-fold increase in
inorganic phosphate concentrations, while tissue contents have been
shown to increase only 1.5 to 2-fold in the early phase of ischemia
{Imai et al, 1979; Higuchi et al, 1981). The difference between calcula-
ted and measured values might be due to the release of inorganic phos-
phate from the fischemic myocardium (Opie et al, 1972; Van der Vusse et
al, 1979). Moreover, the observation that during hypoxia the inorganic
phosphate content hardly increased while developed tension declined
{Dhalla et al, 1972) further invalidates this "phosphate trap" theory.
ATP could exist in discrete cellular compartments and depletion of one
small compartment, not detected by determination of the content in the
whole biopsy, might be responsible for the decline in contractile energy
(Gudbjarnason et al, 1970). These authors postulated inhibition of in-
tracellular energy transfer in ischemic muscle by a breakdown of the
unidirectional phosphocreatine energy shuttle. Also ATP compartments
have been suggested to exist in the proximity of the contractile pro-
teins (Yagi and Mase, 1965) and the cell membrane (Bricknell and Opie,
1978}, Existence of ATP compartments has become more likely because of
the observation that ATP is produced by glycolysis and not the total ATP
content is inversely related to development of contracture during ische-
mia (Bricknell et al, 1981).

. Recently, in a preliminary report Kammermeier and coinvestigators {1981)

suggested that a reduction in the free energy from ATP hydrolysis could
be responsible for the early mechanical failure. This free energy is
dependent on the logarithm of the phosphorylation potential:
[ate]
[ADP] [P1]
With impaired ATP synthesis and continuing energy consumption, even a
small decrease in [ATP] will Tead to increases in ADP ([ADP]) and even
more in [Pi] by the rapid breakdown of creatine phosphate, and thus in
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& marked decrease in the phosphorylation potential. This decrease might
reach levels below the free energy per mole (aG) needed by actomyosine
KTPase for the reactions resulting in contraction. Indeed, Kammermeier
et al (1981} showed that in the hypoxic non-working isolated perfused
rat heart cessation of contraction paralleled the decline in the calcu-
lated free energy from ATP hydrolysis. In these calculations, they e-
stimated the cytoplasmatic concentrations of the substances of interest
as estimated by Giesen and Kammermeier (1980}. Also in the isolated
guinea pig heart, the phosphorylation potential (as calculated from the
tissue contents) dramatically falls within half a minute after onset of
ischemia, synchronously with the decrease in mechanical performance
(Imai et al, 1979}, This theory will be difficult to prove, because the
cytoselic phosphorylation potential will control contractile activity,
but only total tissue contents can be measured with the techniques
presently available.

2.1.3 Measurement of regional mechanical variables
Parameters related to regional cardiac mechanics are {a) local fiber

stress {or generated mechanical power per unit of tissue volume), (b) veloci-

ty of sarcomere shortening, (c) intramyocardial pressure, and (d) epicardial
deformation. Assessment of regional left ventricular mechanics is difficult
because of limitations of the measuring techniques for these parameters:

- in spite of several attempts (Feigl et al, 1967; Burns et al, 1971; McHale
and Greenfield, 1973}, direct determination of local wall stress remains
difficult and unreliable because of artefacts like tissue injury at the
site of measurement {Huisman et al, 1980).

- sarcomere length [Yoran et al, 1973; Grimm et al, 1980) and fiber orien-
tation {Streeter and Hanna, 1973) can only be measured in the post-mortem
heart.

- measurement of intramyocardial pressure is difficult and probably unreli-
able because the techniques used until now induce damage or disalignment
of the contractile fibers {Arts and Reneman, 1977). Damage will enlarge
the fluid cavity in which the intramyocardial pressure is measured resul -
ting in an underpressure within the cavity causing an underestimation of
intramyocardial pressure. Disalignment will increase the pressure in this
compartment as a consequence of La Place's law.

In the absence of a direct and accurate technique to measure transmural



- 11 -

distribution of fiber stress and intramyocardial pressure, in the present
study regional myocardial fiber mechanics are assessed from left ventricular
wall deformation, as assessed on the epicardial surface.

2.1.4 Measurement of epicardial deformation

Determination of epicardial deformation during systole is useful in study-
ing the process of cardiac contraction (Fenton et al, 1978; Lab and Woollard,
1978; Arts, 1978; Arts et al, 1980 and 1982b). During ejection of the left
ventricle, Tocally measured circumferential and axial strain determine the
decrease of the epicardial surface which is directly related to the contribu-
tion of local myocardial tissue to total pump function of the left ventricle
(Arts et al, 1982b). Epicardial shear is related to torsion of the left
ventricle which is defined as a rotation of the apex around the axis of the
left ventricle with respect to the base. Analysis of the mechanics of the
left ventricle during ejection in a mathematical model revealed that the
transmural distribution of fiber shortening was related to the amount of
torsion of the left ventricle. In viwo measurements of epicardial shear {Arts
et al, 1982b) compared favorably with the calculated values of these parame-
ters. Therefore, it is 1ikely, that the amount of torsion of the left ventri-
cle determines the transmural distribution of fiber shortening. Thus, indi-
rectly, information can be obtained about the transmural contractile behavior
by measuring strains and shear angle at the surface of the heart.

Techniques to measure segment Tength on the heart are: (a) the determi-
nation of the distance between opaque markers, implanted on the epicardial
surface using X-ray film or vides recording techniques (Carlsson, 1969;
Fenton et al, 1978), and (b) measurement of epicardial segment length by
strain gauges {Lab and Woollard, 1978}, inductive coils (Irisawa et al, 1959;
Wilson et al, 1963; Guntheroth, 1969; Hinds et al, 1969), or a pair of piezo-
electric crystals, measuring the transit time of ultrasound which is propor-
tional to the distance between the crystals (Rushmer et al, 1956; Stegal et
al, 1967).

Recently, Arts and Reneman (1980} described a new method for the assess-
ment of epicardial deformation, which is basically an inductive technique.
Advantages of this technique are low noise, high sensitivity and good stabi-
lity. Matural strains were derived electronically from changes in the ampli-
tude of the signals induced in sensor coils. Moreover, application in open-
chest experiments is easy because the inductive coils are simply sucked on
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the epicardium.

2.2 Energetics

2.2.1 Myocardial heat production

This sybject has been extensively reviewed by Gibbs {1978). The mechanical
energy performed by the left ventricle is a result of metabolic processes in
which the first law of thermodynamics is applicable. The total energy pro-
duced by the heart can thus be assessed by investigating the sum of external
power and heat production. Global wentricular heat production can be reliably
estimated through calculation of the product of coronary blood flow and the
arterio-venous temperature difference while correcting for the fraction of
heat that is not carried away by the coronary blood but dissipated to ventri-
cular cavities, mediastinum and Tungs as well as the small fraction that is
tost through endothermic reactions in the coronary blood [Bui-MongHung et al,
1981; Ten Velden et al, 1982).

For the purpose of the present study, measurement of local heat produc-
tion within 3 layers of the ventricular wall is required. During the initial
phase of the study we were confrontated with the problems encountered by dr.
G.H.M. Ten Velden and his colleagues in using heat production as a measure of
myocardial work. We are grateful teo them showing us their original experimen-
tal results, far before they were published. Ten Velden (1982) concluded from
his study that the possibility to detect differences in metabolic activity
from lTocal heat production seems to be limited due to geometric factors at a
certain location ({such as wall thickness and irregular wall surface) and by
the possible dependency on blood flow direction. It is to be expected that
inducement of ischemia results in an even more complex situation by the
inhomogeneity of myocardial blood flow.

Regarding these problems, it was concluded that determination of local
heat production would give little valid information about myocardial energe-
tics during fschemia in relation to blood flow and metabolism in different
layers of the left ventricle.

2.2.2 Energy-rich phosphate metabolism

In situ the rate of degradation and resynthesis of ATP is difficult to
measure (Gibbs, 1978; Vary et al, 1981). The absolute contents of ATP and
creatine phosphate in myocardial tissue only give information about the
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availability of these substances at a certain time. This is in agreement with
the finding that during normal perfusion, no relation exists between myocar-
dial blood flow and ATP content (Kleinert and Weiss, 1981). Therefore, al-
though most authors found a lower content of ATP and creatine phosphate in
the inner layers (Boerth et al, 1969, Dunn and Griggs, 1975; Ichihara and
Abiko, 1975; Allison et al, 1978} but not by others {Griggs et al, 1972,
Opie, 1976}, this cannot be used as evidence for a higher energy demand of
these layers.

In the present study, ATP and creatine phosphate contents have been deter-
mined to assess the amounts of these substances present under ischemic condi-
tions. Decreased contents of these substances have been mentioned to be
related to impaired mechanical actiwity and irreversible cell damage (Gud-
bjarnason et al, 1970; Jennings et al, 1978: Hearse, 1979; Reimer et al,
1981}, The time course of the breakdown of energy-rich phosphates was also
assessed by measuring the release of inorganic phosphate into the local
venous blood draining the ischemic area.

2.3 Substrate metabolism

2.3.1 Global substrate metabolism under normoxic circumstances

Cardiac energy metabolism {s highly oxygen-dependent. Even at reduced
oxygen supply, oxidative metabolism remains the predominant source (over 90%)
of residual ATP production (MNeely et al, 1975; Opie, 1976). Myocardial tissue
is able to extract almost all oxygen from the blood. Under normoxic condi-
tions, the extraction of oxygen from the arterial content is 60-70% (Van der
Vusse et al, 1979; 1981a) which favors the hypothesis that myocardial blood
flow is directly related to the oxygen consumption of the blood (Mohrman and
Feigl, 1978). During ischemia, up to 90% of the arterial oxygen content is
extracted (Van der Vusse et al, 1979).

O0f the variety of fuels available to the aerobic heart, the major sub-
strates are NEFA, lactate, glucose and triacylglycerol. Their rates of incor-
poration and utilization are dependent on their respective concentrations in
blood,the availability of hormones (like insulin, catecholamines) and the
metabolic rate of oxidative phosphorylation as determined by the mechanical
activity of the heart.

Historically, the incorporation and utilization of glucose as a cardiac
substrate has received the greatest attention and detailed knowledge of its
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regulation is available.

The normal rates of glucose utilization are low and NEFA and lactate are
preferentially utilized when present. Uptake of glucose by the myocytes fs
carrier mediated, not dependent on energy but highly dependent on the pre-
sence of insulin.

Uptake of lactate by normoxic myocardium has been described extensively.
At high arterial concentrations, lactate may be responsible for up to 87% of
total COZ production or oxygen consumption (Drake et al, 1980; De Jong,
1977a) The mechanism of lactate uptake, however, is poorly understood. Chiong
(1973) has communicated a myocardium-arterial blood gradient of lactate under
normoxic conditions so that an active transport mechanism in the myocardium
may be responsible for the uptake of this substrate. This s in agreement
with the findings of Opie and Mansford (1971) in the isolated heart prepara-
tion.

NEFA are oxidized in preference to carbohydrates and in aercbic hearts
normally account for more than half the substrates utilized for oxidative
metabolism. About half of the NEFA taken up from the blood is oleic acid
(Rothling and Bing, 1961; Van der Vusse et al, 1982). Serum triacylglycerol
fatty acids are a potential source of substrates for myocardial tisue. How-
ever, uptake of these fatty acids from the blood is only possible in the
presence of Tipoprotein lipase on the endothelial cells {(Jansen, 1975) an
enzyme released by heparin. Also triacylglycerol uptake may be dependent on
anesthesia and manipulation of the heart (Van der Vusse et al, 198la).

Under similar conditions, the sum of the oxygen equivalences of the four
substrates mentioned above is lower than the measured oxygen uptake by the
heart (Van der Vusse et al, 198la). This indicates that other substrates are
extracted or that endogenous stores of triacylglycerol and/or glycogen are
used. This would imply that no steady state is reached under these experi-
mental conditions. However, in chapter 4, it will be shown that under nor-
moxic conditions the myocérdia] glycogen content does not change within a
period of 2 hours. The metabelism of these endogenous substrate stores has
been reviewed recently by Van der Vusse and Reneman (1982).

2.3.2 Transmural differences in metabolism during normoxia

Because of the supposed higher workload in the inner than in the outer
layers of the left ventricular wall, much attention has been payed to meta-
bolic differences between these layers, especially since differences in
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workload itself cannot be measured adequately.

Glycogen content has been shown to be higher in the inner than in the
outer layers in dog as well as in ox hearts (Jedeikin, 1964; Ichihara and
Abiko, 1975; Allison et al, 1977). Carefully performed dissection studies re-
vealed that especially the conductive tissue (i.e. bundle of His and Purkinje
fibers) contained large amounts of glycogen (Jedeikin, 1964) which was sub-
stantiated by an electronmicroscopic study of Crass and Sterrett (1975).

Triacylglycerol contents have been found to be about 2.5 times higher in
the outer than in the middle and inner layers of the left ventricle (Crass
and Sterrett, 1975; Jesmok et al, 1978; Van der Wusse et al, 1982). However,
since fat is macroscopically visible in the perivascular epicardial regions,
the observed transmural gradient of triacylglycerol does not necessarily
imply a difference in content of fat in the myocytes of the various myocar-
dial layers.

No information could be found about transmural differences 1in glucose
content. NEFA contents in the inner, middle and ocuter layers are not signifi-
cantly different (Van der Vusse et al, 1981b; 1982). Contents of lactate and
pyruvate in the inner layers have been found to be 1-1.5 times the contents
in the outer layers, the difference being not significant for lactate in 2
out of 5 and for pyruvate in 1 out of 2 studies (Griggs et al, 1972; Dunn and
Griggs, 1975; Ichihara and Abiko, 1975:; Opie, 1976; Allison et al, 1977).
Glucose-6-phosphate has been shown to be 1.5 times higher in the inner than
in the outer layers {Ichihara and Abiko, 1975). The higher glycolytic acti-
vity in the inner layers as suggested by these results is in agreement with
the findings of Lundsgaard-Hansen et al (1967) who reported higher contents
of 4 glycolytic enzymes (including lactate hydrogenase) in the inner layers.
However, transmural gradients of the Tatter enzyme were not found in more
recent investigations [Dowell, 1978; Visser et al, 1981). One should realize
that these data only refer to the content of substances and enzymes at a
certain moment and do not give direct information about the actual glycolytic
flux in vivo.

Oxygen extraction in the various layers has been measured by microspectro-
photometric observations of small regional arteries and veins. Under normoxic
conditions, oxygen extraction was higher in the inner than 1in the outer
Tayers. Multiplication of these values with those of regional myocardial
bloed flow resulted in 1.3 and 1.6 times higher oxygen uptake values in the
inner layers than in the outer layers (Holtz et al, 1977; Weiss et al, 1978).



These values might be an overestimation of the actual transmural gradient in
oxygen uptake since the employed technigue for the measurement of regional
myocardial blood flow in these studies (e.g. radioactive microspheres) likely
overestimates blood flow in the inner layers (section 3.4.2). These results
imply that the energy demand of the inner Tayers exceeds that of the outer
Tayers but not as much as has been suggested by calculation of this demand
from measured intramyocardial pressure (Marzilli et al, 1080; 1981). In fact,
the differences 1in oxygen consumption between the inner and outer layers
might be small, which is in keeping with the predicted equal workload for
these layers from a mathematical model [Arts, 1978).

2.3.3 Substrate metabolism during ischemia

A decrease in blood flow causes oxygen extraction to increase up tc 90% of
the arterial content (Van der Vusse et al, 1979). Under ischemic conditions,
glycolysis is stimulated by restrictions in coronary flow (Neely et al, 1975)
due to the activation of hexokinase and phosphofructokinase. The increased
transport of glucose, as found during anoxia (Morgan et al, 1959) might also
play a role during ischemia. Anaerobic glycelysis causes a release of lactate
during ischemia, in contrast to lactate uptake during normoxia. Lactate
extraction or production have been used to assess the presence or absence of
myocardial ischemia in humans (Williamsom, 1966). However, this assessment is
complicated by the facts that Tlactate extraction is dependent on arterial
MEFA concentrations (Gertz et al, 1980) and lactate release from ischemic
tissue is dependent on the time interval after onset of ischemia and is not
linearly related to the degree and the amount of ischemia (Apstein et al,
1979).

Beside the increase in glucose uptake from the blood, glycogenolysis 1is
stimulated which may ultimately lead to depletion of these stores after pro-
longed ischemia (reviewed by Van der Vusse and Reneman, 1982).

Fatty acid oxidation is greatly depressed under ischemic conditions, main-
1y due to inhibition of beta-oxidation which is demonstrated by mitochondrial
accumulation of Tong-chain acyl-CoA and cytosolic acylcarnitine (ldell-Wenger
et al, 1978). Besides, NEFA uptake from the blood is continued during ische-
mia {Opie et al, 1973; Van der Vusse et al, 1982). The NEFA taken up in
excess of residual combustion can be accumulated as NEFA or as triacylglyce-
rol. Accumulation of the latter substance has been reported (Evans, 1964).
Controversely other investigators found increased release of NEFA and glyce-
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rol from endogeneous triacylglycerol stores {Opie et al, 1973; Vik-Mo et al,
1979},

Accumulation of NEFA in the ischemic myocardium is shown by Weishaar et al
{1977, 1979) and Van der Vusse et al (1982), but not by Regan et al (1972)
and Hafder et al (1977). Increased myocardial NEFA contents are of interest
because several harmful effects have been ascribed to elevated cellular NEFA
concentrations. In vitro studies showed that NEFA concentrations, in the same
order of magnitude as found during ischemia (Van der Vusse et al, 1982),
inkibit glycolytic enzymes and uncouple mitochondrial ATP production, but
that addition of albumin, simulating specific NEFA binding proteins (section
2.1.2), abolished or greatly depressed these deleterious effects (Borst et
al, 1962; Randle et al, 1964; Lea and Weber, 1968; Ramadoss et al, 1976).

During ischemia, increased acyl-CoA and acylcainitine concentrations may
have a detergent action on mitochondrial membranes (Feuvray and Plouet,
1981). Also elevated acyl-Col and acylcarnitine seemed to be related to early
mechanical failure after onset of ischemia (Pitts et al, 1978; Feuvray et al,
1979). Recent reviews on this subject were published by Katz and Messineo
(1981), Liedtke (1981), Vik-Mo and Mjgs (1981) and Van der Yusse (1982).

It has to be questioned whether the NEFA accumulation, as shown by Van der
Vusse et al (1982), has deleterious effects on the ischemic myocardium. There
are several arguments which make a positive answer doubtful.

Comparisons of the harmful NEFA concentrations in vitro and the NEFA con-
tents as measured in myocardial biopsies should be carefully made, since the
biopsies contain 5-10% blood in which the NEFA content is considerably higher
than in the tissue itself. Normoxic NEFA concentrations fn myocytes have been

1 as compared to 30 nmohgf1 in biopsies {Van der

calculated to be 10 nmol.g
Vusse et al, 1981b, 1982).

Increased cellular concentrations of linoleic and arachidonic acid (Van
der Vusse et al, 1982, during ischemia and chapter 7 of this thesis) may
result in an increased biosynthesis of prostaglandins in ischemic myocardial
tissue. Enhanced prostaglandin an synthesis and increased release of this
substance from regional ischemic dog hearts have been reported {Berger et al,
1976). Protective effects of this prostaglandin have been described in ani-
mals after coronary artery occlusion (Goldfarb and Glenn, 1974).

In the present study the time course of NEFA accumulation has been com-
pared with that of the changes in blood flow, metabolism and mechanical
performance in the ischemic myocardium (chapter 7}, which may indicate,
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whether the increase in myocardial NEFA content preceeds inhibition of pro-
posed affected processes.

2.4 Myocardial blood flow

2.4,1 Myocardial blood flow and its transmural distribution

The myocardium 1s supplied with blood through epicardial coronary arteries
that divide on the surface and send off tributaries at approximately right
angles into the myocardium. There are indications that the epicardial and
middle layers are perfused by other branches than the endocardial Tayers
(Estes et al, 1966). The endocardial branches subdivide into anastomosing
arcades, forming a large subendocardial plexus.

Under physiological conditions regulation of myocardial blood flow is
mainly achieved by modifying the smooth muscle tone, and hence the diameter,
of the arterioles. Although coronary vessels are innervated by sympathetic
(Feigl, 1975a) and parasympathetic nerves (Feigl, 1975b), it is likely that
the regulation of myocardfal blood flow is dominated by myocardial metabolism
because coronary blood flew is directly related to the oxygen consumption of
the myocardium (Allella et al, 1955; Mohrman and Feigl, 1978). Such factors
as Pgps Ppgos H+, K+, adenosine, lactate, osmolarity, prostaglandins and
serotonine have been proposed as candidates for linking metabolic activity
and arteriolar tone, but the best documented hypothesis for this feedback
control is that adenosine is the mediator substance {Berne, 1963; Rubio and
Berne, 1969). It is likely that in autoregulation of coronary blood flow,
defined as the tendency to maintain blood flow constant despite changes in
perfusion pressure, changes in pressure across the vessel wall play a part in
the changes in arteriolar diameter. Im various tissues, after all, a decrease
in this pressure is followed by dilation of the arterioles (Bouskela and
Wiederhielm, 1979; Burrows and Johnson, 1981), even when venous pressure 1is
elevated simultaneously (Reneman et al, 1980), while an increase in pressure
across the vessel wall induces arteriolar constriction {Boushkela and Wieder-
helm, 1979).

Myocardial blood flow is impeded by ventricular contraction. This has been
explained by the formation of vascular water falls (Downey and Kirk, 1975} or
by the existence of an intramyocardial pump (Arts, 1978; Spaan et al, 1981).
The reduction of myocardial blood flow by extravascular compression is not
uniform across the ventricular wall and is determined by intra-myocardial
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pressure (pjm). This quantity can be defined as the pressure in the weak
incompressible material surrounding the contractile fiber structure. Hone of
the methods developed to measure Pim is reliable (Arts and Reneman, 1977)
because of the induced damage and/or disalignment of the contractile fibers.
The transmural course of Pip Can be predicted from a model of the mechanics
of the left ventricle in which myocardial material is assumed to be anisotro-
pic and rotation of the apex relative to the base around the axis of the
ventricle is allowed {Arts and Reneman, 1977; Arts et al, 1979). In the left
ventricie, Pim is higher in systole than in diastole, and higher in the inner

than in the outer layers. In the inner most layers, equals the pressure

P
in the left ventricular cavity and in the outer most I;yers, it is zero. The
equality of endocardial Pim to left ventricular cavity pressure is a boundary
condition. The described pressure relationships imply that blood flow to the
wall of the Tleft ventricle mainly occurs during diastole, when the difference
between aortic pressure and Pim is greatest. In systole, blood flows mainly
to the outer layers. Since mean transmural blood flow in the left ventricle
is approximately uniform (Buckberg et al, 1972) (chapter 4), the gradient in
the distribution of flow during systole must be compensated by a similar but
reversed gradient during diastole. The latter idea is supported by the fin-
ding that the conductance is higher in the subendocardial than in the subepi-
cardial vessels (Rouleau et al, 1979; Wuesten et al, 1977), but in disagree-
ment with the finding that left ventricular transmural blood flow is uniform
during diastole (Hess and Bache, 1979).

Recently, it has been suggested that diastolic Pim might be higher than
generally accepted and even exceed dfastolic pressure in the left ventricular
cavity (Hoffman, 1978; Rouleau et al, 1979). This idea was derived from the
finding that extrapolation of the diastolic coronary pressure-flow relatfon
down to zero flow resulted in an intercept on the pressure axis at pressures
between 2.7 and 7.2 kPa. This zero flow pressure, however, does not necessa-
rily relate to Pim alone. In skeletal muscle experiments, capillary blood
flow was found to stop at a perfusion pressure (arterial minus venous pres-
sure) of about 3.3 kPa in the presence of an intramuscular pressure of ap-
proximately 0.75 kPa (Reneman et al, 1980), indicating that other (rheologi-
cal) factors may be involved in inducing this zero-flow pressure.

Decreased blood flow due to partial or total coronary artery occlusion and
reduced coronary artery pressure results in relative underperfusion of the
subendocardial layers (Domenech et al, 1969; Rivas et al, 1976; Bishop et al,
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1976). Even when blood flow in the inner layers was severely affected, ves-
sels in the outer layers proved to be not yet fully dilated (Gould et al,
1975). This underperfusion of the inner layers of the left ventricular wall
is caused by the higher Pim in these layers (Hoffman, 1979} and is the major
cause of the greater susceptability of these layers for impedement of coro-
nary flow, since a higher energy demand of the inner layers is disputable
{see above).

2.4.2 Measurement of regional myocardial blood flow

Myocardial blood flow can be determimed with such techniques as: electro-
magnetic and Doppler, differential pressure, continuous thermodilution, local
e133, Krgs), diffusable tracer (Kda,

heat and gas clearance (HZ, NZO’ He, X
» [-antipyrine) and microspheres.

RbBl, CrlBl ThZDl

With regard to the aim of the present study {(chapter 1}, blood flow has to
be measured: {(a) in different layers of the myocardium, (b) at various time
intervals within each experiment, (c) in the entire free wall of the left
ventricle, enabling localization of the ischemic area in the myocardium, and
(d) with acceptable accuracy, to make the comparison between myocardial blood
flow and local mechanical performance and metabolism meaningful.

Most flow measuring methods are unsuitable because they faile to give
information about the transmural distribution of myocardial blood flow.
Unlabeled microspheres {as determined 1ight microscopically) can be used only
once in each experiment. Using Tocal inert gasses or heat clearance, the
ischemic area cannot be Tlocalized properly. The use of diffusable tracers to
detect myocardial blood flow in more than one area requires elaborate equip-
ment. With diffusable tracers, this Tocalization is possible when a scanning
camera is used. This method, however, is very expensive, more elaborate and
hardly reaches the resolution of the microsphere method. With the Tatter
technique, a satisfactory resolution in transmural direction as well as
localization of the ischemic area can be reached by adaptation of the sample
size. Besides, measurements can be performed several times in each experiment
and the method has a good accuracy if the number of microspheres per sample
is adequate {section 3.4). Moreover, application of the technique is relati-
vely simple, though its Timitations should be considered.
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3. MATERIALS AND METHODS

3.1 Experimental set-up

3.1.1 Choice of the animal model

Measurement of mechanical performance,blood flow and metabolism selecti-
vely in the perfusion area of one coronary artery requires hearts of at least
150 gram, determines the minimal size of the experimental animal. For these
types of experiments, one generally uses the pig or the dog. The former
species is preferred by some investigators because of the presumed similarity
between pig and human heart (De Jong and Goldstein, 1974; Liedtke et al,
1975; Verdouw et al, 1978, 1979). Indeed both man and pig have a dominant
right coronary artery or Jleft anterior interventricular coronary artery.
However, the number and type of collaterals [epi- or endecardial, and size)
in the human heart is about in between those of the dog and the pig heart
(Schaper, 1971a,b; Gregg, 1974}, The use of the dog was preferred in the
present study because (a) the dog is the most widely used experimental animal
in heart research allowing the comparison with results obtained by other
investigators; (b) pigs suffer from a high incidence of cardiac arrhythmias
and ventricular fibrillation, especfally during ischemia (Verdouw et al,
1978). This may be beneficial for the investigation of anti-arrhythmic drugs
but it 1is undesired in the present study; (c) the dominance of the Teft
circumflex coronary artery 1in the dog is not crucial in interpreting the
results of the present investigation.

Heart function and metabolism of the heart should be studied in a condi-
tion similar to the normal situation. Therefore, the in situ preparation is
superior to any isolated heart preparation. Of course an awake closed-chest
animal is the best model, because anesthetics and opened chest influence the
performance of the heart. However, the application of so many techniques at
the same time requires the heart to be in reach. For that reason, an open-
chest preparation was used in which accurate limitation of coronary blood
flow was possible (section 3.1.4), which made the use of a separate coronary
artery perfusion line (Liedtke et al, 1978; Weintraub et al, 1981) super-
fluant.

3.1.2 Anesthesia
The experiments were performed on mongrel dogs of either sex and unknown
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age, ranging in weight from 18 - 60 kg. The animals were premedicated with
Hypnorm (1 mt.kg"l body weight i.m.] as described by Marsboom et al (1964).
One ml Hypnorm contains 10 mg fluanisone and 0,315 mg fentanyl citrate.
Anesthesia was induced with sodium pentobarbital (10 mg.kg'1 body weight
i.v.) and after endotracheal intubation, was maintained with oxygen/nitrous
oxide and a continuous infusion of sodium pentobarbital (2 mg.kg'l.hour'1
i.v.). Ventilation was kept constant during the experiments with a positive
pressure respirator (Pulmonat).

Decrease of body temperature of the animal was prevented by heating and
humidifying the inhalated air with a Draeger air humidifier as well as by a
heating matrass, placed underneath the animal.

During thoracotomy, succinylcholine (2 mg,kg'1 i.m.) was injected to
prevent muscle movement caused by electrocoagulation. The chest was opened
through the left fifth intercostal space and the pericardium was incised over
the antero-lateral aspect of the heart.

3.1.3 Instrumentation

ECG was recorded from the Timb leads. Signals were amplified by a Schwar-
zer EC 553 ECG-amplifier. Aortic pressure was measured through a polyethylene
catheter, connected to an external pressure transducer (section 3.2.2), which
was placed in the aortic arch. Left ventricular pressure (p]v) was measured
with a Millar catheter-tip micromanometer, inserted through the left brachial
artery (section 3.2.2). The rate of change of left ventricular pressure and
Teft ventricular end-diastolic pressure were also determined (section 3.2.2).
A small polyethylene catheter (P.E.50Q, Clay Adams) was placed in a small side
branch of the lTeft anterior interventricular coronary artery for determinati-
on of the arterial pressure (Van der Meer and Reneman, 1972) distal to the
partial occlusion {or: stenosis) {fig 3.1, section 3.1.4). An electromagnetic
flowprobe was placed around the ascending aorta for the measurement of phasic
aortic flow (section 3.2.3). Cardiac output was measured by thermodilution
using a digital analyzing technique (Snoeckx et al, 1976). Through a branch
of the left jugular vein, a 7F Swan-Ganz balloon guided thermistor catheter
was placed in the pulmonary artery. For the injection of saline-at room
temperature, a separate injection catheter (8F NIM, USCI) was inserted
through another side branch of the jugular vein and advanced till the transi-
tion of the superior caval vein into the right atrjum. Both catheters were
placed in position under fluoroscopic control.
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Experimental set-up. In the open-chest preparation, an occluder was
placed around the left anterior interventricular coronary artery
(LAICA). During ischemia, post-stenotic coronary artery pressure was
kept constant using an autoregulating feedback system. Coronary
artery pressure was measured through a catheter inserted into a
small side branch of the LAICA, distal to the site of stenosis.
Local venous blood was sampled through a catheter inserted into the
left anterior interventricular coronary vein. Regional epicardial
surface deformation was measured with three coils, sucked on the
epicardium in the LAICA perfusion area. For the determination of
substances in the perfusion area of the LAICA and the left circum-
flex coronary artery (LCCA), small biopsies were taken for ATP,
creatine phosphate and glycogen determination and large biopsies for
fatty acid determination.
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A polyethylene catheter [P.E.60, Clay Adams) was inserted into the left
anterior interventricular vein with a Seldinger technique to obtain venous
blood from the area distal to the site of stenosis {fig 3.1).

To inject radioactive microspheres for the assessment of regional myocar-
dial blood flow {section 3.4), a silastic catheter was placed in the left
atrium. A polyethylene catheter was inserted into the right brachial artery
to obtain blood for the arterial reference sample, required for the calcu-
Tation of regional blood flow {section 3.4},

For the measurement of epicardial deformation according to Arts and Rene-
man {1980} [section 3.3), three coils were attached to the epicardium (fig
3.1): The field-generating coil was placed on the free wall of the left
ventricle, in the perfusion area of the left anterior interventricular coro-
nary artery (LAICA}. The two sensor coils were placed in the same area, both
at a distance of about 15 mm from the magnetic field-generating coil. The
three coils were placed so that they formed an approximately rightangled
triangle with the field generating coil at the rightangled corner and the
sfdes containing the right angle, parallel to the circumferential and base-
to-apex direction, respectively. In this way, shortening in circumferential
and base-to-apex direction could be measured as well as shear deformation
{section 3.3). The coils were attached to the epicardium by suction (under-
pressure approximately -25 kPa).

A1l hemodynamic wvariables as well as those from the measurement of epicar-
dial deformation were recorded continuously on a multichannel Schwarzer
recorder {upper frequency response 280 Hz, -3dB) at a speed of 1.25 mm.*s,"1
and at the sample times at speeds of 50 and 200 mm.s‘l.

3.1.4 Stenosis system

Partial occlusion (stenosis) of the LAICA was induced with an inflatable
cuff which was placed around this artery just distal to the diagonal branch
(fig 3.1).

The cuff was through silastic tubing connected to a micrometer. The whole
system was filled with distilled water so that the cuff could be inflated
carefully until the desired degree of stenosis was obtained. This degree of
stenosis could be maintained during the experimental period, using a servo
motorpump with an autoregulating feedback system controlled by the mean
car) (fig 3.1).

In the present study, mean Peor 48 measured distal to the stenosis in a

coronary artery pressure (p
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small side branch of the LAICA rather than the reduction of mean flow in this
artery was used to estimate the degree of ischemia. Under these circumstan-
ces, the determination of pressure is easier and more accurate (Van der Meer
and Reneman, 1972). Moreover, during ischemia flow in the coronary microvas-
culature is related to the perfusion pressure in that bed and less related to
arterial inflow because of an unknown amount of collateral inflow. At last,
the servocontrol corrects for possible movements of the cuff along the ves-
sel, which may cause changes in the degree of stenosis.

Despite the similarity of mean Peor values distal to the stenosis, inter-
individual variations were seen in regional blood flow, mechanical perfor-
mance and metabolism during ischemia. This may be due to interindividual dif-
ferences in coronary resistance, collateral circulation or aortic pressure.
The latter factor increases myocardial energy requirement, so at a certain
reduced flowlevel, ischemia will be more pronounced at higher aortic pres-
sure,

The occlusion of the side branch caused a small area of underperfusion
distal to the catheter, as could be shown by determination of regional myo-
cardial blood flow (section 3.4). However, this occlusion had no deleterious
effect on the experiments. General cardiac function was not influenced by
this procedure and cardiac arrhythmias due to the occlusion were not obser-
ved, For the calculation of total regional blood flow in the ischemic zone,
this area of underperfusion was excluded because of possible artefacts due to
the pre-existing ischemic tissue.

In the study dealing with total coronary artery occlusion (chapter 5) the
cuff was fully inflated, whereafter the tubing was closed with & stopcock.

3.1.5 Technique of blood sampling

Arterial blood samples were collected through the catheter used for aortic
pressure measurements. Local venous blood samples were obtained through the
catheter in the left anterior interventricular coronary vein (fig. 3.1).
Blood {[0.6 ml) was carefully sucked into a syringe filled with 0.1 ml heparin
{5000 I.U.mJ'l) and used for determination of blood gases and blood pH which
were determined immediately after sampling (section 3.5}. To reduce gas
exchange with the enviromment between sampling and determination, the syringe
was locked by stainless steel syringe caps. From the syringe with blood for
the blood gas determination, 40 pl was taken with a heparinized capillary and
entered into a hemoxymeter to determine oxygen content of the blood (section
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3.5.3). Another 4-6 ml blood (for other chemical determinations) were rapidly
centrifuged for 1 min in a Eppendorf centrifuge. The supernatants of these
samples were quickly frozen and stored at -80°C for biochemical analysis. The
time from sampling to freezing varied in most cases from 2 to 5 min.

When the local venous catheter was not closed by a stopcock, in most cases
blood dripped out of the catheter, although too slow for sampling purposes.
Therefore, blood was sucked using 1 or 2 ml syringes. A critique to this
technique is that it cannot be excluded that blood is also sampled from ad-
Jjacent vascular beds via venous collaterals. Especially during ischemia, this
could be a problem in interpreting the results because of admixture of blood
from normoxic tissue with that from ischemic tissue. However, measurement of
regional myocardial blood flow, revealed that in an ischemic zone of about 20

g, which is a common figure in our model, a flow of 4 ml.min™!

is present.
When wvenous blood samples are drawn, 4-6 ml of blood are withdrawn in the
course of a few minutes. This implies that the wolume of venous blood sampled
over a certain period does not exceed the arterial inflow. Moreover, in the
present study the ischemic area is relatively large as compared with expe-
riments of Owen et al. (1970), who created ischemic areas of 7-8 g. There-
fore, in our study, the comtribution of blood from the borders of the ische-
mic area or from outside this area will be small as compared with the study
of Owen and co-investigators (1970). If admixture through venous collaterals
occurs, changes due to ischemia will be underestimated. It should be empha-
sized that it 1is not clear whether the wvenous blood samples reflect the
average of transmural venous blood or that mainly blood is obtained from one
particular layer.

3.1.6 Techniques of tissue sampling
In this study two types of samples were taken from the left ventricular

myocardium: samples for determination of the content of: (a) ATP, creatine

phosphate, and glycogen; (b) fatty acids.

a. Biopsies for the determination of energy-rich phosphates and glycogen were
taken with a pressured air driven drillbore (Schrader) on which drills
were mounted with a length of 4 cm and an inner diameter of 4 mm. The wet
weight of the biopsies ranged from 50 to 70 mg. Because of the deleterious
effects of tissue sampling on regional blood flow and mechanics, shown in
chapter 4, it was decided to stop the experiment after taking two biop-
sies. At first a transmural biopsy was taken from the area perfused by the
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LAICA. An assistant put his finger on the hole to prevent bleeding as much
as possible. Subsequently, within 1-2 min, & biopsy was taken from the
Teft circumflex coronary artery (LCCA) perfusion area (fig 3.1). After the
drill was withdrawn from the heart, it was immersed in Tiquid nitrogen
while still mounted on the bore. The time delay between taking the biopsy
and the ijmmersion in liguid nitrogen was 2-3 s. After cooling of the
drill, it was removed from the bore and put into a cold resistant polypro-
pylene tube filled with 1iquid nitrogen and subsequently stored in a Dewar
container filled with the same fluid. After termination of the experiment,
the tissue containing drills were stored at -80%C. After freeze drying
these samples were divided finto subendo, meso and subepicardial tissue
samples.

b. Biopsies for the determination of myocardial fatty acid content were taken
from the left ventricular free wall with an electrically driven drillbore,
on which drills were mounted with a length of 2 cm and a inner diameter of
1 cm.. The first tissue sample was taken from the LAICA perfusion area.
Subsequently, two biopsies were taken from the area perfused by the LCCA
and at Tlast another biopsy from the LAICA perfusion area was taken. The
whole biopsy procedure took about 5 min. In most cases, ventricular fibri-
Tlation occurred after taking the second biopsy. No significant differen-
ces have been observed between biopsies taken before and within 5 min
after onset of ventricular fibrillation. The wet weight of the biopsies
ranged from 500 to 900 mg. Adhering blood was removed with an ice-cold
physiological saline solution. Then the biopsies were divided into subepi,
meso and subendocardial samples. Subsequently, the samples were frozen
between the tongues of an aluminum clamp which was cooled in ligquid nitro-
gen. The whole procedure from taking the biopsy till freeze-clamping of
the tissue took less than 15 seconds. The frozen tissue samples were
stored at -80°C.

3.1.7 Anti-coagulation

Administration of heparin was deliberately avoided because of its influ-
ence on myocardial metabolism. Heparin, after all, releases lipoprotein
lipase from the endothelial wall, thereby preventing the myocardium to use
triacylglycerol as a substrate (Jansen, 1975). Besides, the release of Tipo-
protein Tipase increases arterial non-esterified fatty acids (NEFA) concen-
trations (Riemersma et al 1977b; Van der Vusse et al, 1980} which may affect
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the relative contribution of MEFA combustion to myocardial substrate supply
{Kjekhus and Mjds, 1972; Dagenais and Jalbert, 31977). Moreover, the use of
heparin causes a more rapid in vitro lipolysis in serum, which gives rise to
artefacts in the measurement of blood MEFA concentrations {Giacomini et al,
1980), The effect of elevating the arterial NEFA concentrations during ische-
mia by administration of heparin, intralipid or both substances is described
and discussed in chapter 8.

Avolding the administration of heparin had also the advantage that less
bleeding occurred from surgical wounds like the edge of the thorax and from
the sites of insertion of the catheters.

Catheters were kept patent with a continuous infusion of saline. The ca-
theters for measurement of aortic and coronary artery pressure and for micro-
sphere injection were connected to a Sorensun Intraflo continuous infusion
system with an infusion rate of 6 mil. h {Sorenson Research Company, Salt
Lake City, USA}. The thermodilution injection catheter, the local venous ca-
theter and the arterial reference sample catheter were connected to syringes
mounted on Harvard infusion/withdrawal pumps (infusion at a rate of 10-12
m].h”l). Although no saline infusion was performed through the lumen of the
catheter tip micromanometer, no influence of the deletion of heparin was
observed on the pressure measurement with this micromanometer: an identical
signal was obtained with an external Ailtech transducer measuring through the
Tumen of the micromanometer,

3.2 Hemodynamic measurements

3.2.1 Introduction

Measurement of general hemodynamic parameters Tike ECG and aortic and left
ventricular pressure were performed because they provide information about
the cardiovascular condition of the experimental animal. Moreover, the sepa-
rately recorded end-diastolic left ventricular pressure and the maximal first
derivative of the Teft ventricular pressure (dp]v/dtmax) are sensitive para-
meters to assess the condition of the left venmtricle. Measurement of left
ventricular pressure using a catheter-tip micromanometer provides a signal
with minimal time delay (<1 ms) or reflections due to the large pressure
variations, as is the case with waterfilled catheters. The coronary artery
pressure distal to the stenosis was determined to serve as a measure for the
degree of ischemia (section 3.1.4). Electromagnetic measurement of aortic
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flow was used to describe the ejection phase of left ventricular contraction
(essential for the interpretation of the results on the assessment of regio-
nal mechanical performance).

Electromagnetic measurement of flow in the LAICA was not performed because
in the majority of the experiments one or more side branches of this artery
had to be ligated to be able to implant both the occluder cuff and the flow
probe. Moreover, more detailed information about myocardial blood flow can be
obtained with the microsphere method (section 3.4}.

Signals of left ventricular pressure, aortic and coronary artery pressure
as well as phasic aorta flow and the ECG were contiuously visualized on a
Knott GS-8 monitor.

3.2.2 Blood pressures and derived parameters

The external Ailtech pressure transducer in series with the aortic sample
catheter had a frequency response of 35Hz (-3dB). In series with the catheter
in the side branch of the LAICA, the frequency response was 15Hz (-3dB).

The catheter-tip micromanometer (7F Millar, PC470) for the measurement of
left ventricular pressure (p; ) had a frequency response of 0-20 kHz. The
maximal first derivative of left ventricular pressure (dpnv/dtmax) was deter-
mined with an analog differentiator as described by Schaper et al (1965).
End-diastolic left ventricular pressure (P1ved) was separately recorded by
clipping the Py, at 200 m¥ (2.7 kPa} and subsequently amplifying the signal
on the recorder.

The pressure transducers were calibrated before each experiment. The
output voltage for 13.3 kPa (100 mmHg) was determined using a mercury column.
An electrical output signal and the signals on the recorder and the monitor
were thus calibrated, barometric pressure serving as zero reference. A pres-
sure of 13.3 kPa gave an output signal of 1 Volt. On the recorder 13.3 kPa
was equal to 20 mm, except for the Pyved? where 20 mm represented 2.7 kPa.

At each sample time, the zero and electrical full scale calibration of the
external transducers were checked on the monitor and the recorder. By an
external pressure transducer, measuring the pressure through the Tumen of the
Millar catheter-tip micromanometer, the zero shift of this manometer was
checked and was corrected if necessary. The gain of the Millar transducer did
not change noteworthy during the experiment as was checked by comparing the
amplitude of the signals obtained from the Ailtech and Millar transducers on
the monitor. In this procedure the variation in gain of the Ailtech transdu-
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cer, though small, could not be checked.

3.2.3 Blood flow (electromagnetically measured)

Phasic aortic flow was measured with an electromagnetic flow probe (Ska-
lar). The probes were connected to a sine wave electromagnetic flowmeter with
a carrier frequency of 600 Hz (Transflow 600). The upper frequency response
of the flowmeter was 100 Hz (-3 dB).

Zero drift of the flow probe was checked by comparing the electrical zero
with the end-diastolic level of the phasic flow signal on the monitor. Be-
cause phasic aortic flow was used to assess the start and duration of the
ejection phase and no quantitative flow measurement was required, full scale
calibration was not performed,

To determine the start of the ejection phase accurately a time delay has
to be taken into account. Time delay firstly occurs due to the distance
between the valve and the flow probe. With a maximal distance of 5 cm and

1, this delay will be no

assuming a pressure pulse wave velocity of 4 m.s™
more than 12 ms. Additional delay {electronic) is induced by filtering in the
flowneter, which was in our case about 3 ms. Hence the total delay between
the start of the ejection phase and its assessment from the electromagnetic

flowmeter reading will be maximally 15 ms, for which has been corrected.
3.2.4 Cardiac output

3.2.4.1 Introduction

Several methods for the determination of cardiac output could have been
used in the present study: electromagnetic aortic flow measurement, the
radicactive microsphere method or the indicator dilution techniques. The
first technique was not employed because in vivo full scale calibration of
the flowprobes 1is problematic and coronmary flow is systematically missed.
The indicator dilution technique was preferred over the radiocactive micro-
sphere method because the former can be performed almost unlimited whereas
use of the latter method, in combimation with the measurement of regional
myocardial blood flow, is limited by the single use of each isotope. Tempe-
rature was employed as indicator because of its easy application and Tow
costs of the set-up.
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3.2.4.2 Instrumentation

Cardiac output was measured by thermodilution using a Swan-Ganz balloon
guided thermistor catheter (Edwards) and a 8F NIH injectfon catheter (USCI).
This method has been described previously in detail by Snoeckx et al (1976).
The large injection catheter enabled the injection of a relatively large
volume of saline within a short period of time, which enlarges the obtained
signal and thereby improving the accuracy of the method. Before injection of
saline, blood from the animal was sucked into the catheter to prevent cold
dissipation from the catheter. After a steady baseline registration (see
below}, 10 m1 of saline at room temperature were injected manually as fast as
possible. Immediately after the syringe was emptied the catheter was filled
again with blood, thereby reducing the non-exponential character of the last
part of the thermodilution curve due to cold dissipation from the catheter
after injection (Vliers et al, 1973).

The catheter was connected to a thermodilution amplifier of our own de-
sign. The resistance in the Wheatstone bridge of this apparatus was adjusted
to the resistance of the catheter (about 5 kOhm). The temperature measured
was shown on a small digital display, allowing the continuous visualization
of body temperature.

Thermodilution curves were registrated on a Linseis series 2000 recorder
at a speed of 50 mm.s'l. The sensitivity of the recording system was cali-
brated after the experiments with waterbaths of different temperatures and an
independent thermometer.

3.2.4.3 Calculation of cardiac output

The area under the curve was measured by integration using a Digital MINC
I1 minicomputer. Points of the curve were stored on file using a Hewlett
Packard Digitizer (9874 A), at a sampling rate of 20 Hz. To calculate cardiac
output the TERDIL program was used. In this procedure at first the data
points were made equidistant. Subsequently a Fourier analysis was performed
according to which high-frequency noise was filtered {>20 dB). After backward
transformation, the surface of the resultant curve was determined as follows.
The onset of the curve was the segment with the highest first derivative of
the upstroke (dp/dt). From the points entered before this segment the base-
line was calculated. From the onset of the curve to its maximum (ymax) and
max to 0.7 x Ymax? the surface under the curve was directly measured.
Since the last part of the curve shows aberrations due to recirculating cold

from y
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(Snoeckx et al, 1976, Viiers et al, 1973), this part of the curve was assumed
to be exponential {Snoeckx et al, 1976). The equation of this exponential

curve was determined using the points between 0.7 and 0.3 x y__ , and extra-

max
polating the curve to zero. Thereafter the surface under this part of the
curve was measured and added to the two parts integrated before.

Cardiac output (CO) was calculated according to Snoeckx et al (1976):

vy (T, - T5) S; - 95
CO = K. ky and K =
S . kp .k Sp - 9
where s, = specific heat injectate (100 kcal kg'l Oc'l), g9; = speci-

fic weight injectate {0.99 x 103 kg m'3), Sy, = specific heat blood
(0.87 kcal kg'1 OC—l), g, = specific weight blood {1.08 x 103 kg
m”a), Vi = volume injectate (m'3), T, = temperature blood (OC), T =
temperature injectate (°C),S = surface under the curve (mz), Ky =

2), ky = sensi-
R kg = correction factor from mi 5'1 to 1

velocity recorder (s m'l, in our experiments 1.2 x 107
tivity recorder (°C mfl)
min~! (=0.06).

3.2.4.4 Accuracy of the cardiac output determination
Because each dog served as its own control, we will only discuss the va-

riations between two measurements in the same animal. The intraassay coeffi-

cient of variation in the determination of cardiac output by thermodilution
can origin from one of the following factors:

a. variations in the injected volume. Repeated measurements of this volume
revealed a mean variation of 0.6%.

b. variations 1in the difference between injectate and blood temperature.
Because both temperatures were measured with an accuracy of 0.1°C and the
difference between these temperatures was usually 15 OE, unnoticed vari-
ations in the temperature will not account for more than 0.6% variation.

¢. varfation in the determination of the surface area under the curve. This
variation is caused by deviations of the digitizer pen from the recorded
curve., Repeated measurements of one curve showed that this variation was
1.2%.

Measurement of two to four curves recorded within 1-2 min from each other

during a stable hemodynamic situation showed variations of 2.8 to 9.9%, with
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a mean of 6.7%. The difference between this variation and the sum of the
variations mentioned in (a) through {c) being 1.4%, might be caused by base-
Tine fluctuations, inaccuracies in determining the baseline determination and
difference in the shape of the curve, causing variation in exponential extra-
polation of the last part of the curve.

3.3 Regional mechanical function

3.3.1 Introduction

Keeping in mind the aim of this study, a technique for the assessment of
regional mechanical performance in different layers of the left wventricular
wall is required. In chapter, it has been emphasized that several of the
technigues available to determine this performance in the various Tayers are
subject to artefacts or are less appropriate for this study. In the present
study, we have used local epicardial deformation to estimate regional mecha-
nical function. This deformation can be reliably and relatively easily mea-
sured in the open-chest dog preparation. Moreover, this technique does not
only give 1information about the decrease of the epicardial surface area
during ejection, which is directly related to the local contribution to the
decrease of Teft ventricular cavity volume, but it gives also information
about the transmural course of fiber shortening by assessment of a shear com-
ponent beside circumferential strain and base-to-apex shortening.

The technique of measuring epicardial deformation is described in detail
by Arts and Reneman (1980). Therefore, the principles and instrumentation are
only briefly mentioned below.

To investigate the reliability of the assessment of the transmural course
of fiber shortening from epicardial deformation, & technique was developed to
measure strains in the epicardium as well as in the endocardium (section
3.3.3).

3.3.2 Epicardial deformation

3.3.2.1 Principles and instrumentation

Assume a rectangle OABC on the epicardial surface prior to deformation.
During contraction the rectangle OQABC (fig 3.2) deforms to a parallelogram
OA'B'C'. Define 0 as the origin, OA and OA' along the c-axis (circumferential
direction) and OC along the z-axis (base-to-apex direction, which is perpendi
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Rectangle O0ABC de-
forms to parallelo-
gram OA'B'C'. De-
formation 1is de-
fined by natural
strain e. along 0A,
natural strain e,
along OC and shear
angle p.

Fig 3.3

Measurement of the
deformation parame-
ters. A magnetic
field rotates a-
round the magnetic
field-generating
coil (MFGC) and in-
duces voltages Ve
and VZ in sensor
coils SCC and SC,,
respectively. The
deformation parame-
ters are determined
from the amplitudes
of and the phase
difference between
Vc and Vz‘
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cular to the c-axis). Natural tangential strain (ec), natural axial strain
(ez}, and shear angle p are defined as indicated in fig 3.2.

In the experimental set-up three coils are attached to the epicardial
syrface, one magnetic field-generating coil (MFGC) at the origin 0 and twoe
sensor coils at the positions A and C. The field-generating coil is supplied
by a three-phase AC system, thus generating a magnetic field that rotates
around the axis of the coil and has a strength that decreases with increasing
distance from the coil (fig 3.3).

In a sensor coil, a voltage is finduced proporticnally to the time deriva-
tive of the magnetic field strength. Therefore the strains of the segments
between the MFGC and the sensor measured by the coils can be calculated from
the changes in the induced voltages. The angle [; (A'0OCY; fig 3.2) equals the
phase difference of the voltages induced in the sensor coils (fig 3.3).

The changes in the induced voltages of the sensor coils as well as their
phase difference were registrated on a physiclogical recorder (Schwarzer),
the former at 0.2, 0.4 or 0.8% per mm and the latter at 0.005 or 0.0l rad per
mm. For normal cardiac contractions, the accuracy of the method is better
than +2% for strain measurements and +10% for shear angle measurements (Arts
and Reneman, 1980).

3.3.2.2 Assessment of epi and subendocardial fiber shortening
As discussed in section 2, torsion of the left ventricle is related to the
transmural course of fiber shortening. The shear angle, as measured on the
epicardial surface is directly related to this torsion. As will be shown in
chapter 5, changes 1in shear angle after finducement of ischemia can vary
between experiments, which might be due to differences fn the initial orien-
tation of the right angular configuration of the coils with respect to the
base-apex direction. To be less dependent on this orientation, the principal
min and e, were calculated from e., e, and ) . The relation be-
tween these parameters is shown in fig 3.4. The ellipse determined by e €,
and y, and represents the inscribed circle of the square after this square is
deformed to the parallelogram. The short and long axis of this ellipse denote
Y, respectively.

strains e

the direction of maximal {e__ ) and minimal shortening (e

max min
These parameters were calculated as follows: A first order approximation of
the natural strain along a line forming an angle g with the circumferential

direction is
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L Fig 3.4
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Circumferential strain, axial
{or base-to-apex) strain and
shear angle determine the defor-
mation of a square into a paral-
lelogram. From these three para-
b meters, minimal strain, maximal
strain and the angle of minimal
strain (Bmin} can be calculated,
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Fig 3.5 Deformation of a circle (onset of ejection) into an ellipse (end of

ejection) at the epicardium (Jeft panel) and in the inner layers
{right panel}. Orientation of minimal and maximal shortening at the
respectively) and in the inner layers

epicardium (Emin and €nax’
(emin,endo and emax,endoﬂ respectively) is ‘shown‘ by drawn arrows.
Bmin {outer layers) and Bmin,endo (inner layers) are the angles of

minimal shortening. Shortening in the inner layers in the Bmin direc-
tion is called €ondo {interrupted arrow). Orientation of the shorte-

ning directions is conform model calculations by Arts et al (1982a).
Shortening as drawn in the figure is twice the calculated values.
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e(g)= ec.casgg + ezmsinzs + P.cosg.sing {1

The maximal and minimal values of e{s) are found by solving de/dg= 0, which
results in

tan (28) = V](ec - ez)

Substitution of the thus found values of g into equation {1) results in the

maximal (emax) and minimal values (emin) of the natural strain, which are

also the principal strains:

2 .2
€ in = m,5(eC + ez) - 0. 5\/ +e ) + P

1
2
max

e = 0.5(ec + EZ + 0. S\JQe te, +‘y

Experimentally (chapter 5) the orientation of Cnax Was found to be close to
the anatomically measured fiber orientation in the inner layers (Streeter et
al, 1969). The fiber orientation in the inner layers is approximately perpen-
dicular to the fiber orientation in the outer layers (Streeter et al, 1969).

So the direction corresponding to e at the epicardium is close to the

min
fiber orientation in the {inner layers. Thus, nax is close to shortening
along the epicardial fiber direction and €nin reflects shortening of the

epicardial surface along the fiber direction in the layers.
3.3.3 Transmural differences in deformation

3.3.3.1 Principles

To measure directly endo and epicardial shortening perpendicular to the
epicardial fiber direction, three needles were inserted through the myocar-
dial wall so that they formed a rectangular triangle like the positioning of
the magnetic coils used for measurement of epicardial surface deformation
(section 3.3.2).

On each needle, two coils identical to those used for epicardial surface
deformation (Arts and Reneman, 1980) were placed, 2 and 12 mm above the epi-
cardium. So the deformation parameters were measured at two levels (fig 3.5).
Deformation at the epicardium and in the inner layers was calculated by
Tinear extrapolation along the needles from the measured deformation data.



onset of ejection

Fig 3.6

Measurement of mutual mo-
vement and angulation of
needles pierced into the
myocardial wall during the
ejection phase is perfor-
med by determining circum-
ferential shortening,
base-to-apex shortening
and shear angle at two le-
vels above the epicardium
(straight 1lines). From
these measurements, the
three deformation parame-
ters can be calculated on
the epicardium and in the
inner layers by extrapola-
tion {dotted Tines). Note
that the thus determined
epicardial parameters are
comparable with those mea-
sured directly on the epi-
cardium (fig 3.2).

upper cuoils

end of ejection

| upper coils

g icawrdiluw;.ﬁ

inner layers

Fig 3.7 Needle used for the measurement
of transmural differences 1in
deformation. Distance between
the coils is 10 mm.
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Wall thickness was estimated from the relation between left ventricular
weight and wall thickness as described by McHale and Greenfield (1973). For
the calculation of deformation in the inner layers variations in wall thick-
ness due to contraction or ischemia were neglected, because this technique
was used as a first order approximation.

From the epicardial and subendocardial €., € and p thus determined, e

z min

and nax in these layers can be calculated as described in section 3.3.2.2.

Epicardial e in these experiments was close to e_. , as calculated from

min min
data on epicardial deformation measurements (section 3.3.2.2). This &nin
forms an angle g with the circumferential direction. Epicardial shortening
along B
Boin®
calculated and defined as e

min
min will probably be related with subendocardial shortening along

Therefore, subendocardial shortening along the e direction was

endo ( min at
is close to the fiber orientation in the inner

min
fig 3.6). Because the orientation of e
the epicardium, and eendo

layers (section 3.3.2.2), the relation between e and epicardial e

endo min
depicts the relation between subendocardial shortening along a direction
close to the fiber orientation and shortening along the same direction on the

epicardium,

3.3.3.2 Instrumentation

The stem of each needle consisted of a PVC cylinder {(2mm outer diameter,
15 mm height). Underneath this stem a Tungsten needle (0.6 mm diameter, 25 mm
length) was placed. To measure the mutual position of the needles, on each
needle two coils were mounted 2 and 12 mm above the epicardium, respectively
(fig 3.7). On the needle at the right angled corner, two magnetic field
generating coils (MFGC) were mounted, and on the other two needles, two
sensor cofls were mounted. The same coils were used for the measurement of
epfcardial surface deformation (Arts and Reneman, 1980). It is known that
insertion of needles of this size results in only little damage, as measured
by histological and electrophysiological techniques (Franklin, 1974), To
obtain fixation of the needle within the myocardium, small notches about 2 mm
below the PVC cylinder, were made in each needle (fig 3.7). The electronic
circuitry used in these experiments was the same as the one used in the
measuring set-up in the previous section. So the amplitude of the changes of
€cr &, and p as measured during the cardiac cycle, could be registrated
directly for only one level of coils at a time. Therefore, the signals from
each level were alternatingly registrated with periods of 3-5 heart beats
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using a switch, For each variable, the values of 2 or 3 beats were averaged.

3.4 Regional myocardial blood flow

3.4.1 Introduction

In 1967, Rudolph and Heymann introduced the microsphere method to measure
regional blood flow with tracer microspheres of 50 um in diameter. These
spheres were injected into the circulation and were trapped in the smaller
vessels. After the experiments, the organs were removed and their radicacti-
vity counted. Repeated measurements could be made by using different nuclides
and separating them by gamma-spectrometry. In several studies {Rudolph and
Heymann, 1967; Domenech et al, 1969; Hoffbrand and Forsyth, 1969; Utley et
al, 1972; Rudolph and Heymann, 1967; Buckberg et al, 1971; Yipintsoi et al,
1973) it was shown that the fraction of injected radicactivity retrieved in
various organs was similar to the fraction of cardiac output reaching those
organs during the transit of the spheres. If the flow to one organ and its
microsphere content is known, the flow to any other organ or part of an
organ, not in series with other microvascular beds, can be calculated.

Since both Heymann et al (1977) and Schamhardt (1980) reviewed the theo-
retical and practical aspects as well as the advantages and limitations of
this technique, in the next sections the microsphere method is discussed only
as far as relevant to the present study.

3.4.2 Choice of the type of microspheres

Im this section, the choice of microspheres with respect to their size
and specific activity will be discussed. Spheres with a diameter of 15 um
were used in the present study for the following reasons. When the transmural
distribution of myocardial blood flow in the free wall of the left ventricle
is investigated with microspheres, larger sized spheres systematically over-
estimate blood flow in the inner (endocardial) layers (Domenech et al, 1969;
Utley et al, 1974; Yipintsoi et al, 1973). This has been ascribed to the more
axial migration of larger spheres as compared with smaller ones (Segre, 1961;
Phibbs and Dong, 1970). Because of this "streaming", larger spheres are
preferentially deposited in areas with higher flow velocities (Fung, 1973).
Since the outer layers receive blood during the whole cardiac cycle and the
inner layers only during diastole, and mean blood flow to both areas is
almost equal, it is evident that flow wvelocities are higher in branches
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supplying the inner layers at equal vessel diameters (Estes et al, 1966).
Smaller spheres which migrate more peripherally in the transmural arteries
(originating from the larger epicardial coronary arteries) might be trapped
preferentially in more proximal {epicardial) branches. With diffusable tra-
cers, endo/epicardial blood flow ratios have been found to be above unity in
the isclated dog heart preparation (Yipintsoi et al, 1973) as well as in the
intact dog heart (Prokop et al, 1974). Microspheres with a diameter of 9 um
give endofepi ratios which are well comparable with those obtained with
diffusable tracers {Heymann et al, 1977: fig 3). According to this figure, 15
M beads give a slight overestimation of this ratio. Fan et al, (1979) showed
that in the outer layers biood flow values obtained with 9 and 15 um spheres
are comparable, but values in the inner layers are about 10% higher for the
15 um spheres as compared with 9 um spheres.

On the other hand, a relatively high arterio-venous shunting was found
when using 9 um spheres varying between 1 and 6% under normal conditions
(Uttey et al, 1974; Crystal et al, 1979; Downey et al, 1979; Fan et al, 1979;
Tripp et al, 1977) and increasing to 8% during elevation of arterial Pene
(Fan et al, 1979) or increased perfusion pressures, up to 26.7 kPa (Crystal
et al, 1977). In the myocardium, the untrapped fraction of 15 um microspheres
was always less than 2% (Fortuin et al, 1971; Utley et al, 1972; Fan et al,
1979), even at elevated arterial Pcoz (Fan et al, 1979).

In this study, microspheres with a diameter of 15 um were used because
they seem to be the best compromise between the validity of transmural blood
flow measurement and the entrapment of microspheres in the small vessels.
Moreaver, microspheres of 15 um are less expensive than the smaller sized
ones.

The specific activity of the microspheres used in this study is Tower
than that used in other investigations. The Tower specificity was selected
because of the lower radiation load for the investigators. At a specific
activity of 3 mCi.g'l (weight of spheres), the radivactivity in the spheres
is sufficiently high to acquire an accurate gamma counting. In fact, at spe-
cific activities down to 0.5 mﬁi.g"l, the number of microspheres per sample
and not the gamma counting is the main determinant of the accuracy of the
method. An additional advantage is that less radicactivity has to be injected
to obtain a certain number of spheres per sample. The price per number of
microspheres is more favorable at the lower specific activities as well.
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3.4.3 Checks before experimental use
The microspheres were purchased from either the 3M Company [Minnesota,

USA} or New Engtand Wuclear (Boston, USA). Microspheres were delivered in

injection vials, suspended in 10% Dextran with 0.05% Tween 80 as surfactant

to reduce aggregation of the spheres. Before use in experiments, each batch

was checked on: (&) purity of the nuclide, (b} specific activity of the

microspheres, (c) integrity of the spheres, (d)} leakage of the nuclides from

the spheres and (e) diameter distribution of the beads, according to Heymann

et al (1977).

ad {a) Purity of the nuclide is required for accurate gamma spectrometry. The
purity was checked by analysis of the spectrum of a small sample of
each batch on the monitor of the Multi-Channel Analyzer. In each case,
the right nuclide was delivered and no contamination with other nucli-
des was found.

ad {b) Of each batch of microspheres the specific activity was measured to
check whether the materials delivered were according to the manufac-
turer's specifications. Furthermore, for accurate determination of the
number of microspheres in each blood or tissue sample the specific ac-
tivity of the beads has to be known precisely. For this determination,
a droplet of a diluted suspension of microspheres was spread on a
piece of graph paper. The number of microspheres (usually 1000-2000)
on this piece of paper was counted microscopically at an enlargement
of 100x. After this procedure, the radioactivity of this ‘piebe of
paper was counted in a gamma counter. Subsequently, it served as an
isotope reference sample during counting of each series of samples
from an experiment (section 3.4.4}.

ad (c) Damaged microspheres may have other flow behavior, may fail to be
entrapped and may cause leakage of the nuclide from the spheres. These
factors negatively influence the accuracy of the method. Therefore,
microsphere integrity was checked microscopically in a small sample at
an enlargement of 100x. A few hundred beads were checked per sample.
In each case, less than 1% damaged spheres were observed.

ad {d) Substantial Teakage of nuclides from the spheres will invalidate the
method because in this case not only radicactivity is injected which
is trapped by the microcirculation, but also soluble radicactivity
which is recirculating.
This leakage was checked as follows. A sample of microspheres was
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taken from batch, sedimentated and once washed {to mimic the treatment
of microspheres to be injected in the animal, section 3.4.4). After a
few ml 10% Dextran with 0.05%% Tween 80 was added and the tube was
thoroughly shaken on a Vortex mixer during 1 min and sonificated in an
ultrasound bath during & min, this tube was counted. Thereafter, the
suspension was shaken again on the Vortex and subsequently filtered
through & (.22 um millipore filter [Cathivex). The supernatant was
counted and from its activity divided by the activity of the whole
microsphere sample the percentage leakage was calculated. This acute
leakage was maximally 0.15%. The mean value of acute leakage was 0.03%
with a s.d. of 0.05%, for 3 M and NEN spheres combined. These wvalues
were lower than the specifications of the manufacturers (0.16% +
0.12%, x + s.d.).

The leakage at 37° ¢ over longer periods of time was determined in

four batches of microspheres. After vigorous shaking, samples of these
batches were stored in a 37° waterbath for 1 to 2 weeks. Intermit-
tently, the suspensions were shaken about five times. After this
period, leakage was determined in the same way as in the acute leakage
experiments. Values of longterm leakage were found to be about twice
as high as those for the acute leakage which is in agreement with the
manufacturer's specifications, mentfoning & leakage of less than 1%.
These results show that microspheres will loose only a neqligible
portion of their radiocactivity in an animal over a period of 2 hours.
This is supported by the observation that bloed, withdrawn one hour
after the last microsphere injection, contained no substantial radio-
activity.
Diameter distribution of the microspheres. The importance of a narrow
diameter distribution of each batch of microspheres has been empha-
sized by Reneman et al {1975). Because beads of different size have
different rheological properties {section 3.4.2), a large variation in
microspheres size will also introduce larger coefficients of wvari-
ation.

For this reason and also to check whether the right size of spheres
was delivered, in each batch the diameter distribution was determined
in a sample of 50 microspheres. Initially, this measurement was per-
formed with an ocular micrometer in the 1light microscope using a
magnification of 400-600x. The ocular micrometer was calibrated with
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an objective micrometer. However, the accuracy of this method was 0.5
um due to physical limitations of the 1light microscope. Therefore,
later in this study the diameter of the spheres was measured with an
imagesplitting eyepiece (Vickers A.E.I.) mounted om a light micro-
scope. This reduced variations in the diameter measurement to almost
0.1lpum. The observed diameters and their distributions were comparable
with the data provided by the manufacturers.

3.4.4 Experimental use of microspheres

The number of spheres in each batch was calculated using data concerning
total activity {mC1) and specific activity (mCi.g'l) as well as the number of
spheres per gram as provided by the manufacturer. From each batch a stock
suspension in fresh 10% Dextran with 0.05% Tween 80 was made containing 5x106
microspheres per ml. Prior to each experiment, the wanted number of micro-
spheres was taken from this stock solution and diluted twice in 10% Dextran
in a b ml syringe.

Before injection, the syringe, which was closed by a stopcock, was tho-
roughly shaken on a Vortex mixer to suspend all microspheres. Then the sy-
ringe was put into a beaker in an ultrasonic bath. The beads were sonificated
for 5-10 min to break up clumps of spheres (Reneman and Verheyen, 1977).
Shortly before injection, the syringe was taken out of the bath and again
shaken on the Vortex mixer for about ! min. Within 1 min after stopping this
procedure, the microspheres were injected into the left atrium via a silastic
catheter (inner diameter 2 mm, length ca. 25 cm). The syringe was washed once
with about 3 ml physiological saline and subsequently the catheter was flush-
ed with another 7 ml of physiological saline to remove the microspheres.

An arterial reference sample was taken from the brachial artery at a rate
of about 20 ml.min'l, using a Harvard suction pump. Withdrawal of blood
started 5 s before the injection of the microspheres and was continued during
at least 1 min., The arterial blood was put into test tubes and the sample
syringe was flushed once with a few ml of water. After killing the animal by
an overdose of barbfturate, the heart was excised, rinsed and stored in
formaldehyde 5%. The free wall of the left ventricle was cut into 5 slices
(parallel to the base of the heart). Each slice was cut into 5 pieces of
approximately 3 gram, Each piece was divided into a subendocardial, middie,
and subepicardial layer (see fig 3.8). The tissue samples were put into PVC
10 ml test tubes. These tubes were weighed empty and with the sample. The
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Fig 3.8 Schematic drawing of the method of dividing the left ventricu-
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tions.

MAP OF REGICNAL TLOCDFLOW I THE PRERGNL. OF THE

3% EPTY MIDD EMDOGIRATIO ® B

19,011
021 .61t
LES R I N ER R RN R LR S SRR AN TEY Y

e
LTI

oz

B3 14 azy 221 2t £
T e T P P T P TR P T

0
S LT YT T P AT T P L

[ A [ B [ ¢ | o | E ]

0

Fig 3.9 Parts from the output of the MICRO-program for the calculation
of regonal myocardial blood ﬁ] Wy showing the values of myo-
cardial bleood flow (ml.min"".g" ") and the endo/epicardial
blood flow ratio according to the location of the samples in
the left ventricular free wall (see fig 3.8).
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wefghing results were typed in on a data-entry system with a portable memory
(3.84 kbytes).

in the Packard Multi-Channel Analyzer the following samples were counted
according to the MIC II program input (Schosser et al, 1979): background
samples, isotope reference samples, substract samples {(meant for empty sy-
ringes), arterial and venous reference samples and tissue samples.

To be able to distinguish between the radivcactivity of different nuclides
within one sample as much counting windows were programmed as jsotopes were
present. Each window was located around the photopeak(s) of an isotope,
taking into account that the overlap of other nuclides in that window was as
small as possible. The spectrum of each isotope could be visualized on a
display, facilitating the positioning of the windows.

3.4.5 Calculation of regional blood flow

Data obtained from the gamma counter were sample number in the gamma
counter, counting time and the gross counts in each window. These data were
printed on paper and on papertape. The papertape data were fed into the MINC

11 computer, using a Facit papertape reader, and stored on file on a floppy

disc.

The weighing data in the portable memory were read into the computer by a
data entry (manufactured at the University of Limburg) in octal code and
subsequently converted into alpha numeric figures. By a screening program,
these data were checked on errors in the input and the data were ranked in
negative numbers {for the empty tubes) and positive numbers (for tubes with
samples) for direct use in the MICRO program.

The MICRO program is based on the MIC I1 program of Schosser et al (1979).
Shortly, the analysis of the energy spectra is performed according to the
matrix method. Isoteope reference samples (containing each a certain amount of
one pure isotope) are measured to obtain the overlap matrix. The unknown
amounts of the nuclides in the samples are calculated by solving a set of
Tinear equations. The original MIC II program has been changed for conve-
nience on a few points:

a. Calculation of the ratio count per min (cpm)per microsphere. This ratio
was originally determined by dividing the activity of the whole injectate
by the estimated number of injected microspheres. Direct gamma counting of
the injectate however is not feasible when a large experimental animal is
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used, because a high dose of radiocactivity is regquired. Therefore, from
each nuclide 1000-2000 microspheres were counted microscopically on a
piece of graph paper and after counting put fnto a counting tube. Manual
input into the MICRO program of this number of microspheres, together with
the papertape input of the counting data results in the cpm/microsphere.

b. Determination of the injected numstract samples) to correct for microsphe-
res remaining in the syringes is not necessary. Thus in the present study,
substract samples were replaced by empty tubes. The injected number of
microspheres was estimated from the volume of the stock suspension used
for injection.

c. Because the left ventricular free wall is divided systematically into 75
pieces {section 3.4.4) it was possible to make a "map" of MBF in each
experiment. To provide this "map", the MICRD program was extended to
obtain geographic information about the distribution of MBF in the free
wall of the left ventricle (see fig 3.9).

The output of the computer was stored on file and subsequently printed.

Beside the data provided in the original version of the MICRO-program {Schos-

ser et al, 1980). Also the MBF values and the endo/epicardial blood flow

ratios of the 25 transmural pieces of all 75 samples are given {fig 3.9).
Because prior to dissection of the heart the tissue samples in which

biopsies had been taken for the assessment of ATP, creatine phosphate and

glycogen or fatty acid content, had been marked, the MBF values of these
samples could be related to these biochemical variables. Total MBF in the
ischemic and non-ischemic area was calculated as well. The ischemic area was
considered to be the zone perfused by the Teft anterior dinterventricular
coronary artery which was identified macroscopically. For the determination
of total flow in this ischemic zone, only samples in which during stenosis
flow in the subendocardial part of the transmural section was reduced by at
least 40% as compared with the pre-stenotic period, were taken into account.

The non-ischemic area was considered to be the zone of tissue along the left

circumflex coronary artery and along the marginal branch of this artery (fig

3.8). The OVERAL computer program grouped tissue samples per layer so that

beside total flow, MBF in the three layers of the non-ischemic and ischemic

zones could be calculated as well as the mean endo/epicardial blood flow
ratio.
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3.4.6 Accuracy of the method

Variations in the assessment of regional blood flow by radiocactive micro-
spheres originate mainly from two factors: properties of the microspheres and
measurement of the presence of these spherss. Variations in the latter one
originate from errors in gamma counting of tissue and blood samples, in the
weighing of the tissue samples and in the matrix calculations.

The weight of the tissue samples is determined with an accuracy of 1 mg
introducing a variation of about 0.1% in the tissue samples (mean weight
about 1 gb.

For a proper determination of the radicactivity of a sample, the back-
ground activity has to be known as well. This background activity shows
relatively large varifations within the counting times used (10 min). For
06141, Sn113, RulGB, and Nng, the variation in the background activity was
12.4, 5.5, 5,8 and 6.6%, respectively. However, in tissue samples containing
radioactivity of at Teast 10 times the background, the assay variation is
less than 2%. Because the background in each window ranged from 10-40 cpm,
only in samples with a small amount of spheres {samples from severely ische-
mic tissue, for example) this variation has to be taken into account.

Errors due to the matrix calculations providing corrections for Compton
scatter were evaluated in a simulation experiment. The input data for the

85, and

isotope reference samples were chosen to mimic the nuclides 1125, Sr
Nbgs. The relative activity of the different nuclides in the simulated tissue
samples were varied to simulate flow differences up to a factor of 10 at the
125 and less then 0.019
for the other three isotopes. For experiments where 8 isotopes were used,
Schosser et al (1979) reported errors of less than 0.23%.

In contrast to the above-mentioned factors, errors caused by properties of

different injection times. This error was 1.0% for I

the microspheres mainly determine the variations in the results obtained with
the microsphere method: inhomogeneous distribution of the spheres over the
cross-sectional area of the blood vessel, incomplete mixing of spheres in the
blood and statistical variation in microsphere distribution.

Inhomogeneous distribution of microspheres over the cross-sectional area
of the vessel 1is responsible for differences in transmural distribution
across the left ventricular wall between different sizes of microspheres
(section 3.4.2).

To check adequate mixing of the microspheres in the blood, 6 experiments
were performed. In 3 experiments, 4 isotopes were simultaneously injected. In
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each of the 3 experiments, activity was 4.7% + 5.0%; 1.8 + 1.6% and 0.2 +
1.4% higher in the femoral than in the brachial artery sample {mean and s.d.
of the 4 isotopes). In 3 other experiments, 4 isotopes were injected subse-
quently, at an interval of 5 min during a stable hemodynamic period. In these
experiments activity was 2.1% + 3.3% lower; 2.6 + 2.5% and 1.9 + 0.6% higher
in the femoral than in the brachial artery sample. These results indicate
that microspheres are not preferentially distributed to either the brachial
or the femoral artery, suggesting a homogeneous distribution of microspheres
in the blood, which is in agreement with results obtained by other investi-
gators (Hoffbrand and Forsyth, 1969; Buckberg et al, 1971). These experiments
also show that between different microsphere injections a coefficient of
variation of 3.5% exists.

Because microspheres are distinct particles, variations in the concentra-
tion of spheres occur as a result of statistical variation even with homoge-
neous blood distribution. This variability approximates the Poisson distribu-
tion (Buckberg et al, 1971). This implies that the variation in the micro-
sphere method is dependent on the number of spheres in each sample (Buckberg
et al, 1971; Reneman et al, 1975; Flameng et al, 1977). To investigate whet-
her in our experimental set-up this variation is comparable to those found by
these authors, in 2 experiments 4 isotopes were injected simultaneously into
the left atrium. Before this injection, the LAICA was stenosed to create
inhomogeneous flow distribution within the left ventricle resulting in large
differences in microsphere content of the tissue samples. The results of
these experiments are shown in table 3.1. The differences in calculated
myocardial blood flow {MBF} values between 2 isotopes in each sample are
expressed as the relative error (E) or as coefficient of variation. The
relative error was calculated according to the following equation {De Jonge,

1964): |
\é dil/2k
= 1.96 . .100%

X

where di = the difference in calculated MBF values between 2 isoto-
pes in the various samples, k = the number of samples and x = the
mean MBF calculated from the 2 isotopes.
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Table 3.1 Coefficient of variation and relative error (section 3.4.6)
of myocardial blood flow values obtained with any two isoto-
pes after simultaneous injection of four isotopes during co-
ronary artery stenosis.

Number of micro- Coefficient Relative error Number of
spheres per iso- of variation comparisons
tope per sample (%) (%)

> 2000 3.2 7.1 72
1000-2000 3.6 8.2 81
700-2000 5.0 7.0 30
400-700 5.6 9.9 24
200-400 6.4 15.5 56
100-200 9.0 16.0 22
<100 30.0 70.3 78

Table 3.2 Coefficient of wariation of myocardial blood flow values
obtained with any two isotopes, separately injected during a
stabile hemodynamic situation after coronary artery steno-

sis.

Number of microspheres Coefficient of Number of
per isotope per sample variation {%) comparisons
>2000 12.8 14
1000-2000 10.7 31
700-1000 11.8 11
400-700 13.8 15
200-400 15.0 16
100-200 20.7 8

<100 40.4 g
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The coefficient of varfation was calculated according to the equatfon:
CV. = s.du/ X

where s.d. = standard deviation and x = mean calculated MBF.
.

Tissue samples were classified in groups containing <100, 100-200, 200-
400, 400-700, 700-1000, 1000-2000 and > 2000 microspheres per sample. Mo sig-
nificant differences were observed between the MBF values of the 4 isotopes.
Therefore, the analysis of the results from the comparison between each pair
of isotopes was combined {see table 3.1).

These results show that in samples containing at least 400 microspheres,
variation of the MBF determination is less than 10%. This value is comparable
to the values found by Buckberg et al, 1971 {in arterial reference samples),
Flameng et al, 1977 (in tissue samples from an isolated heart preparation),
and Reneman et al, 1975 (in a set-up identical to the one used in this stu-
dy). In comparison with the latter investigators, the relative error in our
experiments tends even to be less. This might be due to a more narrow diame-
ter distribution of the spheres used in this study.

It has to be emphasized that the variations found in these 2 experiments
are the sum of all experimental variations mentioned above, except for the
variatiens in arterial reference sampling. However, the other variations are
not influenced or only to a limited extent to the number of microspheres in
one sample. Thus, the variations shown in table 3.1 are the intra-assay vari-
ations for a certain number of microspheres.

The inter-assay variation theoretically will be equal to the intra-assay
variation plus the arterial reference sample variation. This variation could
be determined by injecting the isotopes not simultaneously but separately at
short time intervals. However, in this case, no discrimination can be made
between the inter-assay variation and real changes in flow even in an appa-
rent stable hemodynamic situation. Nevertheless, we investigated these vari-
ations in 2 experiments, while the LAICA was stencsed. Varfation coefficients
in samples with different microsphere contents are shown in table 3.3. Again,
the relation between the number of spheres per sample and the variation
coefficient is clear. However, comparison with the data from table 3.1 show
that for any number of microspheres the variation coefficient is 7-10% higher
in case of separate injections. This difference will be caused by variations
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Table 3.3 Relative errors (section 3.4.8) in MBF values from organs in
the systemic circulation, obtained after simultaneous injec-
tion of three isotopes. n depicts the number of comparisons.

Number of Nb - Sn n Mb -~ Ru n Sn -~ Ru n
microspheres  (3M) {NEN) {3M) (NEN) [3M) (NEN)
per sample

>2000 3.6 16 6.0 2 4.5 2
1000-2000 4.6 11 4.6 g 5.8 a
400-1000 12.0 8 3.7 11 2.3 11
100-400 21.8 12 7.9 13 2.9 13
<100 29.2 11 14.4 14 15.5 14
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in arterial rveference sampling as well as in the hemodynamic situation. In
other experiments, the variation in arterial reference sampling have been
shown to be 3.5% so even in an apparent stabile situation, variations in MBF
of 3.5-6.5% seem to be common and should be emphasized in interpreting re-
sults obtained with the microsphere method.

3.4.7 Comparison between 3M and NEN microspheres

Until recently, the only brand of non-biodegradable spheres available and
extensively investigated on their validity for the measurement of regional
blood flow were those manufactured by the 3M Company. Since a few years, NEN
also delivers radicactive microspheres which are claimed to be at least as
reliable as the 3M spheres. Knowledge about the exact composition of either
brand of spheres 1is absent. The 3M spheres are made of "an inert plastic
material" which 1is carbonized; the MEN spheres consist of “styrene-diviny)
benzen copolymer coated with a polymeric resin'.

However, in using any type of microspheres to measure regional blood flow,
a number of assumptions are implicit. Since 3M microspheres have been exten-
sively investigated and wvalidated (section 3.4.1), a comparison between the
results obtained with 3M and NEN spheres was made,

The comparison of both types of microspheres was performed in 4 rabbits
(mean weight 4 kg). The animals were anesthetized with 0.4 m1.kg'1 Rompun and
0.2 m'ﬂ.kg"1 Vetalar and ventilated after endotracheal intubation with a pedi-
atric positive pressure respirator. The thorax was opened through the left
5th intercostal space and the pericardium was opened. For injection of the
microspheres a small silastic catheter was inserted into the left atrium. A
polyethylene catheter was inserted into a brachial artery to obtain an arte-
rial reference sample. With a syringe, a mixture of 15 g microspheres labeled
with 9% (3M), Rul0? (NEN) and snl!3 (NEN) was injected into the left atri-
um. The reference sample was taken at a rate of 6.0 ml.min'l, using a Harvard
suction pump. Withdrawal of blood started 5 s before injection of the spheres
and was continued during at least 1 min.

After the experiment, tissue samples of different size were taken from the
heart, kidneys, liver, spleen, skeletal muscles and lungs. From these sam-
ples, regional blood flow was determined as described in section 3.4.5.

The coefficients of variation in bloed flow values in the heart alone as
well as these values combined with blood flow values in the liver, kidneys
and skeletal muscles are shown in table 3.3. The variations in blood flow




values in these organs were combined to obtain in each class of number of
spheres per sample a reasonable number of observations. Moreover, no consis-
tent differences were observed between the variations in the different or-
gans. The obtained values of the relative error are comparable to those found
after simultaneous injection of 3M microspheres with 3 different isotopes
{table 3.1).

Linear regression analysis showed an excellent relation between the obtai-
ned MBF wvalues of 3M and MEN spheres (see fig 3.10). Also entrapment of
either type of microspheres in the lungs was almost identical, suggesting
that no differences 1in shunting through the systemic circulation were pre-
sent.,

According to these results, it was concluded that measurement of regional
blood flow with NEN microspheres has the same validity as 3M microspheres.
This is in agreement with the results of Hales et al (1979) in sheep.

3.5 Determination of chemical substances in blood

3.5.1 Introduction

The determination of several substances 1in the blood was performed for
several reasons. Firstly, assessment of myocardial substrate utilization
requires the measurement of the uptake of oxygen, glucose, lactate and fatty
acids by the myocardium (section 2.3). As mentioned in section 3.7, the
uptake of these substances was estimated from the product of myocardial
regional blood flow and the respective arteriolocal venous ([AV) differences
of these substances. Moreover AV differences of NEFA were determined to
investigate to which extent the accumulation of MNEFA during ischemia, as
observed in a previous study is caused by uptake of these NEFA{Van der Vusse
et al, 1982). Secondly, the release of lactate, inorganic phosphate, potassi-
um, COZ and H' was determined because these substances are known to be good
biochemical markers of myocardial ischemia.

At last, the determination of blood gases, pH and oxygen content of arte-
rial blood was used to check the respiratory and metabolic condition.

3.5.2 Blood gases and blood pH

The blood pH was determined potentiometrically using a pH glass electrode
and a calomel reference electrode. The pgy, was measured using a ppgs, elec~
trode, in fact a pH electrode the surface of which can only be activated by
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Table 3.4 Precision of the determination of several substances in the
blood. For calculation of the coefficient of variation, see
section 3.4.6.

Variable Intra-assay coefficient
of variation (%)

Peoz 2
Po2 2
Hb z
@guggggratinn 1:
Lactate 4
Inorganic phophate 1
Potassium 0

0

pH 07 units

Table 3.5 Precision of the gaschromatographic method for the estima-
tion of NEFA in dog serum (B replicate assays).

Sample Mean amount of Sh Intra-assay
number NEFA estimated 1 coefficient of
(umo1.,177%) {pmo1.177) variation (%)

I 278 4 1.4

IT 179 4 2.2

111 123 5 3.9

) 103 3 2.6

Mean 2.5

Table 3.6 Precision of the GLC method for estimation of individual
fatty acids of the NEFA class in dog serum {8 repl. assays)

Intra-assay coefficient of variation (%)

Sample number I
Myristic acid
Palmitic acid

5.3

4.5
Palmitoleic acid 1.9
Stearic acid 2.4
1.4

3.6

8.6

11 111 v mean

|

3]

P

~ ® OO o

Qleic acid
Linoleic acid .
Arachidonic acid  28.

E=20 p A I~ < o5 B o
. . s

=t
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uncharged molecules due to a thin Teflon outer membrane. Determination of Ppo
was performed with an amperometrical method. Intra-assay coefficients of
variation of these three methods are shown in table 3.4. Determination of the
blood gases and blood pH was performed at 37 C using a blood gas analyzer {IL
413 or Radiometer ABL3).

3.5.3 Hemoglobin, oxygen saturation and oxygen content

These measurements were performed using a Radiometer 0OSM 2 hemoximeter.
The method is based on spectrophotometric analysis at 505 and 600 nm at 37%.
The molar absorbances of Hb and Hb02 are identical at 505 nm but widely dif
ferent at 600 nm. Intra-assay coefficient of variation of the 02 saturation
determination was 0.5% and of the hemoglobin determination 2.8% (table 3.4).

The oxygen content of the blood was definedasthe product of hemglobin
concentration oxygen saturation. Since the amount of 02 in the plasma is
smaller compared to the hemoglobin bound oxygen.

3.5.4 Glucose, lactate, inorganic phosphate and potassium

The concentration of these substances in the serum of the blood samples
was determined by spectrofotonetry on a Technicon AAIIl Auto-analyzer.

Glucose was determined with hexohinase and glucose-6-phosphate dehydroge-
nase as described by Bergmeyer et al, (1974),

Intra-assay ccoefficient of variation of the blood glucose determination
was 1.1%. lLactate was determined with lactate dehydrogenase as described by
Gutmann and Wahlefeld, (1974}, modified for assessment on the Auto-analyzer.
Intra-assay coefficient of variation of this method was 2.2%.

Serum finorganic phosphate concentrations were determined with ammonium
molybdate according to Fiske and Subbarow (1926). These complexes were spec-
trophotometrically assessed. For this method, the intra-assay coefficient of
variation was 1.4% {table 3.4).

Concentrations of potassium in the serum of blood samples were determined
with a Technicon Auto-analyzer Flame Photometer IV coupled to the above-men-
tioned Auto-analyzer. The method is based on a procedure described by Berry
et al (1946). Intra-assay coefficient of variatfon of this determination was
0.6% {table 3.4).

Materials for the glucose, inorganic phosphate and potassium determination
were purchased from Technicon, Tarrytown. For the lactate determination LDH
was purchased from Boehringer, Mannheim, and lactate from Sigma, St. Louis,



and the other chemicals from Merck, Darmstadt.

3.5.5 Non-esterified fatty acids

The concentration of non-esterified fatty acids (MEFA) in blood can be
determined wusing & colorimetric, titrimetric, radiometric, enzymatic or
gaschromatographic method. Initially, this concentration was determined using
a colorimetric method {data presented in chapter 8). However, in the course
of this study, we preferred the gaschromatographic method (other data),giving
also data concerning the individual MEFA. The colorimetric assay was perfor-
med with the standard Boehringer test kit (Boehringer, Germany). NEFA form
with copper nitrate salts which are soluble in chloroform. With diethylthio-
carbaminate, yellow complexes are formed, the color intensity of which can be
measured spectrophotometrically at 420mm. The determination was started
immediately after the samples were thawed. For each determination, 0.1 ml of
serum was used. The intra-assay coefficient of varifation was 4%.

For gaschromatographic determination of the serum concentration of NEFA,
100 41 serum was extracted with 2.0 ml methanol/chloroform (1:2, v/v) at room
temperature. Serum extracts were subsequently treated in a similar fashion as
the extracts of myocardial biopsies (section 3.6.4). In table 3.5 and 3.6,
respectively, the standard deviation and intra-assay coefficient of variation
of the total MEFA determination and of the individual MEFA fs shown for 4
samples, each value being calculated from 8 replicate assays. The high coef-
ficient for myristic acid and arachidonic acid is caused by their very low
concentrations in the blood. Manufacturers of the materials used for this
determination are mentioned in 3.6.4.

3.5.6 Triacylglycerol

After thinlayer chromatography of the serum, the triacylglycerol spot was
scratched off, the fatty acid moieties were transmethylated and gaschroma-
tographically determined (for conditions during this determination, see
section 3.6.4). Intra-assay coefficient of variation of this method varies
from 1.4 to 2.8% (mean 2.2%), as calculated from 8 replicate assays of 4
samples {table 3.7).

Manufacturers of the materials used for this determination are mentioned
in 3.6.4.
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Table 3.7 Precision of the gaschromatographic method for the estima-
tion of fatty acids of triacylglycerol in dog serum (8
replicate assays).

Sample Mean amount of Sh Intra-assay

number FA estimTted 1 coeff. of var.
(umo1.17%) (umo1.177) (%)

I 750 20 2.7

11 733 1?2 1.6

111 721 6 1.4

v 670 19 2.8

Table 3.8 Precision of the determination of several substances in
myocardial tissue

Variable Intra-assay coefficient
of wvariation (%)

ATP 4.7
cp 3.3
Glycogen 3.8
NEFA 2.3
Triacylglycerol 6.5,
Phospholipids 7.2

Difference between two samples in the same heart (see text)

Table 3.9 Precision of the gaschromatographic method for the estima-
tion of the individual fatty acids of the NEFA class in
normoxic dog myocardial tissue

Tntra-assay coefficient of variation (%)

Sample number I Il 111 mean
Number of measurements 4 2 2

NEFA:

Myristic acid 36.1 21.1 3.1 20.1
Palmitic acid 7.6 1.2 9.6 6.1
Palmitoleic acid 18.9 15.7 13.9 16.2
Stearic acid 3.3 11.1 3.7 6.0
oleic acid 4.7 4,5 7.3 5.5
Tinoleic acid 9.5 4.9 0.5 4.8
arachidonic acid 24.1 30.1 - 27.1
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3.6 Determination of chemical substances in myocardial tissue

3.6.1 Introduction

Tissue samples have been taken for two purposes. The first was to obtain
information about energy stores present in the myocardium during ischemia.
For this purpose transmural biopsies {about 100 mg) were taken. These samples
were divided into samples from the outer, middle and inner layers, in which
ATP and creatine phosphate concents were determined. To obtain information
about the carbohydrate store, glycogen concent was determined in the same
biopsies.

The second purpose was to investigate the time course of the ischemia
induced changes in tissue concents of fatty acids in the non-esterified fatty
acid, triacylglycerel and phosphogiyceride classes. For this purpose, separa-
te biopsies were taken, because these determinations require relatively large
tissue samples [see below). These biopsies were divided into three parts as
well.

3.6.2 Handling of the tissue samples

Before chemical analysis the tissue samples for ATP, creatine phosphate
and glycogen determination were freeze dried within the drills in a Virtis
freeze dry apparatus. Care was taken that during this procedure the biopsies
stayed at a temperature not higher then -30%C until they were dry. Thereafter
the biopsies were pushed out of the drills and divided into samples from the
outer, middle and inner layers. To reduce interference with the chemical
analysis, adherent dried blood was removed as much as possible under a bino-
cular microscope using a small pincet and a needle. Subsequently, these
samples were stored again at -80°C or directly used for chemical analysis.

3.6.3 ATP, creatine phosphate and glycogen

The dried tissue was crushed with a glass rod in a 0.2 ml water-acetone
(1:1, wv/v) mixture, containing 2 mM EDTA and 0.4 M perchloric acid at a
temperature of -15% C. The whole mixture was subsequently neutralized with
0.1 ml dice-cold TRIS-KOH and centrifuged for 10 min at 4% ¢ with a relative
centrifugal force of 1100 g. The clear supernatant was carefully removed and
aliquots were used for the determination of ATP and creatine phosphate. The
residue containing fragments of tissue and insoluble salts was used for the
determination of glycogen [vide infral.
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ATP and creatine phosphate were analyzed with a fluorometric technique {Lam-
precht and Trautschold, 1974; Lamprecht et al, 1974), modified by Drake et al
{1980b). The reaction mixture per liter was: TRIS buffer {55 mmol, pH=8.1),
naDP ™ {1 mmol), glucose {1 mmol}, MgC1, {1 mmol) and glucose 6&-phosphate
dehydrogenase {160 U). After addition of 10 M1 tissue extract to 1.0 ml
reaction mixture, the reaction was started with hexokinase {690 muU}. The
amount of ATP was calculated by comparison of the change of fluorescence in
the test cuvet with the standard cuvet (100% fluorescence has been standar-
dized with 5 nmol NADPH in 1,0 ml buffer). From a subsequent addition of ADP
(final concentration 0.05 mol) and creatine kinase (980 mU} the amount of
creatine phosphate was determined in the same cuvet.

The afore-mentioned residue (see ATP and creatine phosphate determination)
was kept at 37° ¢ for 3 hours after addition of 1.0 ml 1.0 M NaOH. Subse-
quently, 1.0 ml 95% ethanol was added and the whole mixture was heated for 10
min at 85° C. After cooling to 4% ¢, the mixture was stored at this tempera-
ture for 24 hours. The mixture was centrifuged at 4° ¢ with 1100 g for 20
min, The clear supernatant was carefully removed with a pipette, and the
residue was washed twice with 0.5 ml 60% ethanol. After centrifugation at 4°
C with 1100 g for 30 min, the residue was hydrolyzed at 85% € for 3 hours
after addition of 1.0 ml 1.0 M HC1 to the residue. The mixture was subse-
quently neutralized with 0.5 ml TRIS-KOH and aliquots were used for the
fluorometric assay of the glucose moieties.

Instead of glucose, ATP {1 mM) has been added to the afore-mentioned
reaction mixture. After addition of 10 p] tissue extract, the reaction was
started with hexokinase (690 mU).

The determinations were performed with a Zeiss ZFM4 Fluorometer, at a
temperature of 25° C. The intra-assay coefficient of variation of the deter-
mination of ATP, creatine phosphate and glycogen are shown in table 3.8.

Materials

Enzymes hexokinase (140 U/mg), creatine kinase (25 U/mg) and glucose 6-phos-
phate dehydrogenase (350 U/mg) were purchased from Boehringer Mannheim,
g-nicotinamide-adenine dinucleotide phosphate (disodium salt) and adenosine
5-triphosphate (disodium salt) from Sigma, St. Llouis. Creatine phosphate
(disodium salt) was purchased from Boehringer, Mannheim. Glucose, glycogen,
TRIS, EDTA and other chemicals used in this study were produced by Merck,
Darmstadt.
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3.6.4 Fatty acids

Tissue concentrations of fatty acids were determined according to Van der
Vusse et al (1980). Aliquots of deeply frozen tissue (150-300 mg of wet
weight) were pulverized in an aluminium mortar with a stainless steel pestle,
previousiy cooled in liquid nitrogen. The tissue powder was transferred to
test-tubes cooled with 1iquid nitrogen. The test-tubes were placed at -21%
and the tissue powder was wetted with 2 ml methanol of -21°C. The content of
the test tubes was allowed to warm up till room temperature and was subse-
quently weighed. Chloroform was added ti11 a mixture of chloroform and metha-
nol of 2:1 v/v was obtained. As antioxydant butylated hydroxytoluene (0.01%)
was present in the methanol and chloroform. Subsequently, & mixture of hepta-
decanoic acid, cholesteryl heptadecancate and triheptadecanoin was added to
the extraction mixture in order to correct for losses during the assay proce-
dure, Non-esterified fatty acids (NEFA), triacylglycerol, cholesteryl esters
and total phospholipids were isolated from the extracts by thin-layer chroma-
tography using TLC plates coated with Silica gel F 254. The Tipid spots were
predeveloped with ch1oroform/methanol/HZO/acetﬂc acid (10:10:1:1, v/v) until
the 1iquid front had reached a lewvel of 1 cm above the site of application of
these spots. Hexane/diethyl ether/acetic acid (24:5:0.3, v/v) was used as
developing solvent. The Tlipid spots were made visible with Rhodamine &,
séraped from the plate and transferred into test-tubes, containing 0.5 ml 7%
BF3 solution., The fatty acid moiety of the various lipid classes was methyl-
ated at 20°C for 15 min (MNEFAY at 100°C for 30 min (triacylglycerol) and at
100%¢ for 45 min (cholesteryl esters and phospholipids). The methylesters
were extracted from the methylating mixture with pentane. After evaporation
of the pentane under a stream of N2 at 3700, the methylesters originating
from the NEFA, triacylgliycerol and phospholipids were dissolved in trimethyl
pentane, containing appropriate amounts of methyl pentadecanoate (about 3
nmol per assay) as internal standard. The 1ipid spots were extracted from the
silica gel powder with diethyl ether/methanol (50:1, v/v)}. The methylester
mixtures were analyzed by gas-liquid chromatography using glass columns
packed with 5% DEGS on chromosorb W-AWDMCS (length 6 feet; inner diameter 2
mm). Starting temperature of the column was routinely 150°C, the temperature

gradually increased up to 190%C, with an increase rate of 40C.min'1.

flow of N, was 45 ml.min~L.
Tissue samples in this study weighed between 150 and 300 mg. Given a blank

value of 3 nmol and WEFA tissue contents of 30 nmo].g‘l, this implies that

Carrier



- 63 -

measurements were about three times the blank value. The correction for the
blank value was rather accurate in our hands, as is shown by the NEFA intra-
assay coefficient of variation of 2.3% {table 3.8).

Also the intra-assay coefficient of other fatty acids in tissue is shown
in table 3.8. The exact intra-assay variation of the phosphoglyceride deter-
mination can only be validly calculated if the recovery of each individual
phosphoglyceride is known. Because this is not the case in this study, the
coefficient of variation of the values of two samples in the perfusion area
of the left circumflex coronary artery is shown. The real coefficient of
variatfon will be lower or equal to this figure. In table 3.9, the intra-as-
say coefficient of wariation of the individual NEFA in normoxic tissue is
shown. Mean coefficient of variation for the different NEFA ranges from 4.8
to 6.1% for the NEFA, present in the relatively higher amount, and from 16.2
to 27.1% for myristic acid, palmitoleic and arachidonic acid, NEFA which are
present in very low amounts during normoxia.

Materials
Silicagel F 254, chloroform and methanol were purchased from Merck, Darm-
stadt, borontrifluorid from Sigma, St. Louis and diethylether, pentane,
petroleum-ether (BSO-GOOC), tri-methyl-pentane and toluene from Baker, Phi-
Tipsburg.

3.7 Assessment of myocardial metabolism

In the present study, myocardial metabolism was assessed by measuring
concentrations of substances in tissue as well as by measuring the arterio-
Tocal venous (AV) difference of substances across the normoxic or ischemic
myocardium. Division of tissue samples from the outer, middle and inner
layers (each about 1/3 of the wall), enabled the study of differences in
these processes across the myocardial wall.

Tissue contents of ATP and creatine phosphate were determined to investi-
gate the depletion of high-energy phosphate stores in the {schemic myocar-
dium. AY differences of inorganic phosphate most Tikely provide information
about the release of phosphate liberated from ATP and creatine phosphate into
the ischemic wenous blood. Determination of the tissue concentrations of
breakdown products of high-energy phosphates was not performed because our
primary interest was the presence of ATP and creatine phosphate and not the
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metabolism of adenine nucleotides.

Substrate metabolism during normoxia as well as ischemia was assessed by
measuring tissue glycogen and fatty acid content as well as AV differences
for glucose, lactate, MEFA and triacylglycerol. Aerobic metabolism was asses-
sed by measuring the oxygen AV differences.

The influence of ischemia on cellular regulation of ion concentrations was
assessed by measuring the AV differences for potassium.

Possible damage of cellular membranes as well as accumulation of possibly
noxious substances was estimated by measurement of the tissue content of
phosphogl ycerides, NEFA and triacylglycerol together with the AV differences
of the latter two substances. Gaschromatographic determination of these
substances enabled the measurement of the concentrations of the individual
fatty acids within these three classes. Because each of these classes has a
different relative fatty acid composition in blood and in tissue, accumulat-
ion or breakdown from one class into another can be estimated.

Uptake or release of substances by the myocardium can be approximated by
the product of total myocardial blood flow and the whole blood (oxygen) or
serum {all other substances in the present study) AV difference.

Critique on the experimental design

"The major problems inherent to the experimental design chosen, 1ie in the
validity of the assessment of metabolic changes in the ischemic tissue by the
uptake or release of substances. Objections include the following: (a) the
uptake as determined in this study does not fully cover the utilization since
the use of substances released from endogenous stores is not taken into
account. Therefore, the term “net uptake" or "net release" 1is used in the
present study; (b) multiplying myocardial blood flow with serum AV differ-
ences s only Jjustified if it 1is assumed that transport of the substances
from the plasma into the erythrocyte and vice versa, was not influenced by
the inducement of ischemia (chapters 6,7,B) or the substances administered to
elevate the arterial NEFA concentrations (chapter 8); {c) another assumption
in this calculation is that local venous blood is sampled from the ischemic
area in which myocardial blood flow is determined with the radiocactive micro-
spheres, without contribution of blood from other, normally perfused areas.
However, comparison of the net uptake or release of the various substrates
assayed on simultaneously taken hlood samples overcomes this critique; (d}
during ischemia, net uptake has also to be used with caution, since it is not
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clear whether the venous blood samples reflect the average of transmural
venous blood or mainly blood from one particular layer.

Critical comments should also be made with regard to the assessment of
fatty acid metabolism. AV differences of triacylgliycerol can be determined
with an accuracy of 3%. However, uptake of triacylglycerol within the error
of the determination already has extensive consequences for substrate supply.
For the same reason, highly significant increases in the tissue content of
MEFA might not necessarily be reflected by reduced contents of triacylglyce-
rol or phosphoglycerides because of the extremely low tissue concentration of
the NEFA.

3.8 Relation between blood flow, metabolism and mechanics

A major purpose of this study was to relate the changes 1n myocardial
blood flow after inducement of ischemia to the changes in metabolism and
mechanics in various layers of the ischemic area. These relations were asses-
sed as follows. Tissue samples for determination of ATP, creatine phosphate,
glycogen and fatty acids were taken from the area where the coils for deter-
mination of epicardial deformation had been attached. These coils were remov-
ed just before taking the biopsies. Because the biopsies were too small for
reliable blood flow determination, we have used the blood flow data of the
area closely surrounding the tissue used for chemical analysis. The tissue
samples for high-energy phosphate and glycogen determination had a diameter
of 4 mm, the biopsy for fatty acid analysis had a diameter of 10 mm (in each
experiment two of these biopsies were taken from the ischemic area), the
samples for determination of myocardial blood flow had a surface of 7-4 cmz
and the surface of the surrounding rectangle of the three coils was 4-6 cmz.
This means that the site of sampling of the data concerning blood flow,
metabolism and mechanics were not identical. Because of possible inhomogene-
ities of one or more of these parameters within the same layer of the myo-
cardium, the variation in the mutual relations might be larger than in case
of determining all parameters in the same sample. This is also the case for
the relation between tissue contents of ATP and NEFA (chapter 7). Information
about the size of this wariation is given in chapter 4.
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4. INVESTIGATION ON THE HOMOGENEITY IN TIME AND SPACE OF MYOCARDIAL MECHANI-
CAL PERFORMANCE, BLDOD FLOW AND METABOLISM 1IN THE NORMALLY PERFUSED LEFT
VENTRICLE: EVALUATION OF THE EXPERIMENTAL MODEL™

4,1, Introduction

In the following chapters, the data related to the influence of ischemia
on left ventricular blood flow, metabolism and mechanical performance are
described. The influence of partial occlusion (stenosis) of the left anterior
interventricular coronary artery (LAICA) is evaluated by comparing the diffe-
rences between either the values of the parameters during ischemia with those
before inducement of the stenosis or the values of the parameters in ischemic
and non-ischemic areas of the left ventricle. These comparisons are only
allowed 1f during the experimental period (2 hours), without inducement of
stenosis, (a) the values of the measured parameters do not change signifi-
cantly and (b) no significant differences exist between the parameters de-
termined in different perfusion areas of the left ventricle.
ad {a). To check the stability of the preparation, two series of experiments
were performed. In the first series we measured hemodynamic vari-
ables, myocardial blood flow (MBF), epicardial deformation, and arte-
rial and local wvenous concentrations of the substances mentioned in
section 3.6. In the second series, beside these variables also the
tissue contents of ATP, creatine phosphate and glycogen were deter-
mined in biopsies from the myocardium. Results from these investi-
gations are presented in section 4.2.

ad (b). During normoxia, the tissue contents of ATP, creatine phosphate and
glycogen in the perfusion areas of the LAICA and the left circumflex
coronary artery {(LCCA) were assessed by taking biopsies from these
areas at various time intervals. Inhomogeneities in MBF, if any, were

* Parts of the results presented in this chapter have been published in:
Basic Res. Cardiol. 76: 431-437.
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Table 4.1 Time course of hemodynamic variables during 135 min normoxia

in experiments without

(group I,

n=10)

and with tissue

sampling [biopsies; group II; n=10). Median values and 95%
limits are shown.

Heartlrate
(min™")

Systolic aortic

pressure {(kPa)

Diastolic aortic

pressure {kPa)

Systolic coronary
artery pressure

(kPa}

Diastolic coronary
artery pressure

{kPa)

dp]vldtmax
-1
{kPa.s™ ")

Pived
(kPa)

rou

-15 min

90
75-155

11.9
10.4-14.7

8.8
7.3-9.3

12.0
10.0-14.7

7.6
6.7-10.0
213
187-227

0.8
0.5-1.1

1 roup 11

120 min -15 min 120 min
123 105 123
65-195 65-150 80-140
11.1 12.5 11.7
10.0-13.3 11.1-14.7 10.9-13.3
8.6 9.3 9.3
7.7-11.3 8.3-10.7 8.0-10,3
10.7 12.7 11.3
9.3-13.3 10.9-14.7 10.5-12.8
8.0 8.9 8.7
6.4-9.3 6.0-10.0 6.7-9.6
193 213 187*
160-227 133-240 133-200
0.8 1.1 0.8
0.7-1.2 0.5-1.3 0.4-1.7

¥ SignificantTy different from time -15 min.
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studied by analyzing the data obtained from various areas of the left

ventricle during the pre-ischemic period. The results of these stu-
dies are presented in section 4.3.

4,2 Stability of the preparation during two hours of normal perfusion

4,2.1. Protocol

The experiments were performed on mongrel dogs, two groups of 10 animals
each. The protocols are shown in fig 4.1. In group I (without tissue sam-
pling), arterial and local venous samples for blood chemistry were taken at
times -15, 0, 10, 20, 30, 45, 60, 90 and 120 min. The continuously recorded
hemodynamic and Tlocal mechanical variables were also determined at these
moments. Regional myocardial blood flow was determined by microsphere injec-
tions at approximately -15, 10, 60 and 120 min. In group II {inciuding tissue
sampling), arterial and local venous blood samples were drawn at times -15,
10, 60 and 120 min. At the same time intervals, cardiac output and the hemo-
dynamic and local mechanical variables were determined. Microspheres were
injected just after -15, 10, 60 and 120 min. Transmural biopsies were taken
from the area perfused by the LAICA a few minutes after the microsphere
injections at times -15, 60 and 120 min and from the area perfused by the
LCCA at times -15 and 120 min.

To study possible changes during the period of 135 min, the values of all
variables determined after sample time -15 min were compared with sample time
120 min. Differences between the values of the various variables were evalua-
ted for statistical sfgnificance by applying Wilcoxon's matched-pairs signed-
ranks test.

4.2.2 Results

4.2.2.1 Hemodynamic variables

In table 4.1, only the hemodynamic variables in the two groups at times
-1%5 and 120 min are shown because these variables showed a reqular time
course, In both groups heart rate tended to increase in the course of the
experiment, from about 100 to 120 beats.min'l, while aortic pressure decrea-
sed by about 0.8 kPa. This decrease was significant at time 120 min in the
experiments where biopsies were taken (group II). Because no stenosis had
been induced, the changes in coronary artery pressure were similar to these
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of several

chemical

variables

in the

blood at the onset and the end of normoxic experiments without

{group

pH

Peoz (kPa)

) ] - 1

Hb {mmol.177)
Oxygen saturation

(%)

Glucose 1
(mmol.17%)

NEFA 1
(mmol,17%)

Lactate -1
(mmol1.17+}

n=10) and with tissue sampling (group II; n=10).
Median values and 95% Timits are shown.
group 1 roup II
-15 min 120 min -15 min 1726 min
7.41 7.40 7.40 7.43%
7.35-7.45 7.38-7.45 7.34-7.43 7.39-7.50
4.1 3.9 4.3 4,1*
3.7-4.5 3.6-4.4 3.6-4.9 3.3-4.6
8.2 8.1 8.2 8.1
6.2-8.8 6.3-9.8 6.0-9.4 6.3-9.1
0.86 0.90 1.00 0.99
0.82-0.91 0.88-0.91 0.89-1.01 0.92-1.01
6.6 6.7 5.4 5.8
5.6-7.8 5.5-8.2 4,9-8.1 4.0-6.0
0.21 0.20 0.28 0.30
0.16-0.27 0.18-0.32 0.10-0.43 0.11-0.73
1.26 1.23 2.01 1.80
1.05-1.56 0.84-1.57 1.08-3.53 1.51-3.67
venous {AV) differences of several chemical

Table 4.3 Arterial-local

variables in the blood at the onset and the end of normoxic
experiments (see table 4.2).

group 1

-15 min 120 min
pH 0.04 0.04

0.02-0.04 0.02-0.10
Oxygen 1 4.4 4.3
(mmol.17°)  3.5- 3.7-6.8
Glucose 1 0.4 0.5
{mmol.17°)  (-0.3)-0.8 (-0.1)-1.4
NEFA 1 0.06 0.05
(mmol1.17°)  0.0- 0.01-0.13
Lactate -1 0.46 0.39
(mmol.17")  (-0.03)-0.55 0.13-0.53
k* . -0.08 -0.05
(mmol.17*)  (-0.25)-0.05 (-0.25)-0.10
Inorganic -0.10 -0.07
phosphat? (-0.14)-(~0.03) {-0.10)-0.03
(mmol.1

rou
~-15 min
0.04
0.03-0.07

(-0.20)-0.05

-0.04
(-0.09)-0.04

120 min
0.03
0.02-0.08

-0.03
(-0.20)-0.10

-0.02
(-0.04)-0.04

* Significantly different from time -15 min
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in aortic pressure. The first positive derivative of left ventricular pres-
sure (dpﬂvfdtmax) did not significantly change in the experiments of group I.
However, when biopsies were taken {group I1), this variable decreased from
213 kpa,s™! at time -15 min to 187 kPa.s™! at time 120 min. In both groups,
end-diastolic left ventricular pressure remained almost constamt at 0.5-1.7
kPa (95% limits).

4,2.2.2 Biochemical variables in blood

The arterial values of pH, Pcoz and 02 saturation and the arterial concen-
trations of Hb, glucose, Tactate and non-esterified fatty acids (MEFA) at
times -15 and 120 min are shown in table 4.2, Except for a slight but signi-
ficant increase in pH (from 7.40 to 7.43) and a decrease in Peoz (from 4.3 to
4.1 kPa) in group II {including tissue sampling) no significant differences
were observed in both groups. In table 4.3, the AV differences of pH, Peoz®
02, glucose, NEFA, lactate, k* and inorganic phosphate at times -15 and 120
min are shown. No significamt changes in these variables could be detected
during the experiments in both groups.

4.2.2.3 Biochemical variables in myocardial tissue

Changes in tissue contents of ATP, creatine phosphate and glycogen during
the experimental period were investigated in the LAICA and LCCA perfusion
areas both, in the inner and outer layers separately. Tissue contents of the
two energy-rich phosphates did not significantly change in any perfusion area
or layer. Glycogen contents in the LAICA area tended to increase within that
period (from 120 to 175 pﬂm1.g'1 dry weight) while these contents tended to
decrease in the LCCA area (from 185 to 165 ,umo].g'1 dry weight) {p-values
between 0.05 and 0.20). Contents of these substances in the inner and outer
layers did not change significantly during the experimental period. To summa-
rize the results, the data of all biopsies were grouped per sample time
(table 4.4). Also in this case, no significant changes were observed during
the two hour-period.

4.2.2.4 Mechanical variables

The values of the epicardial deformation variables are shown in table 4.5.
In group I (without tissue sampling), no significant differences were found
in each of the variables throughout the experimental period. However, in
group 1! (including tissue sampling), significant decreases were found in



Table 4.4 Values of tissue ATP, CP and glycogen contents (umol. g Y dry
weight) at the onset and the end of 135 min of normoxia. All

transmural samples,

and samples from the inner and outer
layers were grouped per sample time.

time (min median value 95% limits
ATP -15 17 13-21
120 17 12-19
Creatine -15 42 35-50
phosphate 120 42 30-51
Glycogen -15 175 130-190
120 165 145-190

25
28

22
23
29
29

Table 4.5 Time course of mechanical variables measured by epicardial

deformation during 135 min of normoxia without (group I;

n=10} and with tissue sampling (group II; n=10).
Group 1 -15 min 20 min 60 min 120 min
Circumferential 6.5 6.0 6.5 5.0
shortening (%) 3.0-7.0 4.0-8.0 1.5-10.0 1.5-9.0
Base-to-apex 2.0 1.5 2.0 1.5
shortening (%) 0.0-4.0 (-2.0)-4.0  (-1.0)-3.0  0.0-4.0
Shear angle 0.05 0.04 0.04 0.04
(rad) 0.02-0.05 0.02-0.07 0.01-0.05 0-0.04
Group I1 -15 min 20 min 60 min 120 min
Circumferential 4.1 4.3 3.4 3.4
shortening (%) 1.7-7.7 0.1-8.1 0.4-8.1 0.9-7.2
Base-to-apex 5.1 17" 1.7 0.9
shortening (%) 0.0-6.8 0.0-3.0 (-0.8)-3.7 (~0.9)-1.7
Shear angle 0.04 0.05 0.05 0"
{rad) 0.02-0.12 0.01-0.145 0.03-0.07 0.0-0.14

* significantly different from time -15 min
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base-to-apex shortening {from 5.1% at -15 min to 0.9% at 120 min) and shear
angle (from 0.04 rad at -15 min to O rad at 120 min). Circumferential shor-
tening was not significantly depressed (table 4.5).

4,2.2.5 Myocardial blood flow

In experiments without tissue sampling (group 1), MBF hardly changed
during the observation period of 120 min (table £.6). At that time, only a
significant decrease was observed in epicardial MBF in the area perfused by
the LCCA and hence an increase in endo/epi ratio. In contrast, in tissue
located in the direct vicinity of the site of sampling [group I1), MBF in the
various layers decreased at time 60 min (data not shown) as well as time 120
min by 5-27%. The most pronounced decrease was seen in the LAICA perfusion
area. In the area perfused by the LCCA, MBF was not significantly affected.
In the LAICA perfusion area, the decrease in the various layers amounted to
11-26% (p<0.05; table 4.6).

4,2.3 Discussion

The tendency of increasing heart rate during the two hour experimental
period can be explained by the diminished activity of fentanyl, given in the
premedication, which is known to be a vagotropic compound. The decrease in
blood pressure likely results from the barbiturate infusion.

Except for the above-mentioned changes, no significant deviations occurred
in the hemodynamic variables and myocardial mechanics, metabolism and blood
flow if no biopsies are taken during the experiment. In contrast, significant
decreases in dp]w/dtmax, base-to-apex shortening and phase angle are seen
when tissue samples are taken within the experimental period. Yet MBF decrea-
ses in the direct vicinity of the site of sampling and even in the whole
LAICA perfusion area. This is in agreement with the results of Allard et al
{1981) who found, taking biopsies of similar diameter as compared with the
present study (4 mm), a decrease in MBF around biopsy sites from 30% within
0.5 cm from that site to 15% at 2-3 cm. This shows that by taking biopsies a
rather extensive part of the Teft ventricular free wall is affected.

Beside these disadvantages of taking biopsies during the experiment,
another drawback should be mentioned. In 3 out of 11 experiments ventricular
fibrillation occurred already after taking the first biopsy. In 2 of these
cases, no recovery occurred.

Because of these findings, the protocel of the experiments in which ische-
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mia was induced was changed and it was decided to stop each experiment after
two tissue samples were taken; one from the area perfused by the LAICA and
one from the area perfused by the LCCA. In this way, tissue contents of ATP,
creatine phosphate and glycogen at various time intervals after inducement of
the stenosis were obtained from different groups of animals {see chapter 6
and 7).

4,3 Regional differences in left ventricular blood flow and metabolism during
normal perfusion

4.3.1 Protocol

4.3.1.1 Biochemical variables in myocardial tissue

To investigate whether differences in tissue contents of ATP, creatine
phosphate and glycogen exist between different layers of the myocardium, the
contents of samples in the finner layers were compared with those from the
outer layers within each experiment. Similarly, the contents of the three
substances in the areas perfused by the LAICA and the LCCA were evaluated on
differences, if any. For this purpose we used the data presented in section
4.2. Differences between the value of the various vatriables were evaluated
for statistical significance by applying Wilcoxon's matched pairs signed-
ranks test (two tailed probability).

4.3.1.2 Myocardial blood flow

To study possible inhomogeneities in axial and circumferential direction,
MBF and the endo/epfcardial flow ratios (endo/epi ratio) were grouped per
slice (1-5) and per section (A-E), (fig 3.8). Adding the MBF values and the
endo/epi ratios of all pieces provided respectively total MBF and the overall
endo/epi ratio.

Differences in MBF between various sites of the free wall of the left
ventricle were evaluated for statistical significance by applying a two-way
variance analysis for the MBF per layer and a one-way analysis for the endo/-
epi ratios. A p value<0.0% was considered to be significant.
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Table 4.7 Th§ content of ATP, creatine phospha

te and glycogen (umol.-

g~ dry weight) per perfusion area {LAICA and LCCA) as de-
rived from all normoxic tissue samples (see text).

perfusion area median value  95% limits n

ATP LAICA 19% 16-26 23
LCCA 18 13-19 23

Creatine LAICA 45 38-54 21
phosphate LCCA 41 35-51 21
Glycogen LAICA 165 135-190 24
LCCA 165 150-185 24

* p < 0.05 as compared with the LCCA area

Table 4.8 Transmurqﬁ contents of ATP, creatine phosphate and glycogen

{mol. g

dry weight) during normoxia. All tissue samples

have been grouped per location: outer layers=epi and inner

layers=endo.

Location Median value  95% Timits n
ATP epi 21 17-26 31
endo 17 13-20 31
Creatine epi 45 40-57 29
phosphate endo 41 34-54 29
Glycogen epi 165 145-2056 33
endo 165 150-180 33
) endo/epi .
mbt  imLimin® g "1 P epl endo FT\Q 4.2
10 ) . [ P A ;Mo Myocardial blood flow in
8 3 o 4 EBC 84 |Bpus the outer {epf, @) and
g £ E® L inner layers (endo, O)
: and the ratio of blood
. flow in the inner and
v outer layers (endo/epi
E E i 0 ratio, ®) in the secti-
o ' | ons A-E of the Teft ven-
¢ ’ tricular free wall. Cha-
¢ racters above each bar
7 / ’ os indicate significant
7 7 differences between the
7 7 particular section and
the indicated one(s).
The means and standard
od k4 4 & o deviation of 17 experi-

&
- linterv.cor.art. rMArg, =

ments are presented.
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4,3,2 Results

4.3.2.1 Biochemical variables in myocardial tissue

As can be seen from table 4.7, no significant differences in ATP, creatine
phosphate or glycogen content were observed between biopsies from the LAICA
and LCCA area, in the inner Tayers, the outer layers or the transmural biop-
sfes, except for the ATP content in samples from the cuter layers of the
LAICA area which was significantly higher than that in similar biopsies from
the LCCA area. The transmural differences in the three substances were not
significant, although the median values of ATP and creatine phosphate were
higher in the epicardium (table 4.8).

4.3,2.2 Myocardial blood flow

Overall MBF in the left ventricular free wall was 0.64 + 0.23 ml.min. " te-
g"1 (mean + s.d.). The overall endofepi ratic in this part of the myocardium
was 1.05 + 0.31 {mean + s.d.). The mean values of blood flow in the inner and
outer myocardial layers and of the endo/epi ratios per sample site are shown
in table 4.9. The mean values of these variables per slice and per section
are shown in the figs. 4.2 and 4.3, respectively. The values of blood flow in
the outer layers were the lowest at the base of the left ventricle, near the
marginal branch (E1) and increased gradually in the direction of the apex and
of the LAICA. Blood flow in the outer layers was lower near the base than
near the apex of the heart and higher along the LAICA than aleng the marginal
branch., In the middle layer, MBF was almost equally distributed over the Jeft
ventricular free wall. The blood flow values in the inner Tayers although
less pronounced, tended to be opposite to the values in the outer layers. The
endo/epi ratios were higher near the base than near the apex, and higher
along the marginal branch than along the LAICA. The highest mean value (1.44)
was found at the base of the heart near the marginal branch.

4,3.3 Discussion

4.3.3.1 Biochemical variables in myocardial tissue

It is known that the ATP and especially the creatine phosphate contents
rapidly decrease in biopsies bhetween sampling and freezing. Kleinert and
Weiss (1981) showed that the biopsies should be frozen within 5 s while
results of Hearse and Chappell (1976) suggest the necessity of an even shor-
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Table 4.9 Distribution of blood A B C D E
flow in the epi ([upper) and endo- / ] P ‘
cardial layers (middle) and of the ‘1 064/067058/0.55/0.50
endo/epicardial blood flow ratio ‘ b
{Tower panel) in the left ventri- 21064071 063|061 052
cular free wall. The mean values of ‘
17 experiments are presented. 3067|068 063/0630.56
410691072062 067 062
5107507708507 7/073
| i
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Fig 4.3
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ter delay time. In our hands, creatine phosphate contents as determined in
biopsies from normoxic tissue more than 5 s after sampling showed a decrease
of twice the standard deviation below the mean value of these contents in
bifopsies taken within 3 s. Therefore, only biopsies were used with a delay
time shorter than 3 s. The usual transit time in our preparation was 2-3 s.
The normoxic contents of ATP and creatine phosphate as found in the present
investigation were 18 (15-20) and 42 (36-45);1m01.g'1 dry weight, respecti-
vely [median values and 95% limits). These values are comparable with values
from other investigators (ATP 15-22 and creatine phosphate: 30-50 ;&mo1.g'l
dry weight (Takenaka and Higuchi, 1974; Hearse and Chappell, 1976; Opie and
Owen, 1976; Weishaar et al, 1977; Allison et al, 1978; Dunn et al, 1978). Our
data are in close agreement with those obtained by Allard and co-workers
(1981). These authors used a rapid freezing biopsy drill drawing the biopsy
into the 1iquid nitrogen within 1.75 s by vacuum and found creatine phosphate
values of 40 and ATP values of lBg;mo].g“l dry weight.

The absence of significant differences between ATP contents of the inner
and outer myocardial layers is equivocal with data from the literature {Take-
naka and Higuchi, 1974; Dunn et al, 1978; Deboer et al, 1980).

Significantly lower creatine phosphate contents in the subendocardium were
found by Dunn et al (1978) and Takenaka and Higuchi (1974). Although the
difference between layers was not significant in the present study, the 10%
Tower median value in the inner than in the outer layer 1is equal to the
difference found by Dunn et al (1978) who performed a substantial larger
number of experiments.

In the present study, glycogen contents of 165 (130-190) mmol. g'1 dry
weight have been measured (median value and 95% limits). Glycogen contents
found in the normoxic dog myocardium in situ range from 100"'to ZBO;AmOT.g"l
dry weight (Jedeikin, 1964 and Crass I and Sterrett, 1975, respectively). The
values found in our study are comparable with the more recent findings which
show values of 150-250 pﬂm1.g'1 dry weight (Hewitt et al, 1973; Crass and
Sterrett, 1975, Allison et al, 1978, Ichihara et al, 1979).

Concerning the transmural distribution of glycogen conflicting results
have been presented, Opie et al (1976) did not find transmural differences in
the baboon, while Ichihara and Abiko (1975), Allison et al (1977), Jedeikin
(1964} and Crass and Sterrett (1975) found higher endocardial than epicardial
contents of glycogen in the dog heart. However, the Tatter two authors showed
that this high glycogen content is only present in the cells of the His
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bundle and Purkinje system. A different way of dividing the biopsies into
different layers might have caused the absence of a significantly higher
glycogen content in the inner Tlayers than in the outer ones.

In our preparation, little differences are present between the tissue
contents of the various substances in the LAICA and LCCA perfusion area, even
when various layers of the myocardium were compared. This was the case for
creatine phosphate and glycogen {table 4.7). The small but significant dif-
ference fn ATP contents between the two perfusion areas seems of Tittle
physiological significance. From these findings, it was concluded that the
tissue contents in the area perfused by the LCCA are representative of the
normoxic content of the free wall. This enables us to make intra-individual
comparisons between ATP, creatine phosphate and glycogen contents in normoxic
myocardium (LCCA sample) and their content in fschemic myocardium (LAICA
sample) in the experiments where the LAICA was partially occluded. Moreover,
it will be shown that the tissue concentrations of these three substances do
not significantly change in the LCCA area within 2 hours after inducement of
a stenosis of the LAICA (chapter 7).

4.3.3.2. Myocardial blood flow

The present study indicates that the endofepi ratios are higher near the
base than near the apex of the heart [axfal gradient) and lower along the
LAICA than along the marginal branch of the LCCA {circumferential gradient].
The axial gradient in endo/epi ratios confirms the finding of Reneman et al
(1977) and Marcus et al {1975), while the circumferential gradient in this
variable is in agreement with the findings in other studies fn open- and
closed-chest animals (Cobb et al, 1974; Prokop et al, 1974; Ball et al,
1975). These gradients mainly result from variations fn blood flow in the
outer layers which is lower near the base than near the apex and higher along
the LAICA than along the marginal branch.

An obvious question is whether the variations in blood flow in the outer
layers over the left ventricular free wall are real or due to artefacts.
Assuming a direct relation between blood flow and mechanical performance,
real inhomogeneities imply differences in workload at various sites of the
Teft ventricular free wall or in case of an equally distributed workload,
differences in oxygen extraction from site to site. On the one hand, Weiss
and co-investigators did not find significant differences in oxygen uptake
over the free wall of the left ventricle {1978) suggesting an equally distri-
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buted workload. On the other hamd, regional differences in epicardial as well
as intramural shortening have been found in open-chest dogs {Ingels et al,
1971; Elshuraydeh, 1981).

Variations in endo/epi ratios might result from the open-chest preparati-
on, used in the present study. Indeed, Cobb et al {1974) showed that MBF was
rather homogeneously distributed in the non-anesthetized dog, but that a
similar circumferential gradient in endo/epi ratio was found, as in our
investigation, when the experiments were performed in open-chest animals. In
their study, however, this gradient was mainly caused by variations in MBF in
the inner layers, which is in contrast with our study. The findings of Cobb
et al (1974) suggest that drying out or shrinking of epicardial tissue in the
ocuter layers in the open-chest preparation cannot be considered as the major
cause of the inhomogeneities in blood flow in these layers found in the
present study. Besides, shrinking or drying out do neither explain the higher
blood flow in the outer layers values along the LAICA than along the marginal
branch - the opposite would be expected - nor the differences in this vari-
able from base to apex, because the latter areas are about equally exposed to
the open air. An effect of the open-chest preparation which cannot be exclu-
ded in advance, is the low temperature in the outer layers of the wall al-
though Ten Velden et al (1982) did not find significant differences in blood
flow distribution when epicardial temperatures were decreased by about 3%,

A source for artefacts may be the microsphere assay method. Microspheres,
after all, tend to migrate axially within a blood vessel because of their
substantial mass (Segre, 1961; Phibbs and Dong, 1970)}. Overestimation of
blood flow in the inner layers has been ascribed to this streaming (Domenech
et al, 1969; Yipintsoi et al, 1973; Utley et al, 1974). Streaming of micro-
spheres and relatively low flow velocities in the side branches of the LAICA
and of the marginal branch could explain the higher concentration of beads
near the apex than near the base. The lower blood flow values in the ocuter
layers along the relatively small marginal branch, than along the LAICA
support this idea. On the other hand, streaming does not explain the higher
blood flow values along the LAICA in the outer layers than in the inner ones.
Part of the described inhomogeneities in blood flow were also found when the
K43 method was used [Prokop et al, 1974).

It is not likely that ligation of a small side branch of the LAICA, to
insert the pressure catheter, is responsible for the lower endo/epicardial
ratios near the apex. First of all, the lower ratio is mainly caused by
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changes in blood flow in the outer layers. Secondly, in case of fschemia a
more pronounced local fall in blood flow in the inner layers would have been
expected (Bishop et al, 1976). Moreover, the endocardial blood flow values
near the apex as obtained in the present study did not differ significantly
from those found in experiments without implanted catheters for coronary
artery pressure measurements (unpublished results).

In conclusion, at the present state of knowledge it remains uncertain
whether the inhomogeneities in blood flow distribution in the various layers
of the Teft ventricular free wall are real or partially or completely due to
artefacts.

4.4 Conclusions

~ When no biopsies were taken during the experiments, the preparation
is stable during 135 min of normal perfusion.

- Experiments where ischemia will be induced, should be terminated
after biopsies have been taken. To evaluate the changes due to
ischemia, the contents in the biopsies from the ischemic LAICA area
can be compared with the contents in the biopsies from the non-is-
chemic LCCA area in the same experiment.

- Regional blood flow in the outer layers of the left ventricular free
wall was higher near the base than near the apex and lower in the
posterior than in the anterior regions. The cause of this inhomoge-
neity is not known.
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G, PREDICTION OF FIBER SHORTENING IN THE INNER LAYERS OF THE LEFT
VENTRICULAR WALL FROM EPICARDIAL DEFORMATION MEASUREMENTS DURING
NORMOXIA AND 1SCHEMIA

5.1 Introduction

During ischemia steep gradients in myocardial blood flow and meta-
bolic variables indicate that the inner layers of the left ventricular
wall are more susceptible to ischemia than the outer layers {chapter
1}. Determination of mechanical performance during acute occlusion of
a coronary artery showed very rapid loss of contractile function and
even indicated lengthening of ischemic segments during systole ("sys-
tolic bulging”) (Tennant and Wiggers, 1935; Banka and Helfant, 1974;
Tyberg et al, 1974; Theroux et al, 1976; Crozatier et al, 1977).

Little is known about transmural differences in mechanical perfor-
mance during regional ischemfa because of the difficulties encountered
in assessing these differences. The most recent approach has been the
measurement of transmural shortening by positioning pairs of ultraso-
nic crystals within the outer and inner layers (Weintraub et al,
1981). This method, however, has disadvantages. Firstly, improper
Tocation or movement of the crystals due to the mechanical activity of
the ventricle may change the orientation of the crystals with respect
to each other, causing inaccurate measurements. Secondly, the positi-
oning of crystals within the myocardium induces injuries because
positioning of the crystals in the inner layers requires incisions or
stab wounds of about 1 om deep.

A different approach is to estimate transmural differences in fiber
shortening from epicardial deformation. The principle of this method
is the assumption, that shortening along the fiber direction in a
certain layer in the myocardial wall is closely related to shortening
along the same direction at the epicardial surface. Thus shortening of
the fibers in the inner and outer layers is estimated from shortening
of the epicardial surface along the fiber direction in the inner and
outer layers. Epicardial deformation was assessed by an inductive
technique (Arts and Reneman, 1980). From thus measured values of
circumferential natural strain, base-to-apex natural strain, and
shear, shortening aleng all directions on the epicardial surface could



be calculated.

The aim of this part of the study was to investigate the influence
of local ischemia on [a)} regional mechanical function as measured by
epicardial deformation, and (b) on transmural gradients in contractile
behavior in the wall of the left ventricle.

In order to assess the wvalidity of the technique of obtaining
information about the transmural contractile behavior from measurement
of epicardial deformation, 6 additional experiments were performed. In
these experiments deformation of the epicardium and the inner layers
was assessed simultaneously by measurement of mutual movement and
angulation of 3 needles pierced into the myocardial wall, using the
inductive technique.

5.2 Experimental design

5.2.1 Protocol

The experiments were performed on 19 mongrel dogs. The animals were
allotted to 2 groups. In group 1, consisting of 13 animals, also used
in the studies described in the chapters 6 and 7, epicardial deforma-
tion was measured (section 3.1.3 and 3.3.2). From these measurements
epicardial maximal shortening (emax) and minimal shortening (eminj and
the angle of €nin with the circumference (Bmin) were calculated as
described in section 3.3.2.2. In the 6 animals of group II, transmural
deformation was assessed using the method described in section 3.3.3.
In these experiments, from the assessed e., &, and y at the epicardium
nax® Smin and Bin at the epicardium and
their counterparts in the inner Tayers (emax,endm’ emin,endo
Emin,endo’ respectively) were calculated. Moreover, shortening in the
inner layers in the direction of €nin® called ando (section 3.3.3.1).
In both groups, ECG, Teft wentricular pressure, aortic pressure, coro-
nary artery pressure and phasic aortic flow were determined as descri-

and in the inner layers, e
and

bed in section 3.2.

Following a base-line registration, in all animals the Tleft ante-
rior interventricular coronary artery (LAICA) was occluded by infla-
tion of the occluder cuff around this artery (section 3.1.4). After
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Fig 5.1 Protocols of the experiments., Beside the regional mechanical
variables, left ventricular, aortic and coronary artery
pressure as well as phasic aortic flow were determined at the
depicted sample times.
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Fig 5.2 Samples of the registration of circumferential shortening
(ec), base~to-apex shortening (ez), shear angle (¥}, phasic
aortic flow and ECG of a typical experiment. Onset and end of
the ejection phase are marked by dots.
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one minute, the occlusion was released. In group Il a second coronary
artery occlusion of one min was performed. The time interval between
these occlusions was at least 15 min, which was considered %o be
sufficient for recovery of the myocardium from the previous occlusion
(fig 5.1).

The values of all continuously registrated variables were calcu-
lated just before and 2, 4, 6, 8, 10, 20, 30, 40, 50 and &0 s after
coronary artery occlusion in the epicardial deformation study {group
1) and just before and 5, 10, 20, 40, and 60 s after occlusion in the
transmural deformation study (group II; fig 5.1).

5.2.2 Data analysis

Information about the effect of acute coronary artery occlusion on
regional myocardial mechanical performance was obtained by using the
animal as its own control. The effects on the various wvariables were
evaluated by comparing the values during occlusion with those just
before occlusion (time 0 s). Moreover, changes in these variables
after 20 s of occlusion were evaluated by comparing the data at time
30, 40, 50 and 60 s with those at time 20 s. Differences between the
values of the various variables were evaluated for statistical signi-
ficance by applying Wilcoxon's matched pairs signed-ranks test (two-
tafled probability).

The relationship beween e

and e was investigated by linear

endo min
correlation and tested for significance by Spearman's signed-rank
correlation test.

The data are presented as median values and 95% Jimits. A value of

p<0.05 was considered to be a sfgnificant difference.
5.3 Results

5.3.1 Epicardial deformation (group I)

During normal perfusion heart rate and mean aortic pressure were
118 (92-127) beats.min'l, and 11.9 (9.6-13.3) kPa, respectively,
(median values and 95% limits). After one minute occlusion, heart rate
increased to 140 (84-160) beats.min” 1 {p<D.05), while mean aortic
pressure did not change significantly (11.9 ;9.3-12.4 kPa). Mean
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Time course of e €, and ) du-

ring one min of acute coronary
artery occlusion as determined
from epicardial deformation mea-
surements {n=13), The arrow indi-

- cates the onset of occlusion.

Median values and 95% limits are

ihown.

«xP<0.05 as compared with t=0 s.
p<0.05 as compared with t=20 s.
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Fig 5.4
Time course of €nin and max

during one min of acute coronary
artery occlusion as determined
from epicardial deformation mea-
surements (n=13). For explanation
of the symbols, see fig 5.3.
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coronary artery pressure (pcnr) was 10.5 (9.2-14.0) kPa before coro-
nary artery occlusion. After occlusion, mean Peor decreased signifi-
cantly to 3.7 (2.5-4.7) kPa after 2 s, 2.9 {2.0-4.3) kPa after 4 s,
2.5 (1.7-3.5) kPa after 6 s, 2.5 (1.5-2.8) kPa after 10 s and 2.7
(2.0-3.3) kPa after 60 s.

An example of the registration of e €y ¥, aortic flow and ECG
Just before and 5, 10, 20 and 60 s after occlusion is given in fig
5.2. Already after 5 s circumferential lengthening occurred before the
end of ventricular ejection, followed by a delayed shortening during
the end of the relaxation phase. With prolongation of occlusion,
maximum shortening during the ejection phase decreased. After 60 s
occlusion, circumferential lengthening occurred already in the isovo-
lumic phase and hardly any changes in Tength were found during the
ejection phase, In this experiment, changes in shear angle were not
seen before 20 s of occlusion. Thereafter, a gradual decrease takes
place to one third of the pre-occlusion value after 60 s.

Under normal conditions, the median values and 95% limits of cir-
cumferential shortening (ec), base-to-apex shortening (ez) and shear
angle ()) during the ejection phase were 7.4% (5.7-8.7%), 7.7% (3.6-
9.4%) and 0.13 {0.08-0.15) rad, respectively (fig 5.3). After 4 s of
occlusion, e decreased and became negative (=lengthening} after 10 s
occlusion. €. reached its minimum after about 20 s, increasing there-
after to less negative values. A significant decrease in e, was not
observed before 10 sec after onset of occlusion. Moreover, base-to-
apex lengthening was only seen in a few experiments. The median value
of e, was close to zero after 20 s and slightly increased thereafter.

In the first 20 s of occlusion, changes in p showed large interin-
dividual varfations: an increase was found in 7 experiments, and a
decreade in 6 experiments. However within each experiment these early
changes in p always preceeded the changes in e. and €, From 20 to 60
s after onset of occlusion, p gradually decreased in all experiments
to a value about one fifth of the pre-ccclusion value (fig 5.3).

The length of the circumferential and base-to-apex segments (dis-
tance between the coils) at the onset of the ejection phase increased,
starting 20 s after occlusion (table 5.1). This pre-gjection length
gradually increased to 107.7 and 107.9% of the pre-ischemic values in
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Table 5.1 Time course of circumferential and base-to-apex segment
length (=distance of the coils) at the onset of the ejection
phase before and after acute coronary artery occlusion,
normal ized on the segmentlength at time 0 s. {n=13)

Time (5] 0 10 20 0 60
Circunfe-  100.0 101.2% 102.1* 106.4* 107.7%
rential (%) - 100.0-102.1 100.6-103.4 103.4-107.7 106.0-110.2
Base-to- 100.0 102.0 104.8* 107.2 107.9%

apex (%) - 98.3-106.8 100.9-108.5 101.3-116.2 104.3-114.9

* = p<0.05 as compared with t 0 s.

Table 5.2 Epicardial and subendocardial e
of e

e and the direction

min®
referred to the circumference (g

max’
ain min) as obtained from a ma-
thematical model [Arts et al, 1982a) and from measurement of transmu-
ral deformation {median values and 95% limits, 6 animals, n=12).

Model Measurement

Epicardium e (%) 15 15

max %) 9-19

e . (% 2 3

min 56

B . (rad) 0.75 0.86

min 0.20-1.37
Subendocardium e (%) 28 23%

max,endo 10-27

e . (%) 8 2%

min,endo 5.8

B (rad) 1.4 0.83*

min,endo 0.09-1.45

¥ p < 0.05 as compared with the model

Table 5.3 B,;, on the epicardium and in the inner layers (8., endo)

before and after acute coronary artery occlusion in 6 ani-
mals (n=12). Median values and 95% 1imits are shown.

Time {s) O 5 10 20 a0 60

Bin 0.86 1.11 1.07* 1.06* 1.03 0.67
(raﬁ) 0.20-1.37 0.75-1.45 0.86~1.44 0.90-1.18 0.65-1.34 0.44-1.36
Bmin endo 0.83 1.08 1.30% 0.98* 1.01 0.88
(rad) 0.09-1.45 0.83-1.31 0.94-1.41 0.90-1.54 0.75-1,42 0.60-1.48

* p<0.05 compared with time 0 s.
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circumferential and base-to-apex direction, respectively which means a
15.6% enlargement of the epicardial surface.

The time course of €nax and €nin® @S calculated from e e and
{see above} is shown in fig 5.4. A significant decrease occurred

approximately 2 s earlier in e than in Bax* Moreover, values of

min ax
€nax "emained positive whereas values of €nin Decame negative within 8
s of occlusion. A further difference between these two variables is
that the values of €hax did not change between 20 and 60 s of occlusi-

on whereas the values of €nin increased after 20 s to just below zero.

5.3.2 Transmural deformation (group II)
Table 5.2 shows the experimental data on maximum and minimum shor-

tening and the direction 8 of minimum shortening at the epicardial

min
surface and in the inner layers, as well as values of these variables
obtained from model calculations [Arts et al, 1982b). The median of
the measured values of epicardial e

and B as measured,

max* Emin min
appear to be close to the values of these variables as calculated
with the model of left ventricular wall mechanics. The difference
between the measured and predicted value of maximal shortening in the

inner layers (e } was less than 25% but significant. The measu-

' “max, endo
red values of both €min and Buin in the inner layers (emin,emdo and
Bnin.endo? respectively) were found to be significantly lower than the
min,enao

model calculations of these variables. Both predicted and measured

values of e were higher as compared with their epicardial

min,endo

counterparts (emﬁn)‘

The values of €nin and e obtained during normoxia and one min

of coronary artery occ1usio;HEgLe plotted against each other for each
individual experiment (fig 5.5). In 5 out of & experiments, the rela-
tion between the latter parameters was significant (p<0.05). Based on
the combination of all data the relation between the two parameters
was found to be highly significant (p<0.001).

Fig 5.6 shows the time course of e and e as assessed from

min endo
transmural deformation. During the normoxic and ischemic period, €min
and €ando Were not significantly different. The wvalues of both vari-
ables became negative within 10 s after coronary artery occlusion,

indicating lengthening along the corresponding direction during the
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ejection phase. lengthening occurred during the rest of the experi-
mental period.
Before as well as after acute coronary artery occlusion, the orien-

tation of e nd e

min,endo 2" €nax,endo
the orientation of their epicardial counterparts {(table 5.3). &t each

was not significantly different from

sample time, the angle between e and ¢ was Tess than 0.5 rad.

min endo
Bath angles Buin showed a transient increase 10 and 20 s after the
onset of occlusion.

Both e . on the epicardium and €nax, endo
decreased after occlusion, the fall in the latter variable being more

pronounced in the first 10 s (fig 5.7). However, 60 s after occlusion

in the inner layers

the relative decrease in shortening is approximately the same in both
layers {fig 5.7).

5.4 Discussion

5.4.1 Reliability of the assessment of the transmural course of fiber
shortening from epicardial deformation.

The amount of shortening in the deeper layers of the myocardium can
be estimated from epicardial deformation if shear between the various
Tayers in the left ventricular wall is small compared to changes in
strain along the fibers during contraction. During normal perfusion,
Feigl and Fry (1964) showed the latter shear to be 0.02 rad without
preferential direction. These authors concluded that in the normoxic
heart the transmural course of deformation during ejection might be
determined with reasonable accuracy from the deformation of the epi-
cardial surface.

In the present study, the effect of acute coronary artery occlusion
on epicardial and subendocardial deformation was assessed in open-
chest dogs,using the inductive technique, mentioned in section 3.3. To
assess the effect of shear between the myocardial layers during norm-
oxia and ischemia, in 6 experiments transmural deformation was measu-
red directly, using 3 needles each with a pair of coils attached to it
and pierced through the myocardial wall (group II}.

Inaccuracy of the latter measuring technigque might be introduced by
impaired mobility of the measuring needles because of their inertia.
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Fig 5.6 Time course of
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Fig\ 5.7
Time course of €max
(~®—) and €max ,endo

(vo@ss) during one min
of acute coronary artery
occlusion, determined
from transmural deforma-
tion measurements {data
from 2 occlusions in 6
animals). Median values
and 95% limits are
shown,
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The influence of inertia on the measurement is probably small because
our data were obtained during systole, when the stiffness of the
myocardium 1is increased, and the mechanical contact of the needles
with the surrounding tissue is improved. The minor importance of the
inertia of the needles with coils is also indicated by the fast re-
sponses, found in the deformation signals during the cardiac cycle, up
to 21Hz.

Using the above-mentioned technique, no significant differences
could be observed between the values of epicardial minimal shortening

(emin) min
(eendo) during normoxia as well as ischemia, although possible diffe-

and shortening in the e direction in the inner layers

rences could be masked by the large variation in the values of €ando
The variation in enin @S determined by epicardial and transmural
deformation measurements is similar as shown by comparing the figs 5.4
and 5.6, Except for the influence of shear between the various layers,
endo might result from the fact that €ando

is calculated from strains, the values of which are extrapolations

the greater variation in e

from strains measured over the epicardium. Also non-parallel orienta-
tion of the needles through the ventricular wall could induce variatf-
ons in the measurements. In both cases, initially small errors at the
levels of the coils will cause larger errors at the level of the
subendocardium. Despite this Jlarge variation in €ond the relation

was significant (fig 5.5).

0’

between e and e

min endo

After onset of ischemia, both epicardial (e _ )} and subendocardial

max

maximal shortening (e } decrease, the latter more pronounced in

max ,endo
the first 10 s after occlusion, After one min of occlusion, however,
the relative decrease in both variables is similar, which may be

caused by a similar relation between e __  and e as has been

max max ,endo

min endo”
The relation between epicardial and subendocardial shortening in a

particular direction suggests that shear between layers is indeed

shown above to exist for e and e

small enough to assess reliably the transmural course of deformation
during ejection from epicardial deformation, as was already suggested
to be possible during normoxia by Feigl and Fry (1964). A schematical
representation of the relation between shortening in two myocardial
layers, which fibers are directed perpendicular to each other, is
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Proposed relationship between
shortening in a direction in
two different layers of the
myocardial wall., Shortening
along fiber A also causes
shortening in the same direc-
tion of fiber B, Tocated in a
different layer and oriented
perpendicular to fiber A.
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Fig 5.9 Relation between the fiber direction at the epicardium and in
the inner layers, and the direction of shortening in the vari-
ous directions as derived from transmural deformation measure-
ments. At the onset of ejection, two circles are assumed in
both layers. Due to shortening during the ejection phase, the
circles are deformed to ellipses. The form and orientation of
the ellipses are conform the transmural deformation measure-
ments. Shortening in all directions has been amplified by a

factor 2.
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shown in fig 5.8. Shortening fn the fiber direction of one layer also
results in shortening in the same direction in other lavers.

During normoxia, the model predicts fiber shortening in the inner
and outer layers to be the same (Arts, 1978). Measurements with ultra-
sonic crystals revealed larger shortening in the inner layers (Wein-
traub et al, 1981}. In our experiments Bando Was measured to be less
than half the value of €nax 2t the epicardium. This might be due to
non-alignement of the orientation of e

endo With respect to the fiber
direction in the finner layers. After all, the orientation of ando is
defined to be perpendicular to the orientation of Cnax According to
the model prediction, Cnax is within 0.05 rad of the fiber direction
in the outer layers but the orientation of €ando is at an angle of 0.3
rad with the fiber direction in the inner layers (Arts et al, 1982}.

This difference in orientation will cause e to be less than fiber

shortening in the inner layers. Nevertheleggdgendﬂ provides informa-
tion on fiber shortening in these layers, as is shown in fig 5.9.

The present results show that during normoxia as well acute ische-
mia epicardial shortening along the direction of minimal shortening is
closely related to shortening in the inner layers along the same
direction, which is close to the fiber direction in these layers. This
is especially true if measurements can be referred to a control situa-
tion in the same animal (paired analysis) as is the case in the pre-
sent study.

5.4.2 Transmural differences in the changes of shortening along the
approximate fiber direction
The early decline in shortening after acute coronary artery occlu-
sion is in agreement with findings of other investigators studying
regional ischemia (Banka and Helfant, 1974, Tyberg et al, 1974; The-
roux et al, 1976: Crozatier et al, 1977) or anoxia (Hearse, 1979).

The earlier decline in e as compared with €na suggests that

min X
after onset of coronary artery occlusion fiber shortening in the inner
layers is affected earlier than fiber shortening in the outer layers.
In chapter 6, it will be shown, that after onset of coronary artery

stenosis the time lag between the decrease of enin and €nax is even

more pronounced.
The results from both deformation studies show that between 10 and
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30 s after coronary artery occlusion lengthening occurs along a direc-
tion close to the fiber direction in the inner layers. After this time
interval hardly any length changes occur during ejection. This disap-
pearance of lengthening is only an apparent improvement, since it is
caused by the earlier start of lengthening in the isovolumic phase.
The decrease in lengthening may also be caused by increased myocardial
stiffness (Edwards et al, 1981).

After one min of coronary artery occlusion, differences in the
changes of shortening between the inner and outer layers were measured
to be less than those found after 20 s. By studying shortening with
ultrasonic crystals, Weintraub et al (1981) did not observe signif-
icant differences between the relative decreases in shortening in
these two layers. Except for the measuring interval after flow reduc-
tion and the assessment of shortening during the whole systolic phase
rather than the ejection phase, differences between their results and
ours may arise from the orfentation of the crystals. These authors
positioned the subendocardial and subepicardial crystals parallel to
the circumferential and base-to-apex axis, respectively. As can be
seen from the data in fig 5.3, after one min of occlusion differences
between circumferential and base-to-apex shortening were less than the
differences between enin and Cmax’ suggesting that the relative de-
crease in fiber shortening might be slightly more pronounced in the
inner than in the outer layers.

5.4.3 Comparison of measured and predicted transmural deformation

Previous experiments have been performed to verify the model (Arts
et al, 19R2). Values of epicardial deformation obtained in these
experiments compared well with model calculations. Differences between
the aforementioned experiments and those in the present study may
originate from the differences in localization of the measuring device
on the left ventricle between these two studies., The former has been
performed near the base of the left ventricle whereas in this study
deformation has been measured in the middle or apical region of this
ventricle, because data had to be obtained from the center of the
ischemic area. The basal region distinguishes itself from the middle
and apical regions at various points, which may contribute to the
observed difference between both studies.



Firstly, the presence of the anterior papillary muscle in the more
apical region may influence the distribution and direction of shorte-
ning. Secondly, the apical geometry cannot be represented by a cylin-
der, which is the case in the basal region and is assumed in the
model. At last, the fiber direction in the inner and outer layers is
steeper in the apical than 1in basal region of the left ventricle
{Streeter et al, 1969; Ross and Streeter, 1975). These differences in
fiber orientation might influence regional transmural deformation. For
the inner layers the model predicts the direction of minimal shorte-
ning to be at an angle of 1.4 rad with the circumference assuming a
fiber direction of 0.75 rad in the inner subcylinder. In the apical
region, fiber direction has been shown to be about 1.3 rad (Streeter
et al, 1969). Because the minimal shortening direction at the epicar-
dium will probably not be the same as the fiber direction in the inner
layers and because relatively 1little fibers are circumferentially
oriented in the apical region, the minimal shortening direction in the
inner Tlayers might be more circumferentially oriented in apical than
in basal regions.

5.5 Conclusions

- Measurement of epicardial minimal shortening is closely related to
shortening along the fibers in the inner layers.

- After onset of acute coronary artery occlusion shortening approxi-
mately parallel to the fiber direction in the inner layers ceases
earlier (about 2 s) and more pronounced than shortening along the
fiber direction in the outer layers.

- Within the first 30 s after onset of coronary artery occlusion large
differences in fiber shortening between the inner and outer layers
are found. After one min occlusion these differences are relatively
small.
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6. RELATIONSHIP BETWEEN FIBER SHORTENING, MYOCARDIAL BLOOD FLOW AND METABO-
LISM IN THE VARIOUS LAYERS OF THE LEFT VENTRICULAR WALL WITHIN 5 MINUTES
AFTER COROMARY ARTERY STENOSIS

6.1, Introduction

During ischemia myocardial blood flow (MBF) and metabolic processes are
known to be more severely affected in the inner than in the outer layers of
the left ventricle. Within a few seconds after onset of ischemia, myocardial
contraction s impaired {chapter 1). However, knowledge of the relation
between this performance, MBF and metabolic variables in the various layers,
is limited because information about the behavior of fiber shortening in the
various layers of the myocardial wall is difficult to obtain (section 2.1.3).

In the previcus chapter, measurement of maximal and minimal shortening of
the epicardial surface resulted in useful measures of shortening along the
epicardial fiber direction as well as shortening close to the fiber direction
in the inner layers.

~ The purpose of the study described in this chapter was to investigate the

relation between the in this way measured shortening and MBF and metabolism
in the various layers of the myocardial wall as a function of time within the
first 5 min after coronary artery stenosis.

6.2 Experimental design

6.2.1 Protocol

The experiments were performed on 30 mongrel dogs which were allotted to 3
groups according to the time of myocardial tissue sampling (e.g. 1, 3 and 5
min after onset of stenosis). To assure equal conditions before onset of
jschemia, care was taken, that between these 3 groups no significant diffe-
rences existed in heart rate, mean aortic pressure (pao) and dplv/dtmax'
Evaluation of the differences between the three aforementioned variables in
the three groups did not reveal any significant difference by applying the
Kruskal-Wallis test.

The experimental protocol is shown in fig 6.1. For baseline measurements,

arterial and local wvenous samples were drawn 15, 5, and 0.5 min prior to
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stenosis. The continuously recorded hemodynamic and regional mechanical
variables were also determined at these moments. Cardiac output was deter-
mined 15 and 5 min prior to stenosis. Microsphere injectien for the determi-
nation of regional myocardial blood flow was performed between 15 and § min
prior to stenosis.

After these measurements had been performed, the occluder cuff was manual-
ly inflated until after 15-30 seconds post-stenotic coronary artery pressure
had reached the desired value (i.e. 3.3 kPa; see section 3.1.4). Time 0 min
was defined as the moment at which this pressure was reached. During steno-
sis, samples for determination of hemodynamic, blood biochemical and regional
mechanical variables were taken 0.5, 1, 2, 3, 4 and 5 min after onset of
stenosis. At each sample time the registration for the determination of the
hemodynamic variables was made just before arterial blood sampling (fig 6.1).
Local vencus blood was continuously sampled from time 0 min till the end of
the experiment. Blood withdrawn between times 0 and 0.5 min was called sample
0.5 min, between times 0.5 and 1 min was called sample 1 min and so on.
Cardiac output was determined at about 0.7%5 min, 1.75 min, 2.75 min, 3.75 min
and 4,75 min. Microspheres for the determination of regional myocardial blood
flow were injected immediately after termination of arterial blood sampling
at times 1, 3 and 5 min. Transmural biopsies for the determination of ATP,
creatine phosphate and glycogen (section 3.1.6) from the ischemic (LAICA-)
and normoxic (LCCA-) area were taken 15-30 s and 30-60 s after the last
microsphere injection had been performed, respectively. After this procedure,
the dogs were killed by an overdose of pentobarbital.

6.2.2 Data analysis

Information about the effect of ischemia was obtained by comparison of the
data within each animal. The choice of each dog serving as its own control
was made because of the large differences between animals. Influences on he-
modynamical, regional mechanical and blood biochemical variables as well as
MBF were evaluated by comparing the values at various time intervals after
onset of ischemia with those at time -5 min. At each sample time changes in
the content of the various substances within the ischemic myocardium (LAICA
area) were evaluated by comparing the values of these contents with those in
the non-ischemic tissue (LCCA area) in the same experiment. Indications for
the correctness of this approach have been presented fn chapter 4. The diffe-
rences were evaluated for statistical significance by applying Wilcoxon's
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matched-pairs signed-ranks test (two-tailed probability). The data are sum-
marized as median values and 95% 1imits. A walue of p<0.05 was considered to
be a significant difference.

6.3 Results

6.3.1. Inducement of stenosis

By manual inflation of the cuff, mean post-stenotic coronary artery pres-
sure was reduced from 9.7 to 3.3 kPa (median values) within 10-30 s. Because
of the use of the servosystem (section 3.1.4) this pressure hardly changed
during the ischemic period and was approximately equal for all animals. {fig
6.3).

6.3.2 Time course of regional mechanical variables

The data obtained from the measurement of epicardial surface deformation
are given in fig 6.2. During normal perfusion, values of circumferential
shortening (ec) were about twice the values of base-to-apex shortening (ez)
The median values 6.0% and 3.7% respectively. Analysis of the registration of
these parameters in the first half min of stenosis in 11 animals revealed
that shortening in both directions decreased already during the 10-30 s

period of manual inflation of the cuff around the LAICA {not shown) and that

.

e. transiently reached negative values, indicating the existence of circumfe-
rential lengthening during the ejection phase. After half a minute, shorten-
ing had decreased to median values of 0.1% (e.) and 1.2% (ez), indicating
that the former variable is more sensitive to ischemia. From 30 s to % min
after onset of stenosis, these values did not change significantly (fig 6.2).

In contrast to the shortening variables, the decrease in shear angle } was
more gradual and less pronounced. In the first min after onset of stenosis
¥ tended to increase transiently, but these changes did not reach the level
of significance (inset in fig 6.2). After 5 min of stenosis the value of
P was close to half the normoxic value [fig 6.2).

In chapter 5, it has been shown that minimal and maximal shortening (e

min

and e as calculated from ecr € and p were useful markers of shortening

)
max
in directions approximately parallel to the fiber direction in the inner and
outer layers of the myocardial wall, respectively. The results of calcula-
tions based on the present data are shown in the figs 6.3 and 6.4. During

inflation of the cuff, e decreased already. The value of €pin WAS negative

min
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TIME (8) TIME (min)

Fig 6.3 and 6.4 Time course of mean Peor® Cmin and € ax during the first

30 s (fig 6.3; n=11) and 5 min of acute coronary artery stenosis (fig
6.4; n=30). The first small arrow in fig 6.3 indicates the onset of
decrease in mean p___, the second one indicates time 0 s, defined as the
moment on which me3h Pe reaches the appropriate level (= about 3.3
kPa). In fig 6.4 the arrtW indicates the onset of stenosis. For explana-
tion of symbols see fig 6.2.



when the cuff was appropriately inflated and decreased further until 20 s af-
ter onset of stenosis (fig 6.3). However, after one min, €nin returned to
about zero and was stabile during the next 4 min (fig 6.4). In contrast to
the immediate decline in €nin® Cmax did not change significantly until 30 s
after onset of stenosis (fig 6.3}. 8nax reached the lowest values (33%) of
the pre-ischemic values after one min of ischemia and remained constant

thereafter (fig 6.4).

6.3.3 Time course of regional myocardial blood flow

The MBF values as measured with the radiocactive microsphere method are
shown in table 6.1. During normoxia MBF was almost homogeneously distributed
across the ventricular wall in the LAICA perfusion area. In the area perfused
by the LCCA, the perfusion of the outer layers was 10-25% lower than that of
the inner layers (discussed in detail in chapter 4). By inducement of steno-
sis of the LAICA, MBF 1in its perfusfon area became inhomogeneous, and de-
creased much more in the inner layers than in the outer ones. From 1 to 5 min
after onset of stenosis, median MBF in the finner and outer layers further
decreased from 32% to 19% and from 64% to 46% of their pre-ischemic values,
respectively. The differences between the wvalues at 1 and 5 min were not
statistically significant {table 6.1).

In the non-ischemic LCCA perfusion area, MBF significantly increased in
the outer but not in the inner layers. Therefore, the 10-15% increase in MBF
in the outer layers was associated with a small but significant decrease in
endo/epicardial flow ratio (table 6.1).

6.3.4 Time course of regional metabolic variables

The ATP, creatine phosphate and glycogen contents in the inner and outer
layers of the ischemic and non-ischemic area are shown in table 6.2, After 1,
3, and 5 min of ischemia, no significant decrease in ATP and glycogen content
was observed except for a decrease in the glycogen content of the outer
layers after 3 min of ischemia (table 6.2). In contrast, creatine phosphate
content rapidly decreased. Within 1 min of dischemia, creatine phosphate
content was halved in the inner layers of the myocardial wall, without signi-
ficant decrease in the middle (not shown) and outer layers (table 6.2). After
3 and % min of ischemia, creatine phosphate content was significantly decrea-
sed in all three layers; contents in the inner layers remaining significantly
Tower than in the outer layers (table 6.2).
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Table 6.1 Regional myocardial blood flow ( mﬁ.min'l.g'l) in the outer

[EPI) and inmer (ENDO) layers as well as the endo/epicardial
blocd flow (ENDO-EPI) ratio of the ischemic and non-ischemic
tissue as well as the mean {transmural) blood flow of the
ischemic tissue.

Median values and 95% limits are shown.

Time {(min) -5 1 3 5

Ischemic region
EPI 0.83 0.53*% 0.44* 0.38*
0.73-0.95 0.44-0.62 0.41-0.56 0.22-0.54

ENDD 0.76 0.24* 0.23* 0.15*%
0.64-0.88 0.20-0.32 0.19-0.29 0.04-0.26

ENDO-EPI RATIO  0.96 0.50* 0.51* 0.45%
0.86-1.06 0.45-0.61  D.40-0.60  0.25-0.65

Mean MBF 0.78 0.40* 0. 34* 0.28*
0.66-0.95 0.26-0.48 0.24-0.39 0.10-0.55

Non-ischemic region

EPIL 0.7 0.86* 0.83* 0.86%
0.64-0.86 0.76-0.96 0.71-0.90 0.63-0.98
ENDD 0.85 0.90 0.90 0.78

0.75-0.96 0.78-1.02 0.80-1.10 0.70-1.10

ENDO-EPI RATIO  1.17 1.11* 1.14 1.07*
1.11-1.25 1.02-1.19  1.00-1.21  0.95-1.20

* p < 0.05 as compared to time -5 min.
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Breakdown of energy-rich phosphates shortly after onset of stenosis was
also indicated by the release of inorganic phosphate into the local venous
blood which was significant within one min after this onset (table 6.3).
Simultaneously with inorganic phosphate, potassium (table 6.3) and lactate
(fig 6.5} were released into the blood. It can be seen that the release
(calculated from the product of mean MBF in the ischemic area and the res-
pective AV differences, section 3.7} of these substances rapidly increased
during the first 3 min of ischemia, and hardly changed during the next 2 min.

The data depicted in fig 6.5 show a delay of 3-4 min between the changes
in the AV differences of lactate and glucose. The median values of net glu-
cose uptake revealed an initial decrease, that did not reach the level of
significance. Therefore, glucose uptake returned to the pre-ischemic values
due to the pronounced increase in AV differences [6-fold of median increase,
value table 6.3).

AV differences of NEFA tended to increase in the first min after onset of
stenosis (p=0.06) but returned to pre-ischemic values at the next two sample
times. This resulted in a decrease of net NEFA uptake similar to the decrease
in mean MBF in the ischemic area after 3 and 5 min (table 6.3). Oxygen uptake
decreased from 3.8 at -5 min to 1.8 meol_g“l.min'l at -5 and 5 min [table
6.3).

6.3.5 Estimation of ATP utilization in the inner and outer layers during nor-
moxia and ischemia

Myocardial energy metabolism was estimated from results in the present
study and data published by other investigators. Oxygen uptake in the varfous
layers was estimated from the measured oxygen uptake and the reported trans-
mural gradient on oxygen uptake during normoxia and ischemia (Weiss et al,
1978; Weiss, 1980). From these values, aercbic ATP production in the inner
and outer layers was calculated (table 6.4). Anaerobic ATP production was

1 in the outer and inner layers,

calculated to be 0.5 and 2.0 Mmuﬂ.g'l.min'
respectively, based on the reported lactate accumulation during ischemia
(Griggs et al, 1972). The energy needed for basal metabolism and electrical
processes has been reported to be 10-20% of total normoxic energy production
(McKeever et al, 1958; Klocke, 1966). For the present calculation a value of
15% was assumed. According to these estimations, it follows that under nor-

1

moxic conditions 16.7 and 19.4 umol.min” .g”l ATP is used for mechanical

processes in the outer and inner layers, respectively (table 6.4). After
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1

dry welght} before and during § min of {schemia.
Median walues gnd 954 Yimits are shown.

Time {min)
ATP
epi  LAICA
{ischemic)
LOCA
{(nen-igchemic)
endo LAICA
{ischemic)
LLCA

{non-{schemic)

Creatine phosphate
epi  LAICA
{#schemic)
LOCA
{non-ischemic})
endo LAICA
{ischemic}
LCCR
{non-ischemic)

Glycogen

ept  LAICA
(ischemic)
LLCA
{non-ischemic)

endo LAICA
{{schemic)
LCCA
{nom-ischemic)

* pe0, 05 as compared with the noemoxic situation.
0 p<0.05 as compared with the outer layers.

AV differences

(mmol.l“)

Control Ischemia
1 3 )
2% 17 16 16
13-26 12-25 8-20 13-21
§F 15 15 17
10-24 13-22 12-18 13-18
17 18 14 14
§2-19 10-22 g9-21 13-24
18 Iy 17 16
13-20 10-24 12-19 15-21
41 36 alx Fad
26-54 21-38 23-34 15-30
48 8 44 35
26~61 31-59 34-51 2751
37 20%0 23*%p 1h%g
29-53 14-26 12-46 11-20
9 51 39 40
25-5) 35-60 30-56 24-76
170 i1 140* 150
105-205 110-210 110-175 75-165
165 165 155 165
145-225 110-220 125-250 125170
150 160 155 155
130-180 120-215 115-235 125-185
165 165 165 140
145-190 140250 135-320 100-175
] 23
.'. e
SING i lactate
o ] (m)
] 20
A
. F
10
Lo
Fig 6.5
Time course of the AV differences
~10 of lactate and glucose during 5
min of acute coronary artery
occlusion (n=30). Remark that the
scale for lactate is twice that
for glucose. For explanation of
L20 the symbols see fig 6.2.

TIME

(min)
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Table 6.3 Arterial concegtrations {mM), AV differences (mM) and uptake
(pmo] g ~.min of substances in the blood before and du-
ring 5 min of 1schemia. Medians and 95% 1imits are shown.

Time {(min} -5 1 3 _5
Oxygen
Arterial 7.3 7.3 7.4 7.0
6.7-8.3 6.8-7.8 6.6-8.4 6.6-9.3
Ay diff. 4.5 5.4% 6.2% 5.6%
3.9-5.2 4.9-5.9 5.0-7.1 4.5-7.9
Uptake 3.8 2.0% 1.8* 1.8%
2.9-4.2 1.3-2.4 1.3-3.1 0.3-2.9
Glucose
Arterial 6.4 6.2 6.2 6.7
6.2-7.% 5.4-7.3 5.3-6.8 5.7-7.4
Ly diff. 0.2 0.2 D.4* 1.1%
(-0.1)-0.5 (-0.1)-0.5 0.2-0.9 0.3-2.3
Uptake 0.1 0.1 0.1 0.2
(-0.1)-0.5 (-0.1)-0.2 0.0-0.3 (~-0.1}-0.8
Lactate
Arterial  1.86 1.93 1.67 1.73
1.23-2.34 1.31-2.61 1.01-2.24 0.81-2.77
Av diff. 0.4%8 -0.55* -1.70% -1.92%
0.30-0.61 {-0.90)-(-0.30) (-2.39)-({-1.10){-3.11})-(-0.50)
Uptake 0.39 -0.22* -0.51% ~0.44%
0.21-0.65 {-0.40)-(~0.06) (-0.87)-{-0.27)(-0.86)-{-0.40)
NEFA
Arterial (.31 0.28 0.28 0.24
0.20-0.45 0.14-0.50 0.12-0.48 0.10-0.48
AV diff.  0.13 0.17 0.13 n.14
0.09-0.17 0.06-0.27 0.05-0.28 0.01-0.31
Uptake g.10 0.07* 0.04* 0.04*
0.06-0.14 0.03-0.08 0.02-0.07 0.00-0.09
Inorganic phosphate
Arterial 1.70 1.72 1.71 2.08
1.35-1.84 1.53-1.94 1.46-2.02 1.62-2.21
Ay diff.  -0.02 -0.30% -0.70% «(1, 90*
(~0.08)-0.00 (-0.43)-(-0.22) (-0.88}-(-0.52)(-2.35)-(-0.56)
Uptake -0.02 -0.08* -0,23% -0.26%
(-0.08)-(-0.02)(-0.11)-(-0.05) {-0.33)-(-0.10)(-0.68)-(-0.05)
Potassium
Arterial 3.55 3.75 3.73 3.65
3.35-3.90 3.35-4.00 3.40-4.05 3.65~4.45
AV diff.  -0.04 -0.75* -1.15% -1.10*
(-0.14)-0.02  (-1.00)-(-0.60) (-2.05)-(-0.95)(-2.45)-{-0.75)
Uptake -0.04 -0.23% -0.34% -0.33*

(-0.15)-0.07  (-0.35)-(-0.17}({-0.72)-(-0.18) (-1.02}-(-0.09)

*  p<0.05 as compared with time -5 min
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one min of d{schemia, assuming energy for basal metabolism and electrical
activity to be constant, only 14.4 and 9.3 ;Amokmg'lmmin'l ATP is available
for mechanical activity in the outer and inner layers, respectively (table
6.4},

6.3.6 Time course of hemodynamic variables

In table 6.4, the values of several hemodynamic variablies are shown before
and during 5 min of coronary artery stenosis. Heart rate gradually increased
by 11% and mean aortic pressure gradually decreased by 12% during 5 min of
ischemia, Within 1 min of {ischemia, dpmvldtmax decreased by 23% and P1ved
increased by 25% (p<0.05). These changes became more pronounced during the
rext 4 min of ischemia. Median values of cardiac output decreased, but this
decrease was not significant.

These results show that the inducement of ischemia resulted in a decreased
global left wventricular function, but without a significant decrease in
cardiac output and the occurrence of serious arrhythmias.

6.4 Discussion

6.4.1 Effects of ischemia on general hemodynamics

‘By stenosis of the LAICA, 10 to 20% of the left wventricle is rendered
ischemic (section 3.4), Impaired mechanical function in this area exerts
significant influences on the hemodynamic variables. The loss of contrac-
tility of the ventricle as a whole is reflected by the decreased dp1V/dtmax,
while cardiac output tended to decrease. This loss in contractility hampers
the ejection of blood as is also shown by the increase in Plved* The increase
in heart rate is probably reflexogenic and secondary to the decrease in
aortic pressure.

Despite these significant effects on global hemodynamics, cardiac output
was hardly affected. This might be partly due to compensatory mechanical
function of the non-ischemic area as suggested by the increased MBF in this
area. In the early phase of ischemia, slight but non significant increases in
non-ischemic MBF were also observed by Driscoll and Eckstein (1964), Domenech
(1974} and Rivas et al (1975).

6.4.2 Effects of ischemia on myocardial blood flow
Stenosis of the coronary artery leads to a fall in post-stenotic coronary
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artery pressure and coronary flow. The degree of stenosis used in the present
study caused a significant 50% fall in mean MBF in the ischemic area after
one min of stenosis, slightly but not significantly decreasing in the next 4
min.

The inhomogeneous distribution of MBF across the ischemic left ventricular
wall, resulting in a relative underperfusion of the inner layers, has been
extensively described (chapter 1). This is caused by the higher intramyocar-
dial pressure in the inner than in the outer layers (Hoffman, 1979; Arts et
al, 1979).

6.4.3 Effects of ischemia on myocardial metabolism

The reduction of myocardial blood flow results in an impaired oxygen
delivery to the affected perfusion area. The oxygen shortage causes rapid and
pronounced changes in metabolism of the fischemic area, as indicated by the
release of lactate, inorganic phosphate and potassium within 1 min after on-
set of stenosis. These gbservatfons are in agreement with the findings of
Obeid et al (1972) and Opie et al (1973) as well as with the results of
Gudbjarnason et al {1970) who showed tissue lactate accumulation within 30 s
after coronary artery occlusion. The net lactate release during the first 5
min of ischemia exceeded the net glucose uptake in that period. This obser-
vation suggests anaerobic breakdown of other carbohydrate sources (e.g.
glycogen) during this early phase of ischemia. Median values of glycogen
content were lower in the ischemic than in the non-ischemic tissue but the
difference was only significant in the ocuter layers after 3 min of ischemia.

1 glycogen{glucose), which is within the

However, a decrease of 1 umol.g”
interindividual wvariation, easily covers this additional lactate release.
Such a rapid enhancement of glycogenolysis cannot be excluded, since at the
beginning of ischemia the inactive phosphorylase b is rapidly converted into
the active phosphorylase a (Kuebler and Spieckermann, 1970; Ichihara and
Abiko, 1977) and phosphorylase b itself s activated within one min of ische-
mia (Wollenberger and Krause, 1968). Moreover, after inducement of anoxia in
an isolated heart preparation, lactate release was not severely depressed if
a glucose-free perfusion was employed {Opie, 1971/72}.

The delayed change in glucose AV differences, as compared to those for
lactate, is incomplietely understood. A relatively slow activation of the
carrier mediated glucose uptake into the cells is one possibility. A rapid
increase of glucose uptake simultaneously with a release of glucose units



Table 6.4 Calculation of the amount of ATP [umol.g ~.min

- 110 -

available
for mﬁchan 3&1 activity, from the median values of MBF
{(ml.g™*.min "), oxygen Avl difference {mM}, and creatine
phosphate content (umol.g”™* wet weight). Data on transmural
differences in oxygen extraction during normoxia and ische-
mia were obtained from Weiss et al (1978) and Weiss (1980},

respectively. Anaerobic ATP production in the wvarious !ayers
has been estimated from the lactate accumulation, as repor-
ted by Griggs st al (1972).

1. -1)

Mormoxia 1 min {schemia

outer inner outer inner
MBF 0.83 0.76 0.53 (.24
Oxygen extraction 4.0 5.0 5.3 5.3
Oxygen uptake 3.3 3.8 2.8 1.3
Aerobic ATP production 19.7 22.8 16.9 7.7
Anaerobic ATP production 0 0 0.5 2.0
Creatine phosphate 0 0 0 3.0
break down

____________________________________ +
Total ATP supply 19.7 22.8 17.4 12.7
ATP used for basal metabolism 3.0 3.4 3.0 3.4
and electrical activity
ATP available for mechanical ié:; ______ I&:& ______ I&:; ______ Q:E‘ )

activity

Table 6.5 Values of several hemodynamic variables before and during 5

min of ischemia. Median values and 95% limits are shown.

Time {min ~5 1 3 5
Heart rfte 135 138* 138> 150*
(b.min™ 115-150 115-145 110-158 135-180
Mean aortic 10.4 10.3 9.5% 9.3*
pressure (kPa) 10.0-11.5 9.5-11.2 8.3-10.7 8.0-11.2
Mean p.,. 9.7 3.3*% 3.3% 3.3%
(kPa) 8.7-10.4 3.2-3.5 3.1-3.5 2.8-3.7
/dtTax 229 186* 173* 160*
&X 188-263 167-220 160-220 147-220
Pved 0.4 0.5% 0.5% N.7*
(kPa) 0.3-0.4 0.4-0.7 0.4-0.7 0.5-0.8
Card1acloutput 3.0 2.9 2.5 3.0
(T.min™*) 2.7-3.6 2.4-3.5 2.2-3.4 1.9-3.8

*=p<0.05 as compared with time -5 min
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through early glycogenolysis (see above) is not likely to occur, because
heart muscle does not contain glucose-6-phosphatase (Stetten, 1964).

The observed potassium release could indicate changes in the function of
the sodium-potassium pump or the potassium conductance of the sarcolemma. Rau
and Langer (1978) observed that potassium loss during anoxia continues, des-
pite, wuncoupling of excitation and contraction or increasing glycolytic
energy production. However, no potassium loss occurred when the preparation
was electrically quiescent. Because the sodium-potassium pump continued to
function until 60 min of anoxia (Rau et al, 1977), it was concluded that the
potassium loss 1is mainly caused by a higher potassium conductance. Invol-
vement of a membrane oxygen sensing system (Meduski et al, 1977) has been
proposed,

Increased potassium conductance has been related to the origin of arrhyth-
mias {Coraboeuff et al, 1976). However, severe arrhythmias did not occur when
ischemia was induced in our preparation as well as in that of Owen et al
{1970) and of Opie et al (1973).

6.4.4 Relation between cessation of shortening and myocardial blood flow and
metabolism

Due to oxygen shortage, energy supply for contractile activity will be
impaired. After inducement of ischemia as well as anoxia, decreasing contrac-
tile activity did not coincide with depletion of energy-rich phosphate stores
in the whole myocardial wall or in samples from the outer layers (Braasch et
al, 1968; Gudbjarnason et al, 1970; Hearse, 1979; Imai et al, 1979). The pre-
sent study shows that in the ischemic area cessation of fiber shortening in
the inner layers occurs without depletion of energy-rich phosphate stores in
these layers.

The absence of a tight relation between ATP content and contractile func-
tion is even better illustrated by the finding that during catecholamine-ind-
uced stimulation, ATP values decrease to values lower than those during acute
ischemia, but without impairment of contractile function (Kammermeier et al,
1974). Moreover, it 1is well known that during reperfusion after complete
ischemia, mechanical recovery occurs while ATP contents remain depressed
(Hearse, 1974).

To explain cessation of contractile activity despite the presence of ener-
gy-rich phosphates, several alternative hypotheses have been proposed, which
are summarized in section 2.1.2, and will be discussed here in relation to
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the results obtained in the present study.

Accumulation of NEFA as a possible cause of early mechanical failure as
proposed by Katz and Messineo (1981), is not likely. Uptake of NEFA from the
blood (0.07 umol. g'i.min'l) may cause an increase in cellular NEFA concen-
tration of 70 nm01.g"1. Since still 2‘}Lm01.g’1 oxygen is taken up and the
uptake of glucose has decreased, most of these HWEFA will be oxidized. The
remaining WEFA might well be coupled to free CoA or carnitine, Therefore, it
seems likely that cellular NEFA concentrations are hardly affected within 1
min of ischemia. Moreover, in the next chapter it will be shown that the
content of these substances deoes not increase before 10 min of ischemia.

Glycogen depletion has been reported to occur within 4 min of anoxia in
isolated hearts. Simultaneously, ATP synthesis and mechanical activity were
impaired (Rovetto, 1979). The findings in the present study, however, show
that no depletion of glycogen occurs within 5 min after onset of ischemia and
hence glycogen depletion is not likely to be the cause of the early cessation
of fiber shortening., These contradictory results may be explained by a higher
glycolytic flux during anoxia (Liedtke, 1981).

The rapid decrease of pH in Tocal venous blood after onset of stenosis
indicates an even more pronounced decrease in cellular pH. A proton induced
change in calcium homeostasis has been suggested as a possible trigger for
contractile failure. This would be induced by decreased affinity of troponin
for calcium at high hydrogen ion concentrations (Katz and Hecht, 1969) or by
interference of protons with calcium movements during the action potential
{reviewed by Nayler et al, 1979). As mentioned in section 2.1.2, an important
role of pH in the deterioration of mechanical function is rather unlikely.
This is supported by the observation that the decline in pressure development
in the anoxic isolated working rat heart preparation {Hearse, 1979) occurs at
a similar time interval as the cessation of shortening after acute coronary
artery occlusion (chapter 5), despite the maintained flow and washout of
carbon dioxide and protons during anoxia.

Whereas the above mentioned theories bypass the involvement of energy-rich
phosphate breakdown in early contractile failure, several recent theories
stress the major role of this process in the inhibition of contraction.

Breakdown of energy-rich phosphates after oxygen deprivation will result
in increased cellular concentrations of inorganic phosphate. High cellular
inorganic phosphate concentrations were considered to be responsible for the
binding of considerable amounts of calcium (Kuebler and Katz, 1977). These
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authors calculated an 8 fold increase in this substance during ischemia.
Indeed,the early inorganic phosphate release after onset of stenosis, likely
reflects elevated cellular concentrations of this substance. However, as can
be calculated from results of the present study the amount of inorganic
phosphate Tiberated from energy-rich phosphates within one win of ischemia
is no more than 4;Lm0].g'1 wet weight in the inner layers of the myocardium,
which increase would be less than two-fold the normoxic tissue content.
Because of the release of this substance into the blood, the actual concen-
tration will even be lower. These findings are comparable to the values found
by Imai et al (1979) in the isolated guinea pig heart after 0.5 and 1 min of
ischemia and are far below the increase in inorganic phosphate concentration
as estimated by Kuebler and Katz (1977; section 2.1.2).

The observed negative AV differences of inorganic phosphate (already after
0.5 min of stenosis significantly different from the pre-ischemic value)
indicate rapid breakdown of energy-rich phosphates, most likely creatine
phosphate, This is consonant with an early decrease in the phosphorylation
potential, experimentally shown to occur in the ischemic guinea pfg heart
within 0.5 min. This decrease was synchronous with the decrease in mechanical
performance {Imai et al, 1979). Similar findings were reported by Kammermeier
et al (1981) in the hypoxic isolated rat heart. Moreover, these authors
calculated a decreased phosphorylation potential from estimated cytoplasmatic
concentrations instead of gross tissue contents. An interesting consequence
of this theory is that breakdown of creatine phosphate could directly impair
mechanical function, even in the presence of sufficient ATP.

Approval nor disapproval is obtained in the present study on the pressence
of different cellular compartments for ATP as proposed by Gudbjarnason et al
(1970; section 2.1.2).

6.4.5 Changes of mechanical activity in various layers of the left ventricu-
Tar wall during ischemia

Fiber shortening decreases more rapidiy in the inner than in the outer
layers, as indicated by the earlier decline in €nin 25 compared to nax® This
phenomenon is 1ikely to be related to the more pronounced decrease of blood
flow in the fnner lavers (68%), than in the outer layers within one min of
coronary artery stenosis. Consistent with this finding is, that after acute
coronary artery occlusion P2 in the inner layers decreased at a higher rate
and to lower values as compared to the outer layers (Winbury et al, 1979).
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The higher energy demand in the finner layers than in the ocuter ones, as
indicated by the higher oxygen uptake in the former layers {Holtz et al,1977:
Weiss et al, 1978}, might also play a role in the earlier diminishing of
fiber shortening in the former layers. The disappearance of lengthening along
the fiber direction of the inner layers during ejection after one min of
ischemia is probably no improvement of mechanical performance since it is
associated with an early increase in segment length at the onset of ejection.
This Tlengthening before ejection, occurring during ischemia, was also found
by Edwards et al (1981). Also the almost immediately increasing stiffness of
the ischemic tissue {Theroux et al, 1974, 1977; Edwards et al, 1981) may
reduce lengthening during ejection along the fiber direction in the inner
layers.

During the interval between the decrease of e

and e considerable

differences in shortening along the fiber dﬂrectiu?1:re preggii between inner
and outer layers of the left wventricle. One min after onset of ischemia,
however, transmural differences in shortening have become relatively small.
Downey (1976) studied the contractile force in the inner and outer layers,
using epicardially mounted strain gauges oriented parallel to the fiber
direction of the inmner and outer layers, a set-up which is comparable to the
one used in this study. He also observed relatively small differences between
"superficial and deep force". The results from their study and ours provide
gqualitative indications and thus do not allow conclusions about absolute
differences in fiber shortening in the various layers. Using ultrasonic
crystals, Weintraub et al (1981) recently showed that during various degrees
of ischemia the relative decrease in shortening in the inner and outer layers
was not significantly different.

The relatively small differences in the changes of shortening are 1in
contrast with the steep gradients in myocardial blood flow and creatine
phosphate contents between the various myocardial layers. After one min of
ischemia in the outer layers blood flow had decreased by only 36% and crea-
tine phosphate content was not significantly affected in contrast to a 64%
decrease in blood flow and halved creatine phosphate stores in the inner
layers. A possible explanation for this paradoxal situation might be a redis-
tribution of fiber stress across the wall. The outer layers may have to bear
more stress due to failure of the inner layers. Several arguments may support
this hypothesis.
shown in this chapter and in

The slower decrease of e, compared to e

ax min?



chapter 5, suggests that after diminishment of shortening in the inmer lay-
ers, the fibers in the outer layers still try to shorten. After acute corona-
ry artery occlusion {chapter 5), fibers in the outer layers continue to
shorten for only several seconds, whereas after stenosis (fig 6.3) this
shortening continues for half a minute. This difference may be explained by
the higher blood supply to the ischemic area than in the Yatter situation,
enabling the outer layers to persist mechanical function for a longer time.

Recent studies showed that in the inmer layers the decrease in shortening
is related to the decrease in blood flow, but that such a relationship does
not exist in the outer layers. However, the decrease in fiber shortening in
the outer layers proved to be related to the decrease in fiber shortening in
the inner layers, suggesting that subendocardial ischemia results in a trans-
mural redistribution of mechanical loading and contractile function {Gallag-
her et al, 1978; Genain et al, 1979; Weintraub et al, 1981).

The bearing of compensatory stress by the outer layers is also suggested
by estimated ATP utilization in the inner and outer layers (table 6.4).
Because mechanical activity in the ventricle depends mostly on stress deve-
Topment of the fibers, and little differences seems to be present between
shortening in the inner and outer layers, the difference in estimated energy
utilization between these layers suggests, that the contractile mechanism in
the inner layers develops less stress due to the pronounced energy shortage.
The dncreased workload thus caused in the outer layers may result in a de-
crease in fiber shortening in these layers to such an extent that the trans-
mural differences in fiber shortening are not as large as the transmural
differences in blood flow or creatine phosphate contents.

6.5 Conclusions

- The first measurable effect after inducement of ischemia is a decrease in
regional fiber shortening, which occurs within half a minute. Within this
short time interval large differences in fiber shortening are present
between the various layers, since fiber shortening cessates earlier and
more pronounced in the inner layers than in the outer ones.

- Cessation of regional shortening occurs without a decrease in ATP content
and with a decrease in creatine phosphate content only in the inner layers.
these results indicate, that depletion of energy-rich phophates fs not the
cause of diminishing local pump functfon after onset of ischemia.
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- Of the causes of this early contractile failure mentioned in the literature
{section 2.1.2), decrease of the enerqgy provided by hydrolysis of one mol
ATP most adequately explains the resuits from the present study.

- During ischemia of longer duration than one min, transmural differences in
fiber shortening are relatively small despite the higher oxygen delivery in
the outer layers than in the inner ones. This observation suggests that
during 1schemia, the outer layers are impeded to shorten by the inner
layers.,

- Early lactate release cannot completely be explained by the net uptake of
glucose, which might be explained by early glycogen breakdown.

- The rapidly declined mechanical activity in the ischemic area exerts
significant effects on general hemodynamic variables. Increased MBF in the
non-ischemic area suggests increased mechanical activity in this area to
compensate for function Toss by the ischemic tissue.



7. TIME COURSE OF CHANGES IN BLOOD FLOW, LOCAL MECHANICS AND METABOLISM IN
MYOCARDIAL TISSUE DURING 120 MIN OF ISCHEMIA WITH SPECIAL REFERENCE 70
ACCUMULATION OF NEFA

7.1 Introduction

The content of non-esterified fatty acids [NEFA) in ischemic myocardium
was reported to be increased {Weishaar et al, 1977, 1979; Van der Vusse et
al, 1982). Several studies showed that high intracellular or extracellular
NEFA concentrations exerted deleterious effects on the activity of several
enzymes and on membrane function (reviewed by Katz and Messineo, 1981; Van
der Vusse, 1982). If NEFA, accumulated during ischemia, have noxious effects
on the oxygen-restricted area, one would expect that this accumulation pre-
ceeds the deterioration of the processes proposed to be affected in this
region.

Therefore, it 1is interesting to compare the time course of this accumu-
lation with that of the content of other lipid classes, glycogen and high
energy phosphates as well as the time course of blood flow and fiber shor-
tening in the ischemic myocardium.

Changes 1in the afore-mentioned variables were determined in the outer,
middle and inner layers of the free wall of the left ventricle since reduc-
tion of coronary artery blood flow results in marked underperfusion of the
inner layers, which might cause transmural differences in myocardial meta-
belism of the afore-mentioned substances as well as in mechanical performance
of these layers.

An indication about the contribution of extracellular and intracellular
sources to NEFA accumulation was made possible by gaschromatographic determi-
nation of the content of the individual fatty acids in the NEFA, triacylgly-
cerol and phosphoglyceride classes in the myocardium as well as the arterio-
Tocal wenous (AY) differences of the individual fatty acids of the two first
mentioned classes (section 3.7).

7.2 Experimental design

7.2.1 Protocol
The experiments were performed on 30 mongrel dogs which were allotted to 3
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groups, according to the time of myocardial tissue sampling (e.g. 10, 60 and
120 min after onset of ischemia). To assure similar conditions before onset
of fschemia, care was taken that between these 3 groups, no differences
existed in heart rate, mean aortic pressure (Dao) and dpy,/dt max. Moreover,
to obtain a comparable degree of stenosis in the animals of the three relati-
vely small groups, allotting an animal to a certain group occurred so, that
after 10 min of ischemia mean Peor and the change in pH and 0, saturation in
the local venous blood were comparable between the groups. These variables
were chosen to assess the degree of ischemia because (a) they can be deter-
mined during the experiment, (b) a decrease in local venous pH reflects
lactate production by the ischemic myocardium, (c¢) similar values of mean Pag

and p assure a comparable degree of stenosis in the groups. Evaluation of

the d???erences between the 6 afore-mentioned variables in the 3 groups did
not reveal any significant difference by applying the Kruskal-Wallis test
indicating that the procedure of allocation had been successful.

The protocol of these experiments is shown in fig 7.1. Stenosis was indu-
ced at time O min by inflation of the occluder cuff until the desired Peor
was reached {3.3 kPa). In these experiments, arterial and local venous blood
samples were taken at times -15, -5, 10, 20, 30, 45, 60, 90, and 120 min. The
continuously recorded hemodynamic and regional myocardial mechanical varia-
bles as well as cardiac output were also determined at these moments. Radio-
active microspheres for determination of regional myocardial blood flow were
injected just after times -15, 10, 60, and 120 min. Transmural biapsies‘were
taken from the ischemic (LAICA) and non-ischemic (LCCA) area just after the
microsphere injections, 10, 60, or 120 min after onset of stenosis, depending
on the group in which they were performed. In all experiments, biopsies were
taken for the determination of ATP, creatine phosphate and glycogen. In 5
experiments of each group, also biopsies were taken for the determination of
fatty acids (section 3,1.6). In these 15 experiments the biopsies for the
determination of ATP, creatine phosphate and glycogen were taken just prior
to those for fatty acid determination. Four additional experiments were
performed, including microsphere injections and biopsies for fatty acid
determination after 60 min of ischemia. At the end of the experiments, the
dogs were killed by an overdose of pentobarbital.

For the anmalysis of the NEFA contents in myocardial tissue and the rela-
tion between these contents and myocardial blood flow, we also used the data
from biopsies, taken in separate experiments after 120 min of normal perfu-
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10min.stenosis

—¥ _ tracer microsphere injection

Fig 7.1 Praotocol of the experiments.

Table 7.1 Time course of several

during 120 min of ischemia.
Median values and 95% 1imits are shown.

{n=10) M M MIC
X + +¥
60min.stenosis M
(n=10) M M M MIC
+ + - +H¥
120min.stenosis
(n=10) 15 0 10 20 30 45 60 90 120 min
| time
I
+—r Sample times biochemical, __“'_ biopsy ischemic area
hemodynamic and regional
mechanical variables
C
M
3+

biopsy control area

hemodynamic variables before and

Time ﬁmin!

Heart r?te
(b.min™")

Mean aortic
pressure {kPa)

Mean coronary ar-

ery pressure [kPa)

Py ved (kPa)

dpw/’dtmax

-1
{kPa.s™ ")
Cardiac,output
(T.min™")

Stroke volume
(m1)

-5 10 60 120

116 130* 124 113
85-160 95-175 85-155 65-150
10.8 10.5% 10.8 9, 5% **
10.3-11.3 9.9-11.1 9.7-11.5 8.7-10.1
10.5 3.3% J.2% 3. 2%
9.9-11.1 3.2-3.5 2.9-3.5 2.8-3.6
0.6 0.8* 1.2* 0.7*
0.4-0.8 0.7-1.1 0.7-1.5 0.4-1.3
206 181* 160* 133*
173-240 147-220 120-190 93-173
2.9 2.6* 2.5% 2.4%
2.4-3.4 2.2-3.2 2.2-2.7 1.9-2.9
28 23% 21* 20%
22-33 17-27 16-24 17-30

* p<0.05 as compared with t= -5 min
** p¢0.05 as compared with t= 60 min
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sion (control experiments, n=5, 10 biopsies from the LAICA area and 10 biop-
sies from the LLCA) and after 120 min of stenosis (n=8, 16 biopsies from the
ischemic LAICA area and 16 biopsies from the normoxic LCCA area). These data
have been published recently (Van der Vusse et al, 1982).

7.2.2 Data analysis

Information about the effect of ischemia was obtained by comparison of the
data within each animal as well as between groups of animals.

The choice of each dog serving as its own contrpl was made because of the
great differences between animals. Influences on hemodynamical, regional
mechanical and blood biochemical variables as well as MBF were evaluated by
comparing the values at various intervals after onset of ischemia with those
at time -5 min. At each sample time, changes in the content of the warious
substances within the ischemic myocardium were evaluated by comparing the
values of these contents with those of the non-ischemic tissue in the same
experiment {validated in chapter 4). These differences were evaluated for
statistical significance by applying Wilcoxon's matched-pairs signed-rank
test (two-tailed probability).

Differences in tissue contents of the various substances in the LAICA and
LCCA area between groups of experiments without stenosis {for fatty acids:
data in Van der VYusse et al, 1982; for ATP, creatine phophate and glycogen:
data presented in chapter 4) and including the inducement of stenosis, were
evaluated for statistical significance by applying the two-tailed Wilcoxon's
rank-sum test (aligned ranks).

The data are summarized as median values and 95% limits. A value of p<D.05
was considered to be a significant difference.

7.3 Results

7.3.1 Time course of hemodynamic variables during 2 hours of regional ische-

mia
The effect of acute coronary artery stenosis on these variables is shown
in table 7.1. Using the servo system, post-stenotic coronary artery pressure
was kept constant at about 3.3 kPa with less than 0.3 kPa intra-individual
variation throughout the experimental period and the same variation between
animals.
After onset of stenosis, heart rate increased within 1 min {section 6.3.6)
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Regional myocardial blood flow {nﬂ,min'l,g‘}) in the outer
(EPT), middle (MID), and dnmer (ENDO) layers of the left
wentricle, the endo/epicardial blood flow (ENDO/EPI) ratio of

T o mid endo

the ischemic and non-ischemic tissue as well as the mean
transmural blood flow of the fschemic tissue before and
during 120 min of ischemia, Median values and 95% Timits are
shown.
Time {min -5 10 60 120
Ischemic region
EPI 0.83 0.30% 0.34% 0. 35%
0.73-0.85% 0.25-0.41 0.22-0.41 G.18-0.59
MID 0.73 0.18% 0. 1o% 0.19*%
0.64-0.85 0.16-0.24 0.13-0.24 0.09-0. 30
ENDO 0.76 (. 15% D.13* 0. for *x
0.64-0.88 0.12-0.22 0.07-0.19 0.04-0.18
ENDO/EPI RATIO  0.96 0.50% 0.34% ¥ 0. 28%
0.86-1.06 0.40-0.60 0.28~0.42 0.15-0.40
Mean MBF 0.74 0. 24% 0.24% 0.17%
0.52-0.98 0.13-0.30 0.12-0.35 0.11-0.34
Non-ischemic region
Pl 0.75 0.82* 0.71 0.63
0.64-0.86 0.68-1.00 0.60-0.82 0.55-0.98
MID 0.80 0.88* 0.75 0.68
0.68-0.92 0.75-1.03 0.65-0,84 n.48~0.91
ENDO 0.85% 0.87 0.75 0.68
0.75-0.96 0.76-0.98 0.62-0.89 0.49-0.89
ENDO/EPT RATIO  1.17 1.15 1.15 1.13
1.11-1.25 1.05-1.26 1.04-1.23 0.93-1.36

¥ p<0.05 as compared with time -5 min
** n¢0.05 as compared with time 10 min

NEFA

{nmal.g %)

ol mdndo  epl midendo  spi mid ando

control 10 min 80 min 120 min

Fig 7.2
NEFA content in tissue samples
from the LAICA perfusion area
of animals without 1inducement
of stenosfs ("control") and
from animals after 10, 60, or
120 min of ischemia. Shown are
the median values and 95% 1i-
mits of the outer (epi), middle
{mid), and inner layers (endo).
* p<0.05 as compared with the
control group.



and remained constant for 10 min., Thereafter heart rate gradually decreased,
reaching preischemic values after 120 min. Mean aortic pressure slightly but
significantly decreased simultanecusly with the increase in heart rate, and
returned to pre-ischemic values after 60 min. During the second hour of
jschemia, the median values of mean aortic pressdre decreased by 12% which
was statistically significant. The maximal positive first derivative of left
ventricular pressure (dpqvfdtmax) continued to decrease after the initial
fall during the first 5 min of ischemia (section 6.3.6). After 120 min of
fschemia, the values of this variable had decreased to 65% of the preischemic
values. End-diastolic left wventricular pressure steadily and significantly
increased to 133 and 200% of the pre-ischemic values at 10 and 60 min of
ischemia, respectively, but thereafter tended to return to the preischemic
values although no significant difference could be detected between the
values at time 60 and 120 min {p=0.11). The median walues of cardfac output
during ischemia were approximately 15% below the pre-ischemic walues. Due to
the slightly higher heart rates during ischemia, the fall in stroke volume
was more pronounced (30% after 120 min).

7.3.2 Time course of regional myocardial blood flow

The inducement of ischemia caused an inhomogeneous distribution of MBF., In
the outer layers MBF decreased by about 60% after 10 to 120 min. After 10 min
of ischemia, MBF in the inner layers was already reduced by about 80% and
continued to decrease tc a reduction of about 87% after 120 min. The trans-
mural gradient in MBF between the inner and outer layers is expressed in the
endo/epicardial blood flow ratio. This ratio decreased from 0.96 at time -15
min to 0.50 after 10 min and 0.28 after 120 min of ischemia (table 7.2).

After 10 min of stenosis, in the non-ischemic area blood flow significant-
1y increased in the outer {9%) and middle layers (10%), but the increase of
2% in the inner layers did not reach the level of significance (table 7.2).
After ischemia of longer duratiom, blood flow in this area decreased so that
the values at time 120 min tended to be lower than those at time -15 min. In
the normoxic area, the transmural distribution of myocardial blood flow did
not change during the whole experimental period (table 7.2).

7.3.3 Time course of myocardial fatty acid contents during ischemia
After 10 min of ischemia, NEFA contents in the three studied layers of the
ischemic area were not significantly different from those in the three layers
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Fig 7.3 Content of the individual NEFA in myo- Table 7.3
cardial tissue samples from the outer Ratio of ischemic con-
(7.3a) and inner (7.3b) layers of the tent and non-ischemic
myocardium in the groups mentioned in content of the indivi-
fig 7.2. Median values and 95% limits dual fatty acids in the
are shown. inner and outer layers
of the ischemic myocar-
dium, as calculated
from the respective me-

| outer layers dian values after 10,
40 NEF% 60 and 120 min of is-
{nmol.g ="} chemia.
Time {min) 10 60 120
Outer
layers
14:0 1.5 1.9 1.
16:0 1.0 2.3 1.
16:1 0.7 2.3 1.
18:0 0.9 3.2 1.
18:1 1.1 4.3 2.
18:2 0.9 5.6 2.
20:4 1.0 3.4 1.
*
M “ !
14:0 160 161 18:0 18:1 18:2 20.4
©oNEFA inner layers
(nmol.g-1) Inner
1.3 1.3 2.
1.1 1.8 3.
0.7 2.0 3.
1.2 2.9 3.
1.8 2.5 5,
1.4 3.5 7.
20 1.1 4.2 8.

~N W R 0

oy B= (7

[l 7 e uad

16:0 161
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of the non-ischemic LAICA area in the control experiments. However, after 60
and 120 min, these substances accumulated in the ischemic area (fig 7.2). In
the outer layers, MEFA contents increased more than 3-fold after 60 min but
only 1.6-fold after 120 min as compared with the aforementioned control
values. In contrast to this biphasic time course in the outer Tayers, the
MEFA content in the inner layers increased approximately 2-fold after 60 min
and 4-fold after 120 min of ischemia. The middle layers of the ischemic
myocardium did not show an fncreased NEFA content after 60 min, but one hour
later the NEFA content in these layers was intermediary between the content
in the inner and ocuter layers {fig 7.2).

The individual NEFA content in tissue samples from the normoxic LAICA area
in the control experiments and in tissue samples after 10, 60 and 120 min of
ischemia, both in the outer and inner Tayers are shown in fig 7.3. In gene-
ral, an increase in total NEFA content was caused by higher contents of each
individual fatty acid. However, differences existed in the relative increase
of these fatty acids (table 7.3, fig 7.3). At the maximum NEFA accumulation
in the outer layers (after 60 min) relative increases in linoleic and oleic
acid were most predominant. The content of all individual MEFA in the inner
layers was significantly increased after 60 min of ischemia and gradually
increased thereafter. The fatty acids with the highest relative increase
after 120 of ischemia were arachidonic and linoleic acid (8.1 and 7.3-fold
increase, respectively; fig 7.3, table 7.3). Despite the unchanged total
amount of NEFA in the middle layers after 60 min of ischemia, small but
significant increases were observed in the arachidonic and linoleic acid
content, (1.7 and 1.6-fold increase, respectively). These fatty acids also
showed the highest relative accumulation (4-fold, both) in this layer after
120 min of ischemia {data not shown).

Intra-individual comparison of the content of triacylglycercol in the is-
chemic and non-ischemfc area showed lower values in the non-ischemic area
(significant after 120 min in the middle and after 60 and 120 min in the
inner layers; table 7.4). This difference was due to a decreased content of
triacylglycerol in the non-ischemic (LCCA) area as was shown by comparing
these contents with those from the LCCA area in experiments without induce-
ment of stenosis (data in Van der Vusse et al, 1982). The triacylglycerol
content in the ischemic and normoxic LAICA (control group) area were not
significantly different (table 7.4).

The values of the phosphoglyceride contents in the ischemic and non-ische-
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Table 7.4 Contents of triacyglycercl and phosphoglyceride (}u‘.mohq”lh in
animals without [control, n=10) and with stenosis of the LAICA
during 10 {n=10), 60 {(n=18), and 120 min {n=30). Median values

and 95% limits are showm.

Control Ischemia
Time {min) 10 80 120
Triacylglycerol
epf LAICA 14.1 6.7 10.2 7.5
{ischemic) 5.7-21.1 4.6-12.2 B.4-12.6 5.6-13.7
LLCA 1.0 8.2 11.2 0.0
(non-ischemic)  6.4-35.0 3.3-31.7 7.7-15.3 3.0-16.3
endo LAICA 5.7 9.0 8.6 5.7
{ischemic} 2.5-9.1 3.5-15.9 7.4-12.0 4.0-7.2
LCCA 4.0 3.8 3.9 2.7
{non-ischemic) 1.8-13.0 1.7-9.6 3.1-5.6 2.4-3.9
Phosphoglycerides
epi  LAICA 30.5 28.8 29.7 31.1
{ischemic}) 29.0-35.3 24,.2-33.0 29.3-31.1 27.5-32.3
LCCA 32.3 27.4 28.7 28.4
(non-ischemic)  29.6-39.6 25.4-34.2 27.5-30.1 27.1-30.1
endo LAICA 34.6 28.0 28.7 28.3
(1schemic) 33.1-38.0 26.2-30.3 25.8-30.7 25.6-31.1
LCCA 35.9 28.2 29.7 30.4
(non-ischemic)  33.6-38.0 24,7-31.5 27.1-31.1 27.3-31.8

Table 7.5 Contents of ATP, creatine phosphate and glycogen (,umcol.g"l
dry weight) in the LAICA and LCCA perfusion area in animals

without {control, n=10) and with stenosis of the
during 10 {n=10), 60 {n=10), and 120 min {n=10).

values and 95% limits are shown.

LAICA

Median

Control Ischemia
Time {min) 10 60 120
ATP
epi  LAICA 21 13 10% 1*
{ischemic} 13-26 11-16 6-16 5.15
LCCA 17 16 18 20
{non-ischemic) 10-24 13-22 11-20 0-23
enda LATCA 17 13* &* 5%
{ischemic) 12-19 10-15 4-12 3-13
LECCA 18 18 16 17
{non-ischemic) 13-20 16-20 15-20 12-23
Creatine phosphate
epi LAICA 4] 20% 15% 29%
{ischemic) 26-54 10-30 10-22 12-36
LCCA 48 32 45 41
(non-ischemic) 26-61 23-67 27-53 26-53
endo LAICA 37 16%0 11%o 18*%¢
{ischemic) 29-53 10-35 9-83 12-22
L.CCA 39 38 34 41
{non-ischemic 25-51 20-58 22-43 31-48
Glycogen
epi  LAICA 170 180 el 100*
{ischemic) 105-205 45-160 70-145 60-165
LCCA 165 140 150 160
{non-1schemic 145-225 110-190 130-220 126-215
endo LAICA 150 100%0 Bir*o Bi*a
(ischemic) 130-180 45-165 40-170 35-120
L.Cca 165 150 145 160
{non-ischemic) 145-190 76-180 1256-230 130-205

* p<(,05 as compared with the content in the LCCA (non-ischemic} area.

o p<0.05 as compared with the outer layers of the same area,
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mic area of the same heart after 10, 60 and 120 min after onset of stenosis
were Tower than the values obtained during experiments without inducement of
stenosis (table 7.4). The phosphoglyceride content in the normoxic myocardium
[both areas in the control experiments and the LCCA area in the experiments
where ischemia was induced) was higher in the inner than in the outer layers.
In the ischemic myocardium, however, phosphoglyceride content was Tower in
the fnner than in the outer layers (significant after 120 min of ischemia;
table 7.4).

7.3.4 Time course of myocardial content of ATP, creatine phosphate and
glycogen during ischemia

In the ischemic area ATP content was significantly decreased in the middle
and inner layers of the ischemic area as compared to the non-ischemic area
after 10 min of ischemia, and subsequently decreased further in all layers
onto 120 min of ischemia. After 10, 60, and 120 min of ischemia, ATP content
tended to be lower in the inner than in the outer Tayers, but this difference
was not statistically significant (table 7.5).

After the rapid decline in creatine phosphate contents during the first 5
min of ischemia (chapter 6), these contents further decreased to approximate-
1y 30% of the values in the non-ischemic area (table 7.5). However, in the
second hour after the onset of stenosis the creatine phosphate content signi-
ficantly increased in all three layers. At all sample times, the contents in
the inner layers of the ischemic area were significantly lower than those in
the outer Tayers (table 7.5).

In the inner and middle layers no significant decrease in glycogen content
was found before 10 min of ischemia and in the outer layers not before 60
min of ischemia (chapter 6, table 7.5}, The values in the inner layers were
significantly lower than those in the outer layers at 10 and 120 min, but not
at 60 min, After 120 min of ischemia, glycogen content had decreased to 63%
(outer Tayers) and 38% (inner layers) of the values in the non-ischemic area
(table 7.5).

7.3.5 Time course of biochemical variables in the blood

The arterial concentrations of glucose, lactate, inorganic phosphate and
oxygen content did not significantly change during the experimental period.
The arterial NEFA concentration was temporarily increased after 10 min and
the arterial potassium concentration showed an increase of 14% after 60 and
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LMin

Ay differences (mM) and net
substrates,

inorganic

phosphate and potass1um before and during 120 min of ische-

mia. Median values and 95% limits are shown.
Time (min) -5 10 60 120
Oxygen
Arterial 7.4 7.5 7.4 7.7
6.8-7.9 7.1-7.9 6.4-7.9 5.9-8.8
AV diff. 4.7 5.9% 5.5% 5.8%
4,1-5.5 4,9-6.5 4.7-6.6 3.9-6.8
Uptake 3.4 1.3% 1.3* 1.1%
2.8-4.5 0.9-1.7 0.9-1.6 0.5-2.0
Glucose
Arterial 5.9 6.0 5.8 6.1
5.5-6.1 5.5-6.5 5.3-6.5 4.4-8.4
AV diff. 0.1 0.7* 1.1% 1.1%
(-0.2}-0.3 0.0-1.2 0.6-1.7 0.5-3.2
Uptake 0.1 0.2% 0.3* 0.2
(-0.1)-0.2  0.0-0.4 0.1-0.3 0.1-0.7
Lactate
Arterial 1.7 1.7 1.7 1.5
1.3-1.8 1.4-2.0 1.3-2.0 0.9-2.3
AV diff. 0.49 -1.67% -1.07* -0.63%
0.25-0.74 (-2.81)-(-0.67) {-1.74}-(-0.49} (-0.96)-0.23
Uptake 0.35 -0.37* -0.25% -0.,09%
0.19-0.55 (-0.58)-(-0.16) (-0.39)-(-0.15) (-0.23)-0.11
NEFA
Arterial 0.24 0.30% 0.28 0.25
0.16-0.30 0.21-0.47 0.21-0.40 0.09-0.53
Ay diff.  0.11 0.17% 0.16 0.08
0.04-0.19 0.04-0.28 0.05-0.29 0.05-0.24
Uptake 0.09 Q.04%* 0.04* 0.03*
0.02-0.12 0.00-0.07 0.02-0.08 0.01-0.06
Inorganic phosphate
Arterial 1.73 1.79 1.85 1.91
1.62-2.01 1.75-2.10 1.67-1.98 1.74-2.22
AY diff. -0.03 -0.69% -0.13* -0.10
(-0.09)-0.00 (-0.47)-(-1.08) (-0.24)-(-0.04) (-0.24}-0.00
Uptake -0.03 -0.16% -0.03 -0.03
(-0.05)-0.00 (-0.23)-(-0.08) (-0.04)-(-0.01) (-0.06)-0.00
Potassium
Arterial 3.70 3.95% 4, 25% 4,20
3.55-3.90 3.70-4.15 3.90-4.50 3.75-5.00
AV diff. -0.01 -1.06* -0.14 -0.15
(-0.18)-0.17 (-1.65)}-(-0.45) [-0.40}-0.15 (-0.45)-0.55
Uptake -0.01 -0.22% -0.03 -0.03

(-0.16)-0.10

(-0.31)-(-0.13) (-0.04)-({-0.02)

(-0.07)-0.06

* p<0.05 as compared with t=

-5 min
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120 min as compared to time -15 min (table 7.6)}.

Inducement of ischemia reduced oxygen uptake (calculated by multiplying
the arterio-local venous (AY) differences and mean blood flow in the ischemic
area; section 3.7) by approximately 65% as compared to the pre-ischemic
sftuation (table 7.6). The AV differences of glucose increased 15-fold,
causing & 4.5-5 fold increase in net glucose uptake after 10 to 120 min of
ischemia. Lactate was released during ischemia in a biphasic pattern (table
7.6). Net release of lactate was maximal at 10 min after onset of ischemia.
Thereafter, this release gradually diminished but remained present in the
majority of the experiments after 120 min of stenosis (table 7.6). Although
the AV differences of NEFA increased, net uptake of these substances decrea-
sed by 45% (after 10 and 60 min) and 65% (after 120 min)} as compared with the
pre-ischemic values (table 7.6). During ischemia, the AV differences for
triacylglycerol were not significantly different from those during normoxia
{data not shown). In the first 10 min of the ischemic period, the release of
inorganic phosphate and potassium paralleled that of lactate (chapter 6) but
at 60 and 120 min the release of the former two substances was not signifi-
cantly different from the pre-ischemic values (table 7.6).

7.3.6 Time course of regional mechanical variables

-As shown in chapter 6, regional shortening in the ischemic area ceased
within the first minute after coronary artery stenosis. Before time 10 min,
circumferential (ec) and base-to-apex (ez) were already close to zero and the
values of these variables did not change significantly during the remaining
experimental period (table 7.7). Ischemic values of P were about half the
normoxic values and were approximately constant between 10 and 120 min after
the onset of stenosis.

In chapter 5, it has been shown that information about differences in
shortening between the inner and outer layers of the myocardial wall can he

max) 23S
e,, and p (section 3.3.2), because the orientation of

obtained from epicardial minimal (emin) and maximal shortening (e
calculated from €cs
nin and €nax approximates the fiber directions in the inner and outer lay-
ers, respectively. Both calculated variables decreased substantially within 1
min of ischemia (chapter 6) but only slightly thereafter. The negative values
of ey indicate lengthening during the ejection phase in the direction of
the fibers in the inner layers. This lengthening tended to increase during

the experimental period but this increase was not significant. The small
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shear and segment length before and
during 120 min of stenosis. Median values and 95% limits are

shown.
Time (min) -5 10 60 120
Circumferential 5.2 0.2% D.2% 0.0*
shortening (%) 3.9-7.3 {(-0.3)-0.6 (~0.6)-0.3 (~-1.1)-0.0
Base-to-apex 4.8 0.4* -0.4% -0.8
shortening (%) 2.4-6.0 {-0.6)-1.0 (-0.5)-0.0 {(-1.7)-0.0
Shear angle 0.06 0.03* 0.02% ** 0.03%
{rad) 0.04-0.08 0.01-0.05 0.01-0.02 (-0.01)-0.07
Minimal shor- 3.7 -0.6* -0.6% ~1.2%
tening (%) 1.7-4.9 (-1.1)-0 (-0.9)-(-0.3) (-0.2)-(-0.7)
Maximal shor- 6.5 0.9* 0.1% ** 0.0% **
tening (%) 5.3-8.0 0-2.5 (-0.2)-0.3 (-1.1)-1.5
Begin ejection 100.0 108.3* 110. 1% 110.6*
base-to-apex - 105.0-112.0 106.1-111.9  101.0-115.2
segment length (%)
Begin ejection 100.0 109, 5% 109.8%

circumferential
segment length (%)

106.0-114.8

106.0-113.8

111.8
85.5-115.1

¥ pn<0.05 as compared with t= -5 min
** p<0.05 as compared with t=10 min
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positive median value of hax®

approximately along the epicardial fiber direction, after 10 wmin of ischemia

indicating the presence of residual shortening

disappeared in the course of the experimental period (p<0.05) (table 7.7).

At the onset of the ejection phase the distance between the coils had
increased by about 10% between 10 and 120 min of ischemia as compared with
the control siftuation, in both circumferential and base-to-apex direction.

7.3.7 The relation between NEFA content and the blood flow and ATP content in
myocardial tissue

In fig 7.4 MWEFA content and MBF after 120 min of ischemia are plotted

against each other. In the 1schemic area no increase in NEFA content was

observe? inlsamp1es, which blood flow in their vicinity was more than 0.3

g

blood flow below this value almost invariably show an increase in NEFA con-

ml.min” which are mainly samples from the ocuter layers). Samples with a
tent. Extreme increases in NEFA content {up to 20 times the normoxic values)
are predominantly observed in samples where blood flow is below 0.1 m1mmin'1'
.g"l.

After 60 min of ischemia, high NEFA contents did not coincide with Tow ATP
contents in the outer and middle layers, but high NEFA contents were associ-
ated with low ATP contents in the inner layers (data not shown). The relation
between ATP and NEFA content after 120 min of ischemia in all three myocar-
dial layers is shown in fig 7.5. Increased MEFA contents were present at ATP
contents below 10ﬂ1mol.g'l dry weight.

7.4 Discussion

7.4.1 Effect of ischemia on global and regional myocardial function

Stenosis of the LAICA caused ischemia im its perfusion area. This is
indicated by the decrease in myocardial blood flow (MBF) and oxygen consump-
tion in this area as well as by the release of lactate, inorganic phosphate
and potassium from the affected myocardium. Release of lactate indicates
anaerobic glycolysis (Williamson, 1966). Inorganic phosphate release is
associated with breakdown of energy-rich phosphates (Opie et al, 1972).
Potassium release is ascribed to disturbances of ion exchange across the cell
membrane due to energy shortage (Owen et al, 1970}.

The early loss of mechanical function of the ischemic area (chapter 6)
Teads to significant changes in general hemodynamic variables such as heart
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Relation beween the
content of NEFA and
myocardial blood flow
{MBF) in samples from
ischemic and non-is-
chemic myocardium af-
ter 120 min of steno-
sis of the LAICA.
MBF was determined in
tissue from the di-
rect vicinity of the
site where samples
for the determination
of MNEFA content were
taken. Median values
and 95% limits of all
three myocardial lay-
ers are shown, while
the figures depict
the number of obser-
vations. The shaded
area shows the §5%
Timits of the data
from all non-ischemic
samples.

Fig 7.5

Relation between the
contents of NEFA and
ATP in separate biop-
sies taken from is-
chemic and non-ische-
mic myocardium after
120 min of stenosis
of the LAICA. For
explanation of the
symbols, see fig.
7.4.
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rate, mean aortic pressure, dpy,/dt max, Plyed> and cardiac output. A more
pronounced deterioration of g¢global hemodynamics may have been prevented by
the compensatory increase in heart rate and thus in mechanical function of
the non-ischemic myocardium. This is indicated by a transient increase in MBF
found between 1 and 10 min after onset of ischemia (see also section 6). The
increased non-ischemic MBF is 1in agreement with findings of ODriscoll and
Eckstein (1967) and Redding and Rees (1968), but not with the data presented
by Marcus et al {1976). Also, the decreased triacylglycerol content in the
non-ischemic area points towards an increased need for more combustible sub-
strates for energy production (Crass et al, 1971; Van der Vusse et al, 1982).

During the last hour of the experimental period, mean aortic pressure
decreased. It is unlikely that these hemodynamic changes are caused by ische-
mfa since the same phenomenon is observed in the experiments with two hours
of normal perfusion. This decrease in aortic pressure fis ascribed to the
anesthesia used in the present study.

This decrease in aortic pressure is associated with a decrease in dpy, /-
dtmax and stroke volume indicating decreases in preload, afterload and stroke
work. A lower energy demand of the Teft ventricle due to these changes is
also suggested by the tendency of myocardial blood flow to decrease in the
non-fschemic area at 120 min as compared with the previous sample times
(table 7.2), which was also observed in the control experiments (chapter 4}.
Since blood flow in the ischemic myocardium hardly changed between 10 and 120
min this could imply that oxygen shortage in the ischemic area after 120 min
is Tess than after 60 min of stenosis, possibly exerting effects on metabo-
Tism in the ischemic myocardium (section 7.4.3).

The relatively small changes in regional shortening between 10 and 120 min
of ischemia is in agreement with data obtained in the baboon (Crozatier et
al, 1978). Assessment of shortening in directions, close to the fibers in the
inner and outer layers, shows that between 10 and 120 min shortening decrea-
ses slightly more pronounced in the outer than in the inner Tlayers. This
suggests that during this phase of ischemia, transmural differences in shor-
tening gradually decrease while the transmural gradients 1in energy rich
phosphate and glycogen contents remain unchanged (section 7.4.3) and the
transmural blood flow gradient becomes even steeper {section 7.4.2).

7.4.2 Effect of ischemia on myocardial blood flow
Stenosis of the LAICA induced a fall in perfusion pressure and blood flow
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in its perfusion area. The virtually unchanged mean transmural blood flow in
the ischemic area during the first 2 hours is in contrast to the findings of
ather investigators studying the effect of coronary artery occlusion in the
dog (Redding and Rees, 1968; Marcus et al, 1976). These investigators found a
significant increase in MBF in the ischemic area, caused by early collateral
development. These different observations might be caused by differences in
collateral development after occlusion or stenosis. An alternative possibili-
ty is that the developed collateral flow is not noticed in our set-up since
we do keep the perfusion pressure constant.

The relative underperfusion of the inner layers of the ischemic myocardium
is caused by the higher intramyocardial pressure in these layers as compared
to the outer layers {Arts et al, 1979; Hoffman, 1979). Despite the unchanged
mean transmural blood flow, a steady decrease in endo/epicardial flow ratio
during the experimental period was found. This is consonant with findings of
other investigators that the early increase in ischemic blood flow (see
above) is mainly in the outer layers (Hirzel et al, 1976; Marcus et al, 1976;
Rivas et al, 1976; Capurro et al, 1979). The distribution of myocardial blood
flow away from the inner layers is in agreement with the theory that during
ischemia blood flow is redistributed from the necrotic inner to the surviving
outer layers (Hirzel et al, 1976).

7.4.3 Effect of ischemia on myocardial metabolism

The Targe AV differences of glucose and the hardly affected AV differences
of NEFA during ischemia are in agreement with findings of other investigators
(Opie et al, 1973). The greater role of glucose catabolism during ischemia as
compared to normoxia is shown by the increase in net uptake of glucose (pre-
sent study) and by the increase in glucose oxidation relative to that of NEFA
(Opie et al, 1973).

From the present results it is not clear, whether transmural differences
in glucose uptake exist, since the contribution of each myocardial layer to
the measured AV differences is not known. Glycogenolysis is mostly enhanced
in the inner layers. This may be explained by a higher phosphorylase activity
in the inner than in the outer layers because concentrations of AMP, inorga-
nic phosphate and glucose-6-phosphate are higher in the former layers (Opie
et al, 1976; Higuchi et al, 1981). A higher phosphorylase a and b activity in
the inner than in the outer layers has been measured by Ichihara and Abiko
(1975).
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Metabolic improvements occurring between 10 and 120 min of fschemia are
suggested by the increased creatine phosphate contents and the decreased net
release of lactate, potassium and inorganic phosphate. This might be caused
by the anesthesia-induced decrease in left ventricular inotropy (section
7.4.1). However, 30 min after coronary artery occlusion increasing creatine
phosphate contents have been reported by Ichihara and Abiko {1975}, and Opie
et al (1973) showed that the release of the three above-mentioned substances
decreased between 10 and 120 min after occlusion. A decreased energy demand
due to diminisched mechanical function is not likely since shortening in the
ischemic area hardly changed between 10 and 120 min of ischemfa. A cause of
this apparent metabolic improvement might be redistribution of blood fliow
within the fschemic area. Tissue damage has been shown to be widely hetero-
geneous within the ischemic tissue: damaged and reasonably preserved cells
are present in close proximity of one another [Schaper et al, 1979; Vasdev et
al, 1980; Van der Vusse and Frederik, unpublished results). Redistribution of
blood flow to the surviving cells might improve the metabolic situation of
these cells, because initially all cells competed for the same reduced oxygen
supply,

Between 10 and 120 min of ischemia, metabolism in the inner layers is more
affected than in the outer layers, as shown by the lower contents of creatine
phosphate and glycogen 1in the inner layers. This is in agreement with the
findings of Griggs et al (1972), Opie et al (1975), Opie and Owen (1976}, and
Higuchi et al (1981). The absence of a significant transmural gradient in ATP
content is in agreement with the findings of Griggs et al (1972) after a
relatively short period of ischemia and with those of Higuchi et al (1981)
who observed relatively moderate transmural differences in ATP content only
after 15 min of severe, but not after 15 min of mild ischemia.

7.4.4 Effect of ischemia on myocardial content of fatty acids

As previously mentioned (Van der Vusse et al, 1981b, 1982) the myocardial
NEFA content during normoxia and ischemia as found in our laboratories are
much lower than those reported by others {Weglicki et al, 1973; Haider et al,
1977; Weishaar et al, 1977 and 1979; Andrieu et al, 1979, 1980). These diffe~-
rences are Tikely due to differences in the assay method of NEFA (Christie,
1973; Kramer and Hulan, 1978; Van der Vusse et al, 1980). Evidence is present
that values of tissue NEFA concentrations as found in the present study are
the closest approximation to the actual myocardial content (Van der Vusse et



- 135 -

al, 1981b, 1982) which is supported by data of Hunneman et al (1981}, who
recently reported similar low values of NEFA in the normoxic dog heart.

In the present study it is shown that tissue contents of NEFA are not
increased after 10 min of ischemia. However, significant accumulation of NEFA
is observed after A0 and 120 min of ischemia. MWEFA accumulation shows remark-
able differences between the various layers with respect to time course,
composition and amount of accumulated NEFA, and the relation with ATP con-
tent. This suggests that the accumulated NEFA in the various layers are
derived from different sources.

While NEFA content in the inner layers increase with prolongation of
ischemia, NEFA accumulation in the outer layers exhibit a maximum increase
after 60 min of ischemia (fig 7.2). The accumulation of the various indivi-
dual fatty acids are different in these two layers (fig 7.3).

In all Tayers initially no evident relation existed between ATP and MEFA
contents, whereas this was clear in the inner layers after 60 min and in all
layers after 120 min of ischemia. At the Tatter time interval, NEFA contents
proved to be increased at ATP contents below 10 Hnml.g'l dry weight. These
findings are interesting, since Hearse and Stewart (1974) showed that mecha-
nical recovery after global ischemia was impaired at similar ATP contents.
ATP contents below 5;&mo1.g‘l dry weight appeared to be related to impaired
volume regulation and resynthesis of ATP after reoxygenation (Reimer et al,
1981).

In the present study, the median values of triacylglycerol content in the
outer ischemic layers were lower as compared with the content in the normoxic
LAICA perfusion area but this difference did not reach the level of signifi-
cance [table 7.4). Possible changes may be masked by the large variation in
triacylglycerol contents in the outer layers {even within one animal}.

7.4.5 Possible sources of NEFA accumulation in the outer layers after 60 min
of ischemia

In the outer layers, individual fatty acids with the highest relative in-

crease after 60 min of ischemia are oleic and linoleic acid. Potential sour-

ces of these fatty acids are NEFA and triacylglycerol in the blood and tria-

cylglycerol and phosphoglycerides in tissue, which are rich fn these substan-

ces. The following mechanisms may be involved in the accumulation of NEFA in
the outer layers.
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- During dischemia, the arterio-local venous differences of NEFA across the
affected area remain positive, indicating that uptake of NEFA continues to
occur. Since fatty acid oxidation s impaired under ischemic conditions
{Opie et al, 1973; Liedtke et al, 1978; Shug et al, 1978}, part of the NEFA
extracted from the blood, with oleic acid as predominant fatty acid (Roth-
1in and Bing, 1961; Van der Vusse et al, 1982}, might be responsible for
the accumulated MEFA. Because of the measured inhomogeneities in ischemic
myocardial blood flow, the uptake of substrates across the ischemic tissue
might vary from layer to layer. Although the higher blood flow in the outer
than in the inner layers might indicate that the AV differences predomi-
nantly reflect metabolism fn the outer layers, we cannot definitely con-
clude whether the observed extraction and tissue accumulation of MNEFA
occurs in the same layer or cells of the tissue where NEFA content is
increased,

~ Uptake of triacylglycercl from the blood has been found to be not statisti-
cally significant and thus would not contribute to the accumulation of
NEFA. However, even an uptake of this substance within the measuring error
(2%) of the arterio-local venous differences throughout the ischemic period
could be responsible for the measured increased NEFA contents in the sub-
epicardium.

- Lipolyis of phosphoglycerides may not be excluded, since significant accu-
mulation of arachidonic acid is observed and phosphoglycerides are rich in
this substance {Van der Vusse et al, 1982). ’

- The accumulation might also be due to lipolysis of myocardial triacylgly-
cerol. The effect of triacylglycerol lipolysis should be reflected in
decreased contents of triacylglycerol. The measured NEFA accumulation,
however, results from less than 1% lipolysis of the total amount of tria-
cylglycerol so that this mechanism can be easily missed. Under ischemic
conditions, 1ipolysis is indicated by the dilution of 146-1abe]ed palmitate
in local venous blood with cold NEFA (Opie et al, 1973} and the glycerol
release from the ischemic myocardium (Vik-Mo et al, 1979). Moreover, Jesmok
et al (1978) showed that 30 min after coronary artery occlusion triacylgly-
cerol content had decreased in the outer layers. It should be mentioned
that it is not known whether this 1ipolysis occurs in myocytes or in the
epicardial fat.

One should realize that the relative increase of the individual fatty acids

does not correspond completely with one of the above-mentioned sources.
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Therefore, several processes may be involved contemporarily.

Lipolysis during ischemia is thought to be caused by release of endogenous
catecholamines wunder ischemic conditions (Wollenberger and Shahab, 1967;
Hough and Gevers, 1975). Indeed, Jesmok and coworkers {1978) showed that the
early Tipolysis could be blocked with a heart-specific beta-receptor blocking
agent,

After 60 min of ischemia, lipolysis of triagiycerol dominates synthesis of
this substance to a larger extent in the outer layers, than in the inner
ones, as suggested by the lower NEFA contents im the latter layers. This is
in agreement with the rather increased than decreased triacylglycerol content
in the inner layers in the study of Jesmok et al (1978). The more severe
degree of ischemia in the inner layers causes, among others, high glycerol-3-
phosphate concentrations. High concentrations of this substance may promote
incorporation of NEFA into triacylglycerol (Neely and Morgan, 1974; Opie,
1976).

7.4.6 Possible sources of NEFA accumulation in the inner layers

In the inner layers, the individual fatty acids with the highest relative
increase are arachidonic and linoleic acid. The source of linoleic acid may
be exogenous or endogenous (see above). Since arachidonic acid is not taken
up from the blood in measurable amounts (Van der Vusse et al, 1982) during
ischemia, an endogenous source for at least a part of the accumulated NEFA
seems feasible. The most likely candidates are myocardial phosphoglycerides,
rich in arachidonic and linoleic acid {Van der Vusse et al, 1982). This is
supported by the observation of Vasdev and coworkers (1980) that the indivi-
dual phosphoglyceride classes in sarcolemmal and mitochondrial fractions
isolated from ischemic myocardium are significantly decreased. This phospho-
glyceride 1ipolysis may be induced by phospholipase A2 which is stimulated by
high calt concentrations (Franson et al, 1978). During ischemia high caz*
concentrations are suggested to be present within the cells because the Ca2+
homeostasis is impaired by ATP depletion (MNayler, 1981).

Weglicki et al (1973) indeed suggested phospholipase A, to be active
during ischemia. Increased Tlevels of the products of the phospholipase AZ‘
phosphoglyceride interaction (i.e. lysophosphoglycerides) have been shown to
be present by Sobel et al (1978). These findings support the hypothesis that
at least a part of the NEFA, accumulated in the inner layers, is the result
of phosphoglyceride lipolysis. The not significant difference in phosphogly-
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ceride content between the ischemic and non-ischemic tissue in the same
animal is not contradictory to this hypothesis, since Tipolysis of only 1% of
the phosphoglycerides may result in a 30-fold increase in NEFA content.

It should be noticed that on the base of the present data it cannot be
concluded whether the above-mentioned NEFA accumulation occurs in the myo-
cytes or in other cells of the myocardium. Using an isolated heart prepara-
tion, which allowed the separate collection of coronary effluent and inter-
stitial effluent, Stam and Huelsmann (1981) showed that hormone sensitive
release of Tlysophosphatidylcholine was mainly recovered in the coronary
effluent whereas products from triacyl-glycerol lipolysis were present in the
interstitial effluent. These data suggest that myocardial lysophosphatidyl-
choline formation under these [non-ischemic) conditions took place at the
Tevel of the coronary vasculature rather than in the myocytes.

7.4.7 Discussion on the harmful effects of NEFA accumulation

Several harmful effects during ischemia have been ascribed to high intra-
cellular NEFA concentration as well as high acylCoA and acylcarnitine concen-
trations {section 2.3.3).

During ischemia in vivo glycolytic inhibition by high NEFA concentrations
as reported to occur in vitro (Lea and Weber, 1968; Ramadoss et al, 1976},
does not seem to be influenced by extra or intracellular NEFA: net uptake of
glucose remains constant from 10 to 120 min at a level 5 times the pre-ische-
mic value. No convincing evidence is present, that the decreased lactate
release after 10 min of ischemia might be caused by glycolytic inhibition,
since redistribution of blood flow to surviving cells and a decreased oxygen
shortage in the ischemic area might cause this phenomenon [see above). Yet no
support has been found for the theory that high cellular NEFA concentrations
cause premature glycogen depletion (Cowan and Vaughan Williams, 1980). Glyco-
gen breakdown started before the onset of NEFA accumulation and the majority
of the glycogen was metabolized during the first hour of ischemia.

A proposed ATPase stimulation by increased NEFA concentrations (Pressman
and Lardy, 1956; Borst et al, 1962}, is in contradiction with the findings in
the present study, after 60 min, ATP concentrations did not decrease after
the first hour of ischemia, even not in the outer layers where the highest
NEFA concentrations were present after 60 min., A restriction should be made
in the case that low ATP and high NEFA contents do not occur in the same

cell.
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The harmful effect of high NEFA concentrations on mechanical function of
the ischemic heart (Katz and Messineo, 1981; Feuvray and Plouet, 1981) is not
probable since early mechanical failure occurs within one min after onset of
ischemia (chapter 6), whereas after 10 min of ischemia no change in NEFA
contents could be observed. Moreover, myocardial wall shortening hardly
diminishes when NEFA contents increases.

7.5 Conclusions

- Stenosis of the LAICA resulted in significantly impaired global hemodyna-
mics after 10 min of idschemia. Only slight changes in the hemodynamic
variables occurred in the following 110 min of ischemia except for a de-
crease in aortic pressure and dp1vldtmax which was probably caused by the
anesthesia used.

- Increased MBF (after 10 min of ischemia) and decreased triacylglycerol con-
tent of the non-ischemic area suggest increased workload in this area to
compensate for function loss of the jeopardized myocardium.

- Maintenance of a constant low perfusion pressure to the ischemic area
resulted in a virtually unchanged mean transmural flow to the ischemic area
between 10 and 120 min.

- At a longer duration of ischemia, the relative underperfusion of the inner
layers became more severe.

Contents of NEFA in ischemic myocardium do not increase before 10 min of

ischemia.

- In the outer layers, NEFA content transiently increased after 60 min of
ischemia, whereas in the inner and middle layers NEFA content gradually
increased from 60 to 120 min.

- The highest relative increase of arachidonic and Yinoleic acid in the inner
and middle layers suggest [substantial) 1ipolysis of phosphoglycerides.

- The accumulation of MEFA occurred when myocardial blood flow was below 0.3
mI.min"l.g'l, and ATP contents were below 10ﬁ1m01.g°1 dry weight.

- The changes in mechanical function and metabolism in the ischemic myocar-

dium are not necessarily due to NEFA accumulation.
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8. THE EFFECT OF ELEVATED ARTERIAL NON-ESTERIFIED FATTY ACID CONCENTRATIONS
ON HEMODYWAMICS AND MYOCARDIAL METABOLISM AND BLOOD FLOW DURING ISCHEM}A*

8.1 Introduction

High arterial non-esterififed fatty acid (NEFA} concentrations are consi-
dered to be harmful for the ischemic myocardium (Kurien and Oliver, 1966;
Otiver et al, 1968; Takano, 1976}, In these investigations positive relations
were found between arterial NEFA levels on the one hand and infarct size,
ventricular arrhythmias and ventricular fibrillation on the other. In other
studies, however, these relations could not be confirmed (Rutenberg et al,
1969; Most et al, 1974; Dagenais and Jalbert, 1977).

Mthough the occurrence of arrhythmias and of Teft ventricular failure in
relation to elevated plasma NEFA levels has been studied extensively, only
limited information is available about myocardial metabolism and regional
myocardial blood flow under these circumstances, especially during ischemia.

In this chapter, carbohydrate, NEFA and oxygen utilization of the ischemic
myocardium as well as the release of potassium and inorganic phosphate from
this tissue at normal and elevated arterial NEFA levels were studied in
. anesthetized dogs. Left ventricular hemodynamics and regional myocardial
blood flow were measured as well. Myocardial ischemia was induced by partial
occlusion (stenosis) of the LAICA as described in section 3.1.4. NEFA concen-
trations were elevated by intravenous injection of heparin, intralipid or a
combination of these substances (intralipid-heparin).

8.2 Experimental design

8.2.1 Protocol
The dogs were allotted to 3 groups of 8 animals each. In each group
the same protocol was followed during the control period and the first
60 min of stenosis., Thereafter, heparin (5000 I.U.)} was injected intrave-

*Has been publisched in Basic Res. Cardiol. 76, 197-210 (1981)
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Fig 8.1 Protocol of the experiments. H=heparin 5000 I.U. i.v., I=in-
tralipid 50 ml 20% i.v., TM= injection of radiocactive micro-
spheres. The dashes on the time axis represent the sample time
for biochemical and hemodynamical variables.

Table 8.1 Relative changes in total myocardial blood flow (MBF) and
endo/epicardial blood flow ratio in ischemic and non-fsche-
mic tissue after elevation of arterial FFA concentrations
expressed as percentage of the value before injection of the

substances.
Non-ischemic Ischemic
Variable Intralipid Intralipid + Intralipid Intralipid +
Heparin Heparin
Total MBF 13* 11 -10 ~16*
5-22 (-9)-27 (-8)-33 {~45)-0
Endo/epi- -1 -3 -3 -13*%
cardial (~1)-2.3 [-7)-6 (-11)-13 {-52)-0
blood flow

ratio

* p<0.05



nously in group I, whereas in group II and III respectively

intralipid {50 ml 20% 1.V., Vitrum, Stockholm) and intralipid-heparin were
administered. The last procedure is comparable with the method of elevating
arterial NEFA concentrations used by Opie and co-investigators (1973). Both
in group II and I1I, the compounds were injected slowly {(within 1-2 min}.
Arterial and local venous blood samples were taken 15 min, just before, and
10, 20, 30, 45, 60, 70, &0, 90, 105, and 120 min after inducement of the
stenosis, The continuously recorded hemodynamic variables and cardiac output
were also determined at these moments {fig 8.1). In group II and III, regio-
nal myocardial blood flow (MBF) was determined just before and 20 min after
administration of dintralipid and intralipid-heparin, respectively, using
tracer microspheres as described in section 3.4.

8.2.2 Data analysis

To compare the hemodynamics of the three groups just before onset of
ischemia, differences between the values of heart rate and mean aortic pres-
sure at time 0 min were evaluated for statistical significance by applying
Wilcoxon's two-sample test.

Information about the effect of heparin, intralipid or the intralipid-
heparin during myocardial ischemia was obtained by comparison of the data
within each animal. Influences on the hemodynamic and biochemical variables
were evaluated by comparing the values at time 70, 80, 90, 105 and 120 min
with those just before injection of the substances at time 60 min. Informa-
tion about the effect on MBF was obtained by comparing the values just before
{(time 60 min) and 20 min after injection of the substances. Differences
between the values of the various variables were evaluated for statistical
significance by applying Wilcoxon's matched-pairs signed-ranks test (two-
tailed probability). The data are presented as medfan values and 95% confi-
dence limits. A value of p< 0.05 was considered to be a significant diffe-

rence.,
8.3 Results

8.3.1 Hemodynamic variables
At time 0 min {before onset of stenosis) the heart rate and mean aortic
pressure were for group I, I[I and III: 110 (60-160), 135 (79177}, and 85
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Table 8.2 Arterial values of various biochemical variables before and
20 min after administration of heparin, intralipid or both

substances.
HEPARIN INTRALIPID HEPARIN + INTRALIPID
Before After Before After Before After
Variable
NEFA 0.20 0.30% 0.33 0.53% 0,17 0.81*
(mmo1/1} 0.16-0.32 0.24-0.42 0.27-0.37 0.38-0.85 0.14-0.20 0.66-1.23
Lactate 1.09 0.92 1.35 2.31% 1.70 3.43%
{mmol/1) 0.72-1.84 0.72-1.75 0.90-1.69 1.77-3.30 1.4D-3.18 2.33-4.72
pH 7.43 7.43 78.39 7.37% 7.44 T.41*
7.41-7.45 7.41-7.45 7.36-7.41 7.34-7.40 7.42-7.48 7.39-7.46
pCOZ 3.9 3.9 4.4 4.3 3.7 .6
‘ 3.3-3.4 3.5-4.0 4.0-4.5 4.1-4.4 3.2-3.9 3,3-5.7
* p<0.0b
arferial NEFA 13/4 BN
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Fig 8.2 Time course of arterial NEFA concentrations in the three

experimental groups. The median values and 95% limits are
presented. The arrow indicates the injection of the substan-
ces. ® =heparin {group I). ®=intralipid (groupll). & =intra-

lipid-heparin {grouplIl}.
* p<0.05 as compared with time 60 min,
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Table 8.3 Myocardial blood flow (m?.min"T.g"l), endo/ epicardial blood
flow Kat@% and the AV differences {mM) and net uptake (umol-
ainTt.g™) of various biochemical variables in the ischemic

HEPARIN
Before After
MBF - -
Endo/epicardial ratio - -
MEFA
AV difference 0.08 0.11
0.04-0.19 0.07-0.15
net uptake - -
Glucose
AV difference 1.5 1.5
1.3-2.5 0.7-1.7
net uptake - -
Lactate
AV difference -1.85 -1.11
(-3.2)-(-0.37) (-1.39)-(-0.17)
net uptake - -
Oxygen
AV difference 5.6 5.6
2.3-6.6 4.2-5.9

net uptake - -

Table 8.4 AV differences of potassium, inorganic phosphate, pH, and
pCOz across the ischemic myocardfum before and 20 min after

HEPARIN
Before After
kt -0.10 -0.37
{-0.60)-0.10 (-1.25)-0.05
Pi -0.13 -0.02
(-0.33)-(-0.03)  (-0.22)-0.03
pH 0.10 0.09
0.07-0.15 0.05-0.13
pCO, -2.3 -3.3

(-3.9)-(-1.7) (-3.9)-(-1.6)
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myocardium just before and 20 min after elevating NEFA concentrations

by injecting heparin, intralipid or both substances.

of the signs, see table 8.1.

For explanation

INTRALIPID

Before

0.21
0.11-0.36

0.40
0.16-0.56

0.05
(-0.14)-(-0.02)
0.01

0.00-0.01

(-1.73)-(-0.48)
~-0.18
(-0.36)-(-0.12)

-0.01
(-0.11)-0.14
0.00
(-0.03)-0.03

1.4%
0.8-3.0

INTRALIPID + HEPARIN

Before

0.48
0.25-0.56

-0.03
(-0.23)-0.34
0.02

(-0.06)-0.18

After

0.29%
0.21-0.45

0.35%*
0.22-0.58

-0.50%
(-0.95)-(-0.25)
-0.13%
(-0.31)-0.06

elevating arterial
or both substances.

NEFA concentrations
For explanation of

by injection of heparin, intralipid
the signs, see table 8.1

INTRALIPID

Before

-0.53
(-0.65)-(-0.10)

-0.34
(-0.40)-(-0.09)

0.09
0.05-0.18

-2.1
(-3.1)-(-1.7)

After

-0.50
{-0.90)-(-0.15)}

-0.24
(-0.41)-(-0.13)

0.07
0.06-0.11

-2.5
(-3.2)-(-1.8)

INTRALIPID + HEPARIN

Before

-0.33
(-0.50)-(-0.15)

-0.11
{-0.21)-(-0.03)

0.07
0.05-0.08

-2.1
(-2.4)-(-1.3)

After

-0.35
(-0.60)-0.00

-0.15
(-0.33)-(-0.05)

0.07
0.06-0.09

-1.9
(-2.9)-(~0.09)




(75-115) beats.min™l, and 10.8 (8.8-12.4), 10.3 (8.5-13.2) and 10.0 (8.0-

10.3) kPa, respectively. These values were not significantly different.
Intravenous injection of heparin resulted in a slight and gradual decrease in
systolic (median fall maximally: 1.4 kPa {=B%)) and diastolic aortic pressure
(median fall maximally: 0.7 kPa {=10%)). This decrease was significant 45 and
60 min after administration of heparin. Injection of intralipid {group II) or
intralipidheparin (group III} induced a transient increase in blood pressure
fof 0.5-2.0 kPa) within the first min after injection. Ten min after injecti-
on these changes were not significant anymore. Heart rate gradually increased
significantly after administration of heparin as well as intralipid-heparin
{maximum vrise: 45; 39% and 23 beatsmmin'l; 23%}. After administration of
intralipid, the maximal rise in heart rate was only 4 beats.min_l (2.5%). In
all three groups, this increase became significant 45 min after injectien.

Heparin, intralipid or the intralipid-heparin neither induced cardiac
arrhythmias nor influenced occasionally existing arrhythmias such as noda’
rhythms or atrial fibrillation.

Administration of the substances had no significant effect on dplvldtmax,
and cardiac output.

8.3.2 Regional myocardial blood flow

After administration of intralipid ({group II), total MBF significantly
increased in the non-ischemic myocardium (median increase: 13%). In the
ischemic tissue, MBF did not change significantly (table 8.1). After simulta-
neous injection of heparin and intralipid, total MBF did not change signifi-
cantly in the non-ischemic myocardium but decreased significantly in the
ischemic part (table 8.1).

In the non-ischemic myocardium, the transmural distribution of MBF was not
significantly affected by the administration of intralipid or heparin and
intralipid {table 8.1). In the ischemic myocardium, the transmural distribu-
tion (endofepicardial ratio) of MBF was not significantly changed after the
injection of intralipid. After the administration of heparin together with
intralipid, however, the subendocardial layers 1in the ischemic myocardium
became more underperfused as compared with the subepicardial layers in this
area (table 8.1).
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B.3.3 Biochemical variables

Intravenous injection of heparin (group 1), intralipid {(group II), or
intralipid-heparin (group III) elevated the arterial NEFA concentrations from
0.20 to 0.30 mM, from 0.33 to 0.53 mM, and from 0.17 to 0.87 mM, respectively
{table B8.2). The arterial MNEFA concentrations remained constantly elevated in
group I and Il, but gradually decreased in group III at the end of the expe-
rimental period (fig 8.2). In each group, the concentrations 60 min after
injection of the substances were still increased as compared to those before
injection of the substances.

Immediately after injection of intralipid as well as intralipidheparin,
the arterial lactate concentrations increased to values 2-3 times higher than
the control values. Arterial Peop was not affected by the elevated arterial
NEFA concentrations (table 8.2).

The elevated arterial NEFA concentrations did not result in a significant
change in AV differences of NEFA and glucose across the ischemic area (table
8.3). Yet the AV differences of lactate did not change in group I and Il. In
group III, however, the AV difference of lactate became negative amd a signi-
ficant net release of lactate occurred after injection of the substances.
These changes were associated with a significant decrease in oxygen uptake
(table 8.3). In contrast with the elevated AV difference of lactate in group
II1 (table 8.3), the AV differences of K+, inorganic phosphate, pH and P2
(table 8.4) were not significantly affected by the elevated arterial NEFA
concentration.

8.3.4 In vitro effect of intralipid on hemoglobin (Hb) measurements

After administration of intralipid or intralipid-heparin, Hb concentrati-
ons increased consistently. If this is an artefact due to the intralipid
administration errors are made in the calculations of oxygen uptake. To
investigate whether this phenomenon was an artefact, wvarious amounts of
intralipid were added to freshly drawn arterial and venous blcod and the Hb
concentration was determined as described in section 3.5.3. The range of
concentrations used in vitro was comparable with the blood concentrations of
intralipid reached in the dog after injection of 50 ml 20% of this substance.

Both in vitro and in vivo, Hb values measured by the hemoxymeter increased
with increasing concentrations of intralipid. 02 saturation decreased propor-
tionally so that 02 content of the blood remained unchanged. This effect of
intralipid is caused by absorption of light at the wavelengths used (Cane et
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al, 1980).
8.4 Discussion

8.4.1 Artificial elevation of arterial MEFA

In the present study, the effect of increased arterial MEFA concentrations
on MBF, myocardial metabolism and hemodynamics during ischemia was studied in
anesthetized dogs. NEFA concentrations were elevated by intravenous injection
of heparin, intralipid or intralipidheparin. The higher plasma NEFA concen-
trations reached after the administration of intralipid-heparin than after
the injection of intralipid or heparin can be explained as follows. Intrali-
pid causes primarily an increase of plasma triacylglycerol (Riemersma et al,
1977b) and only secondarily of plasma NEFA. The conversion into NEFA is
stimulated by Tipoprotein lipase which is released from the endothelium into
the blood by heparin {Jansen, 1975; Riemersma et al, 1977a). It should be
kept in mind that in group II and III no distinction can be made between the
effect of high arterial NEFA concentrations alone or together with heparin
and high arterial triacylglycerol concentrations.

8.4.2 Effect of elevated arterial NEFA concentrations on myocardial
blood flow

The findings in our study indicate that highly elevated NEFA Tevels (0.66-
1.23 mM) result in a decrease of total MBF, endo/epicardial blood flow ratio
and oxygen uptake in the ischemic area. The decreased oxygen uptake is asso-
ciated with a more pronounced net release of lactate from the ischemic myo-
cardium, suggesting the augmentation of anaercbic glycolysis. These findings
are consonant with the finding that there is a relation between these levels
and infarct size reported by Opie et al (1977). The higher enzyme release
from regional ischemic isolated rat hearts when perfused with a palmitic acid
containing solution (De Leiris et al, 1975, 1978) could also be explained by
a decreased ischemic blood flow. However, following coronary artery occlusi-
on, Most et al (1974) did not observe an influence of intralipid-heparin
administration on myocardial injury.

Although NEFA are known to have vasodilating properties in the coronary
circulation (Huelsmann, 1976; Blass et al, 1978), it 1is unlikely that the
decrease in MBF in the ischemic area results from a redistribution of blood
flow in favor of non-ischemic areas. In our experimental set-up, after all,
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poststenotic coronary artery pressure is kept constant. Increased serum
viscosity, resulting in elevated resistance to blood flow, might be an expla-
nation for the decrease in MBF in the ischemic myocardium. The administration
of intralipid-heparin indeed resulted in increased serum viscosity as deter-
mined by capillary viscometry (unpublished results). Whether the change in
serum viscosity is Tess pronounced after the administration of intralipid
alone, which could explain the non-significant alteration in ischemic MBF
under these circumstances, is not known. Nejther do we have information about
the influence of NEFA alone on serum or cellular viscosity.

It is unlikely that the differences in median values of i{schemic MBF
between group II and III before administration of the substances (table 8.2)
influence the obtained results because no relation was found between these
MBF values and changes in the determined variables after the administration
of the substances within these groups.

The decrease in endo/epicardial blood flow ratio can possibly be explained
by the finding that during stenosis arterioles are fully dilated in the
subendocardium but only partially in the subepicardium (Gould et al, 1975).
In this light increased viscosity of the blood will affect subepicardial
blood flow only to a limited extent because the arterioles in this layer can
still dilate to compensate for the increase in resistance caused by the
elevated viscosity. This dilation may even be stimulated by the increased
concentration of NEFA which are known to be coronary vasodilators (Huelsmann,
1976; Blass et al, 1978). The increased MBF in the non-ischemic area may also
result from this property.

Whatever the reason of the decreased ischemic blood flow may be, this
seems to be another deleterious effect of high circulating NEFA concentra-
tions on the ischemic myocardium beside the presumed noxious effects of high
intracellular NEFA, acyl-CoA and acylcarnitine concentrations in the myocytes
(recently reviewed by Katz and Messineo, 1981; Van der Vusse, 1982) and the
presence of proposed NEFA-driven “oxygen-wasting" processes in ischemic
tissue (Vik-Mo and Mjds, 1981).
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B8.4.3 Effect of elevated arterial WEFA concentration on myocardial
metabolism

The increased net lactate release from the ischemic area is in agreement
with previous findings (Kjekhus and Mids, 1972) and indicates that acutely
elevated arterial NEFA concentrations do not inhibit anaerobic glycolysis in
the ischemic myocardium.

Lactate, potassium and inorganic phosphate are commonly used as markers
for ischemia. These markers are geperally released simultaneously from the
myocardium within 20 min after onset of ischemia {Owen et al, 1970; Wan der
Yusse et al, 1980)., In the present study, a more severe degree of ischemia,
as findicated by the fall in MBF associated with increased net release of
lactate, does not result in an increased net release of potassium and inorga-
nic phosphate. One explanation for this discrepancy might be that the cells
are retaining potassium and inorganic phosphate. This theory is in agreement
with the finding that the AV differences of these substances after one hour
of ischemia do nmot significantly differ from those before ischemia, even when
a significant lactate release exists (Van der Vusse et al, 1980). Moreover,
the data referring to the net release of potassium and inorganic phosphate
during the first 60 min of ischemia (chapter 6 and 7) show that only approxi-
mately 10% of all potassium and approximately half of all Tiberated inorganic
phosphate is released into the venous blood draining the ischemic area. Ano-
ther possibility is that we missed the release of potassium and inorganic
phosphate because the majority of these markers is released within 10 min
after inducement of ischemia (Van der Vusse et al, 1980).

After administration of intralipid-heparin, net NEFA uptake tended to
increase while after intralipid administration net NEFA uptake became nega-
tive in 5 out of 8 dogs. The latter can be explained by an increased intra-
vascular lipolysis of serum triacylglycerol caused by an elevated concen-
tration of this substance. In this way, more NEFA are formed than can be
taken up by the myocardium and these NEFA are released into the venous efflu-
ence, This does not occur after administration of intralipfd-heparin because
heparin releases the lipoprotein lipase from the endothelium [see above).

The increased arterial lactate concentrations after the administration of
intralipid as well as intralipid-heparin, reflect a systemic effect and might
result from release from skeletal muscles. The elevated arterial lactate
concentrations might be responsible for the not significantly changed net
NEFA uptake of the fschemic myocardium, in the presence of elevated arterial



NEFA Tevels since experiments in non-ischemic hearts have shown that the
uptake of MEFA is diminished at elevated arterial Tactate concentrations
{Spitzer, 1974).

8.4.4 Effect of elevated NEFA concentration on hemodynamics

The increase in heart rate found after the administration of heparin as
well as heparin and intralipid is probably caused by the former because heart
rate did not change after the injection of intralipid alone. This is suppor-
ted by the finding that intralipid administered to heparinized dogs had no
significant effect on heart rate both in the non-ischemic (Mjg¢s, 1971a and b;
Kiekhus and Mjgs, 1972; Most et al, 1973) and in the flow-restricted (Kjekhus
and Mjgs, 1972) heart. It is unlikely that our experimental design is res-
ponsible for the increase in heart rate because in studies without interven-
tion no significant changes in heart rate were found during 2 hours of steno-
sis (Van der Vusse et al, 1980, section 7).

The present findings indicate that elevated NEFA concentrations do not
induce arrhythmias which is in accordance with data presented previously
{Nelson, 1970a, b; Russo et al, 1970; Opie et al, 1971; De Leiris et al,
1975; Riemersma et al, 1977a; Riemersma and Dliver, 1979) but in disagreement
with the findings of 0liver and Yates (1971) and Yamazaki (1978). This dis-
crepancy is incompletely understood. A possible explanation might be that the
plasma NEFA Tlevels in our study were too low to induce arrhythmias (maximum
1.35 mM) because 0liver and Yates (1971) described their effects at plasma
NEFA Tevels of 2.5 mM. On the other hand, Opie and co-investigators did not
find an effect on arrhythmias at plasma NEFA levels of 6 mM [1971). Opie and
Lubbe (1975} have stated in a good survey on the possible arrhythmogenic
properties of free fatty acids that correct interpretation of the experimen-
tal findings can be influenced by species differences, experimental set-up
{e.g. problems in the preparation of the NEFA:albumin complex, microelectro-
des which could act as irritable focus) and concomitant raised catecholamine
Tevels.



8.5 Conclusions

- A 4-fold elevation of arterial NEFA concentrations after 60 min of
{schemia caused a decrease in total myocardial blood flow (MBF),
endo/epicardial blood flow ratio and oxygen uptake in the ischemic
myocardium. Such changes were not observed when arterial NEFA con-
centrations were only 1.5-2-fold elevated.

- The decrease in MBF mentioned above, was concomitted by a signifi-
cant release of lactate but not of inorganic phosphate, potassium or
COZ'

- After elevation of arterial NEFA concentrations, no significant
changes in glucose or NEFA uptake were observed.
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9. SUMMARY AND CONCLUSIONS

The aim of the present study was to investigate the relation between fiber
shortening, blood flow and metabolism in the various layers of the left
ventricular wall during two hours of ischemia. Special attention is paid to
the cessation of fiber shortening and the accumulation of non-esterified
fatty acids (MNEFA) in ischemic myocardium. Also the effect of artificially
elevated of arterial NEFA concentrations on the ischemic myocardium has been
studied. The experiments were performed on anesthetized open-chest dogs. Myo-
cardial blood flow (MBF) and metabolism were determined in the inner (suben-
docardial), middle and outer (subepicardial) layers of the left ventricular
wall, whereas fiber shortening was assessed in the inner and outer layers.
Fiber shortening was estimated from the epicardial surface deformation (Arts
and Reneman, 1980). MBF was determined with the radiocactive microsphere
method (reviewed by Heymann et al, 1977). Myocardial metabolism was assessed
by determination of the contents of ATP, creatine phosphate, glycogen, NEFA,
triacylglycerol and phosphoglycerides in tissue samples from the myocardial
wall, and of myocardial uptake from the blood of oxygen, glucose, lactate,
NEFA, triacylglycerol, inorganic phosphate and potassium. Systemic hemodyna-
mic variables were measured as usual. Cardiac output was measured by thermo-
dilution according to Snoeckx et al (1976).

Ischemia was induced by partial or complete occlusion of the Teft anterior
interventricular coronary artery (LAICAY} by inflating a cuff around this ar-
tery. The degree of partial occlusion (=stenosis) was estimated from the mean
coronary artery pressure (pcor) distal to the stenosis. An appropriate degree
of stenosis was obtained by careful manual inflation of the cuff until a mean
Peor OF 3.3 kpa {25 mmHg) was reached, Mean Peor Was kept constant during the
experimental period with a servosystem controlled by this pressure.

Before studying the effects of ischemia, the experimental model was evalu-
ated during 2 hours without intervention {(chapter 4). During this period, MBF
as well as the hemodynamical, regional mechanical and metabolic variables
were stable {i.e. did not change significantly). However, serial tissue
sampling during the experiments caused significant decreases in epicardial
deformation and MBF. Therefore, it was decided to terminate each experiment
after two biopsies had been taken, one from the ischemic {[LAICA) and one from
the non-jschemic (LCCA) area. Changes due to ischemia can be evaluated by
comparing the content of a substance in the LAICA biopsy with that in the
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LCCA biopsy of the same experiment since during normal perfusion, the con-
tents of the various substances were similar in both regions.

In chapter 4, it has alsc been shown that MBF in the outer layer of the
left ventricular free wall is inhomogeneously distributed. MBF in these
tayers was higher near the apex than near the base and lower in the posterior
than in the anterior region of the free wall. The cause of these differences
is incompletely understood.

In chapter 5, the prediction of fiber shortening in the inner layers from
epicardial deformation was validated. Epicardial minimal (e and maximal
shortening (e

min)
max) were calculated from the measured epfcardial shortening in
cirvcumferential and base-to-apex direction and the shear angle during the
ejection phase (section 3.3). According to a mathematical model of the left
ventricle (Arts, 1978, 1980, 1982a,b), the direction of €nax
tely equal to the fiber direction in the outer layers and the direction of

was close [within 0.3 rad) to the fiber direction in the inner layers.

was approxima-

e .
Tﬂéﬂre1ation between €nin and shortening in the inner layers in the direction

ain {called eendo) was subject of a study where deformation was assessed
simultanecusly at the epfcardium and in the inner layers by measurement of
mutual movement and angulation of three needles pierced into the myocardial

of e

wall., During normoxia and ischemia, e was found to be clearly related to

min
fiber shortening in the inner layers, so that information about this shorte-
ning could be obtained from measurements at the epicardium.

After onset of ischemia e started to decrease 2 s {occlusion, chapter

5) and 30 s {stenosis, chaptgunﬁ) before a significant change in € ax could
be detected. €nin transiently reached negative values {i.e. lengthening of
the fibers), which was more pronounced after occlusion than after stenosis.
However, gradually decreased to about 20% of the pre-ischemic values

e
within themigrst min and the median did not reach negative values. These
results show that after onset of acute ischemia fiber shortening is earlier
and more severely affected in the inner than in the outer layers. Transmural
differences in shortening are pronounced during the first half min but rela-
tively small after one min of ischemia.

In chapter 6, the relation between this early cessation of shortening
after stenosis of a coronary artery and the changes in MBF and metabolism was
studied. Stenosis caused a decrease in MBF of 68% and 81% in the inner layers
and of 36% and 54% in the outer layers after 1 and 5 min of ischemia, re-
spectively. Within 5 min of ischemia, no significant changes could be detec-
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ted in myocardial ATP content but creatine phosphate content in the inner
layers had halved within one min of ischemia and further decreased gradually
in all layers during the next 4 min. Significant release of inorganic phos-
phate into the venous blood draining the ischemic area, within half a minute
of ischemia also indicated the early breakdown of energy-rich phosphates,
Glycogen contents in the various layers were hardly affected within & min of
ischemia. These results were compared with the current hypotheses on the
cause of the early cessation of contractile activity as discussed in section
2.1.2. Based on the results of the present study the early cessation of
shortening might be explained by the decrease in free energy provided by ATP
hydrolysis. A major inhibition of shortening by local depletion of glycogen
or accumulation of inorganic phosphate per se seems unlikely.

Because of the higher oxygen delivery {(higher blood flow and probably
small differences in 02 extraction) to the outer than to the inner layers and
because of the relatively small differences in the changes in fiber shorte-
ning during ischemia, it is suggested that the outer layers are impeded to
shorten by the inner layers and are forced to bear stress which canmot be
built up by the inner layers.

During the first 5 min of ischemia, the Tlactate release from the affected
myocardium could only partially be explained by the uptake of glucose. An
early, but hardly measurable glycogenolysis might be involved.

In chapter 7, the time course of blood flow, fiber shortening and metabo-
lism during two hours of ischemia was studied. At the constant low perfusion
pressure (see above), MBF to the whole ischemic area did not change signifi-
cantly between 10 and 120 min of ischemia. In contrast, the relative under-
perfusion of the inner layers became worse at longer duration of ischemia.
The tissue contents of ATP, creatine phosphate and glycogen after 10, 60, and
120 min of ischemia were diminished, the Towest values being reached in the
inner layers. ATP content in the inner layers gradually declined to 28% of
the normoxic value after 120 min of ischemia. In the inner layers, the crea-
tine phosphate content after 60 min was about 25% of the normoxic value, but
increased to about 50% of the normoxic value after 120 min. Glycogen content
jn the inner layers gradually decreased to 38% of the normoxic content after
120 of ischemia. The already severely affected regional myocardial fiber
shortening after 10 min of ischemia, subsequently deteriorated during the
next 110 min; nax declining to a slightly more pronounced degree than €nin®
These results show that transmural differences in metabolism invariably exist



between 10 and 120 min, the transmural gradient in blood flow even increases
within this perfod, and the differences in shortening in the myocardial wall
tend to decrease.

No significant increase in NEFA content was observed 10 min after onset
of ischemia. In the outer layers NEFA content showed a biphasic pattern with
a maximum fincrease (about 3-fold) after 60 min of ischemia, whereas in the
inner Tayers NEFA content gradually fncreased to approximately 4 times the
normoxic values after 120 min. In the outer layers an fmportant part of this
accumulation may be caused by lipolysis of endogenous triacylglycerol or
fatty acids extracted from the blood. The relatively highest increase in
Tinoleic and arachidonic acid in the inner layers suggests that lipolysis of
phosphoglycerides is an important source of these NEFA. NEFA accumulation in
the inner layers after 60 min and in all layers after 120 min, proved to be
related to MBF and ATP content of the ischemic area. After 120 min of ische-
mia NEFA contents were found to be increased when MBF was lower than 0.3
ernin"l.gf]L and ATP content was lower than 10ﬁLm01.g~l dry weight.

From these data it has been hypothetized that the NEFA accumulation in
ischemic myocardium is 1ikely not the cause of impaired mechanical perfor-
mance and metabolism as well as cell death.

In chapter 8 the effect of elevated arterial MEFA concentrations on MBF,
myocardial metabolism and hemodynamics during ischemia was studied. NEFA
concentrations were elevated by intravenous injection of heparin, intralipid
or both substances (intralipid-heparin).

After elevation of NEFA concentrations by heparin or intralipid-heparin,
heart rate gradually increased, while aortic pressure tended to decrease.

Slight elevation of arterial NEFA levels (up to 0.53 mM), had no signifi-
cant effect on total MBF and uptake of glucose, MEFA, and oxygen or release
of lactate in the ischemic myocardium. However, elevating arterial NEFA
Tevels up to 0.81 mM (by intralipid-heparin), significantly decreased total
MBF [16%), ratio of blood flow in the inner and outer layers [13%) and oxygen
uptake (34%) in the ischemic myocardium, and resulted in release of lactate
from this area. The release of potassium, inorganic phosphate and H' as well
as plasma CO, concentration were not influenced., Neither was the uptake of
glucose and NEFA.

Although the role of the simultaneously elevated arterial triacylglycerol
lTevels can not be excluded, these findings suggest that elevated arterial
NEFA concentrations can decrease MBF and augment lactate production. Glycoly-
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sis in the ischemic myocardium is not inhibited.

In short the findings of the present study indicate that:

- fiber shortening in the various layers of the left ventricular wall can be
estimated from myocardial deformation during the ejection phase as measured
at the epicardial surface

- after onset of ischemia, cessation of fiber shortening starts in the inner
layers and subsequently is seen in the outer layers

- the cessation of fiber shortening after inducement of ischemia can not be
ascribed to depletion of ATP or creatine phosphate stores

- during ischemia of one min and longer, transmural differences in fiber
shortening are small compared to differences in blood flow and metabolic
variables, suggesting that fiber shortening in the outer layers seems to be
impeded by the severely affected function of the inner layers

- accumulation of NEFA in ischemic myocardium could be detected at 60 and 120
min, but not after 10 min of ischemia

- the changes in mechanical function and metabolism in the ischemic myocar-
dium are not necessarily due to NEFA accumulation

- an important part of the accumulated NEFA, especially in the inner layers
after 120 min of ischemia, is probably derived from endogenous phospho-
glycerides

- after 120 min of ischemia, accumulation of NEFA is highest in the inner
Jayers and Towest in the outer layers. The extent of accumulation does not
depend on the myocardial layer itself but on the amount of MBF and the
content of ATP in the dischemic myocardium: increased NEFA contents are
observed when myocardial blood flow is lower than 0.3 m1.mﬁn_1wg"1 and when
the ATP content is lower than IOﬂjmoﬂ.g'l dry weight.

- artificial 4-fold elevation of arterial NEFA concentrations by administra-
tion of intralipid-heparin causes ‘a 16% decrease in ischemic myocardial
blood flow.
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10. SAMENVATTING

Het hart is een holle spier, die dienst doet als pomp om het bloed door de
bloedvaten woort te stuwen. De rechter en de 1inker harthelft bestaan ieder
uit een dunwandige boezem, waarin de aders uitmonden, die het bloed naar het
hart terugvoeren en een sterk gespierde kamer die het bloed de slagaders
inpompt. De rechter harthelft ontvangt het zuurstofarme bloed uwit de aders
van het lichaam en pompt het naar de longen {(de kleine bloedsomloop). De
Tinker harthelft ontvangt het zuurstofrijke bloed uit de Tongen en pompt het
naar alle organen van het Tichaam {de grote bloedsomloop).

Het hart verkrijgt energie voor het rondpompen van het bloed door glucose,
melkzuur en vetten te verbranden met behulp van zuurstof. Deze zuurstof wordt
aangevoerd door het bloed in de kransslagaders. Vernauwing of afsluiting van
een kransslagader leidt tot zuurstofgebrek (=ischemie) van de hartspier. Het
optreden van ischemie van de hartspier leidt binnen een minuut tot verminder-
de samentrekking van de spiervezels (dus verminderde pompfunctie) en binnen
een tot twee uur tot celdood. Indien dit Tlaatste optreedt bij patienten,
spreekt men van een hartinfarct.

Tijdens de hartcyclus is de doorstroming van de kransslagaders aan sterke
veranderingen onderhevig, vooral in de linker kamer. Om het bloed de slag-
aders van het lichaam in te pompen wordt door samentrekking van de kamers een
hoge druk opgebouwd in de kamerholte, die zich ook voortplant in de wand van
de kamers. Deze weefseldruk belemmert echter de doorblioeding van de spier-
wand. Deze belemmering is het sterkst in de binnenste lagen van de Tlinker
kamerwand, waar de weefseldruk het hoogst is. Onder normale omstandigheden
wordt het tekort aan doorbloeding tijdens samentrekking gecompenseerd door
een versterkte doorstroming wanneer de hartspier ontspannen is. Echter wan-
neer de normale deorstroming door de kransslagaders gehinderd wordt door een
vernauwing van het vat, schiet dere compensatie te kort. Hierdoor treedt
ischemie het snelst op in de binnenste lagen van de linker kamer. Bij patien-
ten wordt een hartinfarct overwegend in de binnenste lagen gevonden en expe-
rimenteel is aangetoond dat bij belemmerde doorstroming van de kransslagaders
niet alleen de doorbloeding maar ook de stofwisseling van de binmenste lagen
het sterkst verstoord wordt door ischemie.

Weinig is nog bekend over de verschillen in spiervezelverkorting binnen de
kamerwand omdat het technisch moeilijk is de spiervezelverkorting te meten in
de binnenste lagen van de wand.
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Verhoogde concentraties van onveresterde (=vrije) vetzuren, zowel in de
cel als in het bloed, worden door verschillende onderzoekers als schadelijk
beschouwd voor het ischemische hartspierweefsel.

In het onderzoek, beschreven in dit proefschrift, is de relatie bestudeerd
tussen doorbloeding, spiervezelverkorting en stofwisseling in verschillende
Tagen van de ischemische linker kamerwand. Het onderzoek wond plaats in
honden met open borstkas, onder volledige verdoving. Ischemie van een ge-
deelte [10-20%) van de linker kamerwand is veroorzaakt door vernauwing of
afsluiting van de voorste afdalende tak wan de linker kransslagader.

De belangrijkste conclusies wit dit onderzoek zijn:

- spiervezelverkorting in de verschillende Tagen van de 1linker kamerwand
kan bepaald worden uit de vormverandering van deze wand, zoals deze gemeten
wordt aan het buitenoppervlak van de ventrikel (het epicard}.

- na het begin van ischemie neemt de spiervezelverkorting in de binnenste
lagen van de kamerwand het eerst en het sterkst af, gewolgd door een meer
geleidelijke afname in spiervezelverkorting in de buitenste lagen.

- de afname wvan de spiervezelverkorting na het aanleggen van ischemie, kan
niet toegeschreven worden aan depletie van ATP of creatine fosfaat voor-
raden.

- gedurende ischemie van een minuut en langer zijn de verschillen tussen de
binnenste en buitenste Tagen van de kamerwand wat betreft spiervezelver-
korting relatief klein ten opzichte van de verschillen in doorbloeding en
stofwisseling. Een mogelijke verklaring hiervoor is dat spiervezelverkor-
ting in de buitenste lagen van de kamerwand belemmerd wordt door de ernstig
aangedane functie wan de binnenste lagen van deze wand.

- ophoping van onveresterde vetzuren in ischemisch hartspierweefsel kon niet
aangetoond worden na 10, maar wel na 60 en 120 min ischemie.

- een belangrijke oorzaak wvan de ophoping van onveresterde wvetzuren, wooral
in de binnenste lagen na 120 min ischemie, is waarschijnlijk de afbraak van
fosfoglyceriden (fosfolipiden), stoffen die voorkomen in membranen van de
cel.

- na 120 min, ischemie is de ophoping van onveresterde vetzuren het grootst in
de binnenste lagen en het kleinst in de buitenste lagen van de linker
kamerwand. De grootte van deze vetzuurophoping is echter niet afhankelijk
van de laag in de wand, maar van de mate van afname van de doorbloeding en
het ATP-gehalte in het ischemische hartspierweefsel: een wverhoogd gehalte
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onveresterde vetzuren is aangetroffen als de doorbloeding lager is dan 0.3
mﬁ.min"l.g“1 en als het ATP gehalte lager is dan 10;1m01.g'1 drooggewicht.
de veranderingen in mechanische functie en stofwisseling in de ischemische
Vinker kamerwand zijn waarschijnlijk niet te wijten aan de ophoping van on-
veresterde vetzuren, zoals wel is voorgesteld door andere onderzoekers op
grond van proeven met geisoleerde harten of enzymsystemen.

een viervoudige kunstmatige verhoging van de concentratie onveresterde vet-
zuren in het bloed veroorzaakte een afname van 16% van de doorbloeding in
het ischemische deel van de linker kamerwand.
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NAWOORD
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Ger van der Vusse en Theo Arts.
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