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1 INTRODUCTION

For a number of years Doctor Beznak and her colleagues in
this laboratory have been evaluating the performance of the left ventricle
of rats under various conditions, such as myocardial damage (caused by
isoproterenol treatment), left ventricular hypertrophy (produced by
aortic constriction), hyperthyroidism and hypophysectomy, before and
after treatment with various hormones. One of the major methods used
to evaluate the performance of the left ventricle, under these varying
conditions, was its response to volume overloading with a solution of
PVP (polyvinylpyrrolidone). During infusion of this solution the
indices of cardiac output and cardiac work rose to maximum values which
were considered to be a measure of the reserve force of the heart.

As the right ventricle copes more easily with a volume overload

than the left, it was assumed that the left ventricle would fail before

the right during this experiment and that it was the maximum work of the
left ventricle which was being measured unaffected by right ventricular

failure. As this assumption had never been proven under these specific

conditions, experiments were undertaken to try and determine whether it
was valid. This assumption was examined in normal rats as well as those
with right or left ventriculer hypertrophye.

The many different methods which can be used to create

cardiomegaly in rats are discussed briefly in the Literary Review.

From these, constriction of the ascending aorta was chosen to produce
left ventricular hypertrophy and constriction of the pulmonary artery
was chosen to produce right ventricular hypertrophy. In these methods
the stimulus responsible for ventriculer hypertrophy is isolated,
effecting only the heart and not altering or damaging the other tissues
of the bodye. In addition, if the degree of constriction is carefully

controlled it will result in an adequate degree of ventricular hypertrophy,

in a short period of time, without damaging the cardiac tissue.
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The experiment used to evaluate the cardiac performance of the
three groups of rats was based on one originally designed by Dr. Beznak.
Basal cardiac output and pressure measurements were made with the rats anaes-
thetised and were repeated after the infusion of set volumes of a PVP solution.
The cardiac output was measured by the direct Fick method, this and other
methods which have been used to determine the cardiac output of the rat
are described in the Literary Review, along with the results of previous
determinations made by other workers. Cardiac work was then determined as the
product of the cardiac output and the femoral artery pressure. Aithough
this parameter could be used as an index of left ventricular performeance
it was obviously not capable of differentiating between the performance of
the right and left ventricles and to have compared it with right ventricular
work would have involved the almost impossible feat, in an animal as small as
a rat, of catheterising the pulmonary artery, so alternative parameters for
evaluating ventricular performance were soughte.

The problem of evaluating cardiac performance is a difficult one
and is described in general terms, with particular emphasis on the
performance of the heart as a pump, in the Literary Review. As many of
the parameters of cardiac performance caﬁ only be obtained by cardiac
catheterisation, technigues for catheterising the right and left ventricles
of the rat were developeds This enabled simultaneous comperisons of right
and left ventricular end-diastolic pressures, systolic pressure and developed
pressure; +the changes in these values, as well as those of cardiac output
and cardiac work, made possible the accurate assessment of the point of
failure of each ventricle during volume overloadinge.

In the Method the procedures for producing right and left
ventricular hypertrophy, the determmination of cardiac output, the
infusion experiment and the techniques for measuring the right and

left intraventricular pressures are described in detaile.
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The procedures chosen for producing right and left ventricular
hypertrophy both involve a thoracotomy, which demands healthy rats,

a reliaeble method of administering positive pressure anaesthesia and
delicate, exacting surgery. Previously published measurements of
intracardiac pressures in the rat had been obtained by needle puncture
via the diephragm or in the open-chested animal. Both of these
techniques were regarded as too inaccurate and unsuiteble for this
experiment, so techniques for intravascular catheterisation of right
and left ventricles of the rat had to be developed.

The results of this study are then presented and, as this was
the first accurate recording of the right and left intraventricular
pressures of the rat, some pressure tracings are included. PFinally these
results are discussed and then summarised.

After the main experiment two preliminary triels were undertaken.
In the first the feasibility of using rats with right and left ventricular
hypertrophy (produced by the methods developed in this experiment) to study
the electrocardiographic changes taking place during the development of
ventricular hypertrophy was investigated. In the second the possibility
of measuring the myocardial contractility of these rats, using only a

catheter transducer system, was investigated.
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2. LITERARY REVIEW
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2.A MBTHODS OF FRODUCING CARDIOMEGALY IN LABORATORY RATS.

Cardiomegaly generally takes place by hypertrophy (an increase
in size) of existing muscle fibres but hyperplasia (an increase in
number) of muscle fibres, occurs as well in the rapidly growing rat
heart in the first three weeks of life. The precise mechanism responsible
for cardiomegaly is not known but a variety of different methods can be
used to produce ite In any of these methods the younger the rat .when
the stimulus is applied, the greater will be the increase in heart weighte.

Some of these methods result in decreased growth or loss of
weight, for instance in hyperthyroidism, weight loss occurs as the
increased food intake is not sufficient to meet the increased energy
requirements of the high metabolic state. It has been shown that the
weight of the rat's heart follows changes in body weight very closely,
whether these changes are due to growth or starvation, so if the body
weights of the experiemental and control groups differ, heart weight
comparisons must be made between animals of the same body weighte.

(Walter and Addis 1939) (Bezmak 1954). The heart weight of animals of

identical sex, breed and body weight, normally lies within the limits of
+ 20% so unless the increase in heart weight is greater than 20 a true

cardiac hypertrophy has not occured. (Korecky et al. 1966).

Scme methods were designed specifically to increase the weight
of one side of the heart alone. Although inecreasing the work of one
ventricle leads to its hypertrophy and, in some cases, failure, ultimately
the opposite ventricle may also be affected. Failure of a hypertrophied
left ventricle results in pulmonary hypertension, hypertrophy and even
failure of the right ventricle. In clinical and experimental cases of
cor pulmonale decreased performance and enlargement of the left ventricle

may also occur, although the reasons for this are not entirely clear.
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The methods of producing cardiomegaly in the rat may be

categorised as follows:~

(1) Methods Which Produce a Chronic Pressure Overload.

(a) Methods Producing Systemic Hypertension Which Result in Enlargement
of the Left Ventricle.
(i) Aortic Constriction
(i) Systemic Hypertension of Renal Origin.

(b) Methods Producing Pulmonary Hypertension Which Result in Enlargement
of the Right Ventricle.

(i) Pulmonary Artery Comstriction.

(2) Methods Which Produce a Chronic Volume Overload.

(i) Anaemia
(ii) Hyperthyroidism
(iii) Physical Exercise.
These three methods all produce an increase in the cardiac output
which affects both ventricles equally, so enlargement of the whole heart
takes placeo

(3) Methods Which Produce a Chronic Volume and Pressure Overload.

(i) Polycythaemia
(ii) Chronic Intermittent Hypoxic Hypoxia.
In these two methods the predominant stimulus responsible for
cardiomegaly is pulmonary hypertension, which results iﬁ enlargement of
the right ventricle while the concomitant increase in cardiac output is

of minor importance and affects both sides of the heart equallye.

(4) Methods in Which The Main Stimulus Responsible for Cardiomegely is

Unknown.
(1) Catecholamines.

(ii) Ligetion of Coronery Arteries.
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Methods which Produce a Chronic Pressure Overload.

Methods Producing Systemic Hypertension which Result in Enlargement
of the Left Ventricle.

(i) Aortic Comstriction

The ascending aorta can be constricted via a thoracotomy
incision or through the thoracic inlet, both of these operations
involve quite delicate surgery. However, once one of these
techniques is mastered, it can be a reliable method of producing left
ventricular hypertrophy (LVH) in a short time, it requires no follow=-
up treatment and has the added advantage that the stimulus only affects
the left side of the heart and not the other tissues of the body.

The size of the constricting device must be carefully chosen,
as too severe a constriction will cause death from left ventricular
failure and one which is too slight will not produce LVH. The degree
of constriction required is one which will produce a significant LVH
and is associated with acceptable mortality rates (designated by
Beznak (1964) as below 30 %). The cardiomegalies produced by this
method in adult rats are usually of moderate proportions, ranging
from 22 to 42 % (Hadju and Beznak 1947; Kerr et al. 1961; Nair et al.
1968; and Lipana and Fanburg 1970), higher percentage increases
being associated with unacceptable mortality rates. The degree of
hypertrophy produced by banding the ascending aorte of weanling rats
was twice that produced in adult rats (Stewa.rt and Lindsey 1967)
After 9 weeks constriction, in 40 g rats, the HW/BW had increased
by 65%, the LV free wall/BW by 61 % and the septum/BW by 61 %e

Beznak devised an operation for constricting the abdominal
aorta with a silver ring, placed just below the diaphragm. This
produced quite acceptable increases in heart weight ranging from

25 to 40 % (Beznak 1964) and increases in left ventricular weight
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Aortic Conmstriction (Cont'd):

ranging from 35 to 436. (Beznsk 1958) (Korecky et al. 1965).

This has the advantage of being a much simpler and quicker procedure
than conatricting the ascending aorta but the disadvantege of
reducing the blood supply to the lower portion of the body.

(ii) Systemic Hypertension of Renal Origin.

LVH due to chronic pressure loading also occurs when renal
hypertension is created by a variety of experimental methods. An
undesirable side effect of these methods is the kidney damage which
they also produce.

Bxcessive doses of corticosteroids produce a hypertension which
is mainly due to their salt (Na Cl) retaining properties. Daily
injections of 2-methyl-9-fluorocortisol (a potent synthetic corti-
costeroid with predominantly mineralocorticoid activity) for 8 months
resulted in a significant cardiec hypertrophy of 4L2%. (Bois et al.
1961). However, a more efficient treatment is the combination of
unilateral nephrectomy, implantation of desoxycorticosterone pellets
and salt loading. Using this regime Hall et ale (1953) reported a
heart weight increase of 564 in L4 weeks, while Beznak (1969) produced
an increase of 38 + 56 in 2 weeks, 58 + 5% in 4 weeks and 64 * 56 in
6 weeks. - '

Various surgical techniques which interfere with the kidney or
its blood supply, result in renal hypertension whi.ch mey lead to
cardiac hypertrophy Hall et ale. (1953) found that constricting the
left renal artery of rats weighing 98g produced a cardiomegaly of
3. % in 9 days. Rather (1%%49) performed a unilateral nephrectomy
and constricted the remeining kidney slightly with a ligature; an
acceptable degree of hypertrophy was seen 40 days later. Chanutin
and Barksdesle (1933) removed approximately 80 % of the total kidney

tissue, in a two stage operation. However they found that the

P A
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average increase in heart weight, in animals killed 43 to 225
days postoperatively, was only 1 56 %, and, as this value falls
within the limits of normal variation of the heart weight body
weight ratio (HW/BW), it cannot be regarded as a true hypertrophye.

(b) Methods Producing Pulmonary Hypertension Which Result in Enlargement

of the Right Ventricle

(i) Pulmonary Artery Constriction

Stewart and Lindsay (1967) were the first to use pulmonary
artery constriction to produce right ventricular hypertrophy (RVH)
in the rate. The mean weight of the rats at the time of operation
was 40 g which had increased to 24 g when they were killed 9 weeks
laters At autopsy they displayed signs typical of right heart
failure and a cardiomegaly of 69 %, all parts of the heart were
enlarged but the biggest increase was in the free wall of the right
ventricle (RV) (free wall RV 149 %, free wall LV 38 % and septum 14 %B).

Pulmonary artery constriction is a popular technigue in larger
experimental animals but rarely used in rats, as isolating and
constricting the pulmonary artery is extremely difficult in such
small animals. However the advantage of this technique is that the
stimulus is isolated and effects only the right side of the heart,
whereas in the othgr methods used to produce RVH in the rat (chronic
intermittent hypoxic hypoxia and polycythaemia) the stimulus also

affects the metabolism of the other tissues of the bodye.

(2) Methods Which Produce a Chronic Volume Overload

(i) _Anaemia

The increase in cardiac output and, hence, increase in cardiac
work is the main factor responsible for the cardiac hypertrophy found
in anaemia. Beznak et al. (1969) reports that the cardiac output of
the rat first increases when the haemoglobin level falls below 7 g%

and that this is also the critical level at which signs of cardiac

N
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hypertrophy first appear. The increase in cardiac output is
due to the decreased wviscosity of the blood, the vasodilation
of the tissues poorly supplied with oxygen by the anaemic blood,
both of which decrease the resistive load on the heart.

Korecky et al. (1964) and (Beznak (1969) both report heart
weight increases of over 100 % in 3 months in rats which were
weaned onto a low iron diete. This degree of cardicmegaly 1s one
of the largest produced in rats by any experimental means. Two
factors may be responsible for this. Firstly the stimulus was
applied over the period of fastest growth in the rat's heart when
cardiomegaly takes pia.ce by byperplasia as well as hypertrophy of
the muscle fibres. (Korecky and French 1967) (Neffgen 1969).

As already mentioned the younger the animal when the stimulus is
applied the greater the hypertrophye. This was clearly demonstrated
by Korecky et al. (4 966, who found that reducing the haemoglobin level
of adult rats to 6 g% (by triweekly bleedings) and then maintaining
them on a low iron diet only increased the heart weight by 30 %,
compared to increases of over 100 % seen in rats weaned onto this
diet. Secondly, the snaemia develops slowly, allowing circulatory
changes enough time to cope with the slowly increasing load; with

a sudden overload, such as arterial constriection, heart failure often
supervenes before an adequate degree of hypertrophy is obtained.

(ii) Hyperthyroidism.

An increase in cardiac output is also the major factor
contributing to the development of cardiomegaly in experimental
thyrotoxicosis. When rats are given daily injections of thyroxine,
tri iodothyronine or fed iodinated casein they develop hyperthyroidism
which results in an increase in metabolic rate in all cells of the
body and hence an increase in oxygen utilization, this produces a

relative anoxia in the tissues and hence an increase in cardiac output.

-
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In addition the thyroid hormone increases myocardial contractilitye.
At high dose rates increased food intake is not sufficient to meet
the increased energy requirements of the metabolic rate and the
animal loses weighte

Workers using hyperthyroidism report the production of
cardiomegalies of moderate proportions. Sandler and Wison (1959)
produced a 40 % heart weight increase after injecting thyroine for
8 weeks, while Beznak (1969) reported a 38 % increase after similar
treatment and a €0 % increase after using thyroxine at a higher dose
rate for 7 weeks., Gemmill (1958) produced a 37 % increase in heart
weight by adding 3,3,5,~tri iodothyronine to the drinking water for
7 weeks, while Van Liere (1969) obtained a 32 % increase after
injecting this compound for 2 weeks. Proulx et al. (1966) found
that feeding weanling rats a diet containing Oe1 % iodinated casein
for 38 days resulted in a 50 % increase in heart weighte

(iii) Physical Exercise

Daily physical exercise for long periods results in an increase
in the cardiac weight due to the increased cardiac outpute. This is
a difficult and time consuming method of producing cardiomegaly as
rats are generally reluctant to exercise and have to be carefully
supervised throughout each daily exercise period. The degree of
hypertrophy produced by foroing rats to run on an electric treadmill
is low, 10-20 %, (Grimm 1963) Krames (1967) and that produced by
forcing them to swim is only moderate, approximately 30 % in those
showing an increase in heert weighte (Korecky et al. 1966)
(Aldinger 1970). Generally speaking, unless the effect of exercise
is to be studied, use of an alternative method of cardiomegaly

production is preferablee.
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(3) Methods Which Produce a Chronic Volume and Pressure Overload

(i) Polycythaemia

Injections of cobalt are used to stimulate polycythaemia; how

this happens is not certain but it seems likely that the cobalt
produces respiratory inhibition in liver and skeletal muscle.
(Swigart (1965)). As the polycythaemia develops the resistance of
the pulmonary vascular system gradually increases and the right
ventricular weight (RVW) slowly increases; +this is more physiological
than the abrupt rise in ventricular weight which takes place after
arterial constriction. An increase in cardiac output also accompanies
the polycythaemia but is of secondary importance.

Swigart (1965) used daily injections of cobalt to stimulate
polycythaemia, producing a 30 % increase in the free wall of the RV
in 9 weekse Using the same technigue Souhrada (1967) produced a
22 % increase in the ratio of right to left ventricular weight,
(RVW/LVW) in 21 weeks.

(ii) Chronic Intermittent Hypoxic Hypoxia

Hypoxic hypoxia causes constriction of the pulmonary vascular
bed, resulting in pulmonary hypertension which, in chronic hypoxic
hypoxia, produces RVi. Chronic hypoxic hypoxia is also associated
with medial hypertrophy of pulmonary arterioles, polycythaemia,
hypervolemia and an increase in cardiac output which is responsible
for placing a volume overload on both ventricles.

In a series of experiments, Van Liere and his associates,
utilized the effects of chronic intermittent hypoxic hypoxia to
produce cardiomegaly in rats. The rats were placed in decompression
chamber for 8 hours a day for periods ranging from 24 to 28 dayse.
The mean percentage increases in heart weight ranges from 19 to 39 %,
those in RVW from 54 to 57 % and those in LVW from 27 to 41 % (Van

Liere et al. 1961; Van Liere et ale 1965; Krames et al. 1967)
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Swigart (1965) obtained a higher degree of RVH (65 % in males
and 81.7% in females) by subjecting rats to reduced atmospheric
pressure 23 hours a day for 9 weeks but, in contrast to the
previous authors, they did not £ind any indication of LVH.

Sobel and Graboyes (1958) found that combing reduced atmospheric
pressure with elevated environmental temperature enabled an
accurate prediction of the amount of time needed to produce a
given hypertrophy. For instance a 50% increase in heart weight
would be produced in 435=-65 g rats, by 4 hours exposure a day to an
atmospheric pressure equivalent to 12,500 + 1,000 feet at a
temperature of 37 + 1 C for 12 consecutive days. 0f all the
techniques used to 'prod.uce cardiomegaly in the rat this is the only

one in which the results can be so accurately predicted.

Methods in Which the Main Stimulus Responsible for Cadiomegaly is
Un]m.owno

l(i) Catecholamines.

Injectidns of catecholamines, such as adrenaline, noradrenaline
and isopropylmnoradrenaline (isoprenaline) can be used to produce
cardiomegaly but are not often used for this purpose. Rakusan et al.
(1965) observed an increase in heart weight of 59 % after injecting
isoprenaline for 15 days.

(ii) Ligation of Coronary Arteries.

Ligation of coronary arterieé is not a very satisfactory
method of producing cardiomegaly, as the percentage increase in
heart weight is low (20 % Norman and Coers 1960) and inconstant,

frequently falling within the limits of normal variation. (Korecky

et ale 1966). The resultant myocardial damage renders the tissue

unsuitable for biochemical and functional determinations, unless the

changes taking place after coronary artery occlusion are to be studied.
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2.B CARDIAC OUTPUT DETERMINATIONS IN LABORATORY RATS.
(1) Methods Used to Measure Cardiac Output in Rats

Cardiac output determinations have been performed in rats using

the following methods:-—

(2)

(a) Direct Fick Method.

(v) Dye - Dilution Technigque.

(¢) Radioisotope Dilution Technigue.
(d) Thermodilution Technique.

Direct Fick Method

In 1870 Fick suggested that the cardiac output could be

calculated from the formula,

Cardiac Cutput (ml/min)=oxygen consumption of the body(ml/min)

difference in oxygen content of arterial
and mixed venous blood (m1l/400ml).

The arterial blood sample may be drawn from any artery bul to
ensure proper mixing of the venous blood the venous sample must be
drawn from the right side of the heart, by cardiac catheterisation,
and preferably from the pulmonary artery.

Calculation of cardiac output by the direct Fick Principle is

most accurate if the body is in a "steady state" i.e. a constant

physiological condition, in which the alveolar and blood gas tensions,

oxygen uptake and respiratory quotient are all constante. The volume
of oxygen taken up in the lungs must equal the volume used in the
tissues - serious errors result from storage or liberation of gas in
or from the body, including the lungs. The oxXygen uptake can only
be measured at the mouth and does not always reflect the volume used
in the tissues. However, if the patient is resting and calm for at
least 10 to 15 minutes prior to measurement, the oxygen collected
over a period of several minutes and any collection made during
irregular respiration discarded, inaccuracies due to changing physio-—

logical conditions should be reduced to a minimum.
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Since the oxygen consumption used in ‘the direct Fick method’
is the mean value for the gas collection period, it is necessery to
obtain the arterio-venous difference for the same period of time.

This value should be a mean in relation to the blood flow, the
volume of blood sampled being in relation to the volume of blood
passing the sampling point - this is a volume average mean. In
practice a time average sample is obtained, the sample is drawn into
a syringe at & constant rate over the sampling period and no attempt
is made to weight the portion of the sample taken when the flow is
fast as compared to the portion taken when the flow is slow. If
either the arterio-venous difference or the flow past the sampling
site remain constant over the sampling period, the volume average
equals the time average, but if both are changing, this is not true.

It was originally assumed that utilization of oxygen in the
pulmonary circulation would be so small that it could be overlooked.
This assumption was gueried for a number of years, but in 1955 Mitchell
and Cournard showed that the lactic acid production of the lungs is
small and hence lung metabolisin is a negligible source of oxXygen
utilization. (Mitchell and Gournard 1955).

The bronchial flow is not included in cardiac output measurements
made by the direct Fick Principle, normally this is unimportant, only
amounting to 1-3 % of the total cardiac output, but it is increased
and may assume importance in certain pulmonery diseases.

Dye=~Dilution Techniques.

In this technique a known amount of dye or indicator, which
does not diffuse out of the circulation, is injected into the venous
circulation and its concentration continuously recorded at a peripheral
arterye The injected substance begins to appear after a delay of

6-15 seconds, it then builds up to & peak concentration and rounds offe

\
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When the log concentration is plotted against time the descending
limb can be extrapolated to a minimum value, but it never actually
reaches this value as recirculation commences as the limb is still
descendinge. The time of passage of the dye on its first circulation
is the time between its injection and the instant it has reached its
minimum value (as obtained by extrapolation of its descending 1limb).

The cardiac output is then calculated from the formula,

Cardiac Output (L/min)= Amount of indicator injected. (mg) < €0

Mean concentration of indicator x time for first
for first circulation (mg/L) circulation (sec)e.

Dyes such as indocyanine green, Evans blue and Coomassie blue
are commonly used as indicators, they may be injected into the blood
stream as a bolus (instanta.neously) or contimously at a constant

rate - the former is most widely usede.

(¢) BRadioisotope Dilution Technigue

Radioactive substances, such as T-1824, radioactive
jodinated albumin and radioactive red blood cells, can be used
instead of dye in the above methode. When radioactive substances
are used, a Geiger counter or scintillation counter is used to

measure the concentration curves in the arterial tree.

(4) Thermodilution Technigue

In this technique cold saline or blood is injected instead

of dye and the temperature of the blood measured at a peripheral artery.

A
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This technique has the advantage of eliminating recirculation,
as by the time the blood has recirculated it has regained body
temperature, but the disadvantage that the cold may leak from
the blood vessels between the point of injection and the point of

samplinge.

A Survey of the Results of Cardiac Output Determinations in Normal

Rats

Introduction

The results of cardiac output determinations in normal rats

are influenced by three main factors:-

(i) The age of the rat, usually reflected by its weighte.
(ii) The rat's state of consciousness.

(1ii) The method used to perform the determination.

In man, cardiac output is usually expressed per unit of body
surface, i.e. as cardiac index, for it is generally accepted that
the cardiac output is closely related to body size but the nature of
this relationship has never been satisfactorily determined and has
been challenged by those who feel a more reliable index could be
obtained using multiple regression coefficients between cardiac
output, age, heart rate and body size, This idea has not won approvel
for it is felt that it makes so little difference in prectice that

the cardiac index continues to be useds (Wade and Bishop 1962).
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Although a few authors express the cardiac output of rats per unit
body surface, the majority use only, or give also, the cardiac output
per unit body weight and the latter is the value which will be
discussed here.

From a series of measurements of human cardiac outputs at
various ages, which had been collected from a number of sources, Wade
and Bishop concluded that, "it seems likely that the cardiac index is
at its largest in the child and young adolescent and then decreases
throughout life". Despite the fact that this has not been reported
in the rat & similar pattern emerges when looking at the results of
dsifferent workers; the cardiac output per Kg body weight increases
until maturity is reached (at approximately 100-50 g) and then
decreases slowly with age and hence increasing weighte

Many comparative studies have been made to try and determine if
there is any difference between the results of cardiac output determina-
tions, of normal humans, measured by the direct Fick Method and .
Indication Dilution Methods (using dye or radioisotope as indicator).
An interesting and well established fact is that 25 % of these results
disagreee. This la.ck' of agreement is mostly due to the poor
repeatability of the two methods and, despite lack of agreement in
individual subjects, there is little systematic difference between
these two methods (Wade and Bishop 1962), This also seems to be true
of cardiac output determinations in the rat, using these three
techniques, however those results which were obtained by the thermo-—~
dilution technique have all been higher than those determined by other
methods.

Considering the cardiac outputs of rats under Pentobarbital
sodium anaesthesia (30-40 mg/kg), which were determined by either

the direct Fick Method or the Dye-Dilution Method or Radioisotope
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Dilution Technique, it cen be seen that the cardiac output per

Kg body weight is high in the young rat and slowly decreases with
agee. The cardiac output decreases from values of approximately

290 ml/min/Kg in 105 g rats (Takes and Vajau (1963) and Tekas (1965))
to values ranging from 220 to 258 ml/min/Kg in 200 g rats (Blood et
ale (1950)) Beznak (1958) Vidt et al. (1959) Sepirstein et al. (1958)
and Popovic and Kent (1964). Similarly, in unanaesthetised rats

the cardiac output per Kg is higher in younger rats (Szebo et al.
(1966) Bencseth and Takacs (1966)) than older, heavier ones (Popovic
and Kent (1964) and Jensky and Hart (1968)). However, this relation-
ship may be obscured by the effects of different types or degrees of
anaesthesia, by varying degrees of stress in unanaesthetised rats and
by systematic differences between methods.

Methods Used to Determine Cardiac Qutput of Normal Ra.t <

(£) Direct Fick Method

One of the earliest determinations in the rat wes made in 1950
by Blood et al. Using the direct Fick Method with the rat under
Pentobarbital sodium anaesthesia, they obtained a value of 245 ml/Kg/min
in rats weighing 180-200 g. Similar results were obtained in the next
few years by Hoelscher 1954 and Beznak (1958) (1959) using the same
method and ansesthesia. Ideally, the venous samples used in thesé
determinations should be obtained from the pulmonary artery, but this
would have been extremely difficult in animals as smell as rats.
Biood et ale drew the venous sample from the right atrium but both
Hoelscher and Beznak tried to catheterise the right ventricle = passing
a polyethylene cetheter down the right jugular, through the right
atrium and into the ventricle, using as a guide, measurements of the
distance from the external jugular to the right ventricle previously
obtained on corpses. The position of the catheter was verified at
autopsy, but this method was not completely successful and Beznak

(4959) reports that in the majority of cases the catheter was Pound

-
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in the right atrium; although any determination made when the
catheter was found to have been in the superior vena cava or
inferior vena cava were discarded, values from either the right
atrium or right ventricle were used.

Later, Popovic et al. (1963) developed a more reliable method
for catheterising the right ventricle in which a narrow bore poly-
ethylene tube was manipulated into the right ventricle with the aid
of a removable guide wire. This method was utilized by three groups
of workers (Popovic and Kent 1964, Jansky and Hert 1968 and Popovie
et al. 1969) who measured the cardiac output of unanaesthetised rats
using the direct Fick Method, obtaining blood samples from cannulae
chronically implanted in the right ventricle and aorta.

(ii) Radioisotope Dilution Technique

Using the Radioisotope Dilution Techni.que on rats under
Pentobarbital sodium ancesthesia, most workers obtained results of
approximately 230 ml/Kg/min, in 200 g rats. Mandel and Sapirstein
(1962) were surprised to find a higner rate, 278 nl/Kg/min, in a group
of 17 rats (weighing 190~250 g), as the average in his colony in the
last two years had been 231 ml/Kg/min.

(iii) Dye Dilution Technique

Utilizing the Dye Dilution Technigque, with Evans blue as
indicator and the rat under Pentobarbital sodium anaesthesia, Szabo
et al. (1966) and Bencsath and Takacs (1966) reported similar results
to those obtained by the previous itwo methods. Takacs and Vajdu
(1963), Roger and Menyhart (1967) and Takacs (1965) all reported higher
cardiac outpufs but this was to be expected as their rats were lighter
and correspondingly younger then those previously discussede The dye
dilution technique was also employed by other workers when examining
anaesthetic agents other than Pentobarbital sodium (Bullard 1956, Kallay
and Takacs 1961) and when performing determinations on unanaesthetised

but restreined rats (Szabo et ale 1966 and Bencsath and Tekacs 1966) .
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(iv) Thermodilution

l Cardiac output determinations using the Thermodilution
technique in anaesthetised and unanaesthetised rats have all
yielded higher results than those obtained by other methods. The
values obtained by Dawson et ale. (1968) and Richardson et ale. (1962)
using the thermodilution technique in 350-500 g rats, under Pento-
barbital sodium anaesthesia, were close to those obtained in 200 g
rats by other methods and therefore higher than expected for these
older rats. Weeks and Csordas (1963) reported that cardiac outputs
obtained by the thermodilution technique were consistently higher than
those obtained by the Fick Method in unanaesthetised rats - but no
values were givene. Using the Thermodilution Technique in unanaes-—
thetised rats weighing 317-477 g, Dawson et ale (1968) obtained a
cardiac output of 320 + 12 ml/min/Kg higher than those obtained by
Jensky and Hart (1968) and Popovic and Kent (1964) when using the
Fick Principle in unanaesthetised raits of similar weightse.

Anaesthetics Used for Cardiac Output Determinations.

(i) Pentobarbital sodium

Most cardiac output ‘determinations in ansesthetised rats have
been performed using Pentobarbital sodium - the usual dose rate being
30-50 mg/Kg I P. Two workers utilizing lower dose rates (Dawson et
al. 1968 and Richardson et al. 41962) obtained higher results than
would have been expected from the weight of their rats but this may
have been partly due to the method used, the thermodilution technigque.

Although a popular anaesthetic for measuring cardiovascular
parameters in experimental animals, Pentobarbital sodium anaesthesia
itself will influence these parameters. The effect of Pentobarbital
ansesthesia on the cardiovascular system of experimental animals has
been studied by many workers. During 4 hours of anaesthesia in the
dog, Olmsted and Page (1966) found a slow but continual rise in blood

pressure, heart rate, cardiac output and peripheral resistancee.

Wi



_3)_'__

They attributed the increase in heart rate to a vagal blocking action
of the Pentobarbital and the increase in blood pressure to either the
increase in peripheral resistance or to the increase in cardiac output.
Rushmer (1961) ascribed many of the changes seen with Pentobarbital
Anaesthesia to depression and distortion of the cardioregulatory
influences of higher and lower levels of the nervous system and
suggested that the influence of some higher centres may be eliminated
entirelye. Carson (1965) thought that the variation in cardiac output,
found in animals under Pentobarbital anaesthesia, was due to the
difficulty of obtaining a steady state in regard to acid-base balance
status. Spontaneous metabolic acidosis frequently develops, and
worsens with time, resulting in depression of the cardiac output,
conversely respiratory acidosis, from depression of respiration,
elevates the cardiac output and the resultant value is influenced by
both of these factorse.

(ii) Anaesthetics Other tha Pentobarbital sodium.

Three groups~have tried using anaesthetics other than Pento-
barbital sodium for cardiac output determinations in the rat. Vidt
(1959) found that the cardiac output of 180=230 g rats measured under
Pentobarbital anaesthesia was consistent with results obtained by
other workers but measured under ether was one and a half times as
greate. With ether, the myocardial, cerebral and carcass blood flows
were higher than with Pentobarbital but the reverse was true of the
renel, splanchnic and cutaneous flows. Vidt urges caution when
considering cardiovascular measurements made under anesesthesia.

Bullard (1956) also measured the cardiac output under ether
anaesthesia; in rats weighing 250-350 g he obtained a cardiac output
of 209 ml/min/Kg. This was consistent with results obtained in

heavier rats by other workers (Sapirstein 1958 and Popovic and Kent 1964 ).

\
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The discrepancy between these two results may have been due to

the different stages of anaesthesia employed; Vidt kept his rats
at stage two to three while Bullard let his rats breathe away most
of the ether before measurements were made.,

Kallay and Takacs (1961) decided that Pentobarbital was a more
suitable anaesthetic for circulatory experiments in rats, than
Urethane or Choralase as both these had deleterious effects on renal
blood flow; Urethane resulted in marked hypotension, while Choralase
increased the blood flow to the skin and produced a slight fall in
blood pressuree. The cardiac outputs were also quite different but
as the rat's body weight was not given it is difficult to coméare
these results with those already discussed.

Cardiac Output Determinations Performed in Unanaesthetised Rats.

The difficulty of interpreting results obtained under anaesthesia
led to the development of techniques to measure the cardiac output of
unanaesthetised rats. Some techniques involved restraint of the rat
but in others it was possible to measure the cardiac output of the
unrestrained rat. Cardiac output values from unanaesthetised rats
are all higher than those from anaesthetised rats of the same body
weight, this is partly due to the removal of the depressive effect
of the ansesthetic and partly due to the stressful effect of the
environment.

(i) Unanaesthetised and Unrestrained

Popovic and Kent (1964.) were first to give a full account of
the measurement of the resting, unrestrained and unanaesthetised rat.
They used the direct Fick Method obtaining blood samples from camnulae
chronically implanted in the right ventricle and aortae. Initially
the cardiac output of 47 rats, weighing 30fr345 g, was determined while
the rats were still under Pentobarbital amesthesia - it averaged

205 + 18 ml/min/Kg. After recovering from the cannulation procedure
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the cardiac output of each unanaesthetised rat wes determined after
the rat had been placed in a metabolism jar and allowed to settle
for 3-~4 hourse. These determinations were repeated several times
in the next 120 days - during this time the rat's weight increased
from 320 to 4,98 g and the cardiac output averaged 286 + 25 ml/min/Kg.
Jansky and Hart (1968) using the same technique as Popovic and
Kent on unanaesthetised rats of similar weigbt s Obtained nearly
identical results, however, Dawson et al. 4968 using the Thermodilution
Technique on resting unansesthetised rats of identical weight to those
used by Popovic and Kent (196), obtained a somewhat higher result,
but, as already mentioned, results obtained by this method in the rat
are usually higher than those determined by the Fick Method.
Popovic repeated his experiments in 1969 using 2.3 g female
rats and was surprised to find a much higher cardiac output, 398
ml/min/Kg, than in his previous experiments; he offered as expla.ﬁation
the different sex and lighter weight of these rats. However, Stevens
(1969) utilizing the Radioisotope Technique Dilution Technigue in
Pemale rets of similer weight (215-250 g) obtained a somewhat lower
value (305 ml/min/Kg).

(ii) Unansesthetised and Restrained

In lighter rats, Szabo et ale. (1966) and Bencsath and Takacs
(1966) both obtainéa much higher results with unanaesthetised rats
than with those under Pentobarbital sodium. The results obtained
under Pentobarbital agree with those of other workers but it is
difficult to compare the results of the unanaesthetised rats, as they
were obtained under conditions of much greater stress than those of
other workers - the rats were tied down while cannulation and cardiac

output determinations were made under local anaesthesia.
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(3) Cardiac Output Determinations in Rats with Experimental Cardiomegaly.

To my knowledge only one worker has reported cardiac output
determinations in whole rats (as opposed to heart-lung prepa.rations) with
experimental cardiomegaly. Beznak found that the cardiac output of rats
with LVH due to constriction of the abdominel aorta did not differ from
that of the control animals. In one report the cardiac output of rats
with a 45 % LVH was 50 + 5 ml/min while that of control rats was 48 + 4

ml/min. (Beznak 1958)
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2.C PHYSIOLOGICAL PARAMETERS, OBTATNED BY CARDIAC GATHETERISATION,

WHICH AID IN EVALUATION OF CARDIAC FUNCTLON.

(1) Principle Factors Determining the Performance of the Intact Heart.

The performance of the intact heart is determined by three
factors:-

(2) Initiasl fibre length, which corresponds to ventricular end-
diastolic volume (EDV) or ventricular end-diastolic pressure

(EDP). The equivalent of preload.

(b) The systolic intramyocardial tension during ejection. The
equivalent of afterload.
(c) The contractility or contractile state of the myocardium.

It is also influenced by the synergy of contraction and the heart
rate. An interplay amongst these factors, each of which in turn is
influenced by a number of other factors (such as the sympathetic nervous
system, blood volume etc), governs the performance of the intact heart.
(2) ZInitial Fibre Length

The initial fibre length (end=diastolic fibre length) of the
ventricular muscle determines the point at which the ventricle operates
along its function curve. The Prank-Starling or ventricular function
curve of the ventricle (analogous to the length tension curve of the
heart muscle) relates the end-diastolic fibre length (usually measured
as the EDV or EDP) to the mechanical activity of the ventricle
(measured as stroke volume, stroke work etc.). The normal ventricle
usually operates along the ascending limb of the curve, on which
inereasing end-diastolic fibre lengths resu;t in augmentation of

mechanical activity until, at a oritical fibre length, peak performance

is attained. When the fibres are stretched beyond this critical length

the ventricle operates along a plateau and then along the descending
limb of the curve, on which increasing fibre lengths are associated

with decreased mechanical activity. (Starling 1915).

~
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The failing ventricle in the intact heart usually operates along
the depressed ascending limb of a lowered flattened ventricular
function curve, rather than along the ascending limb. (Katz 1965).
Monroe et al. (1970) has shown that the intact isolated LV will only
function along a descending limb at unphysiological EDPs of 60-100
mm Hg and above; although some workers have reported ventricles
operating on descending limbs in cases of anaemia, coronary artery
constriction, excessive myocardial oedema and inadequate perfusion
pressure, this situation will only prevail for a short time as it is
rapidly fatale

In the normal heart, the Frank-Starling mechanism is operative
but is rarely a dominant factor in determining ventricular performance:
it is essential for preserving the balance between the pumping of the
right and left ventricles and does 80 by providing immediate regulation
of the stroke volume of each. (Hamilton 1955). However, in the
diseased heart, which is using its hormonal and reflex mechanisms
maximally, the Frank-Starling mechanism is a significant means of
increasing performance.

Electron microscopic studies have recently revealed the ultra=-
structural basis of the Frank-Starling mechanism. (Sonnenblick et
ale 1964). These studies have shown that the muscle fibres contain
overlapping layers of contractile myofilaments, actin and myosin, which
are arranged within a basic functional unit called a sarcomere. A4S
the end-diastolic fibre length increases, less overlapping of actin
filaments occurs at the centre of the sarcomere, this increases the
number of contractile sites available between the actin and myosin
resulting in gquantitive increases in force generating reactions and
the ventricle moves up the ascending limb of the ventricular function

curve. At the apex of the curve the length of the sarcomeres are

stretched to an optimum value which allows maximum interaction between
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the actin and myosin. When sarcomeres are stretched beyond this

point the myofilements begin to disengage, less tension is produced and
the ventricle operates along the plateau and eventually the descending
1limb of the curve. From correlating electron microscopic observations
of the myocardium of dogs and cats with pressure-volume curves from

the same veniricles, Spotnitz et al. 1966 concluded that the optimum
sarcomere length is 225 + 0.Q4 , Which corresponds to an EDP of
about 10.12 mm Hg in the LV (Spotnitz et al. 41966) and slightly less

in the RV (Leyton et al. 1970).

The end-diastolic fibre length is influenced by atrial systole,
total blood volume and the distribution of the blood volume as determined
by body position, intrathoracic pressure, venous tone and the pumping
of the skeletal muscles.

Afterload

NGO YAVYLL0

The afterload or systolic intramyocardial tension during ejection
is estaeblished by instantaneous aortic pressure, the Laplace equation
relating tension to the product of pressure and radius (volume) and
wall thickness. (Mason et al. 1'970)0 ;

Contractility

The contractility (contractile or inotropic state) of the
myocardium determines ventricular performance at a given preload and
afterload, and is shown by the relative position of the ventricular
function curvee. It is‘uninfluenced by loading conditions but is
altered by inotropic interventions such as circulating catecholamines,
the sympathetic nervous system, rate and rhythm of cardiac contraction
and injections of inotropic agentse. An alteration in the contractile
state implies a gualitative alteration in the rate of reaction of the

sub=-cellular contractile sites, between actin and myosine

e i e vl
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Contractility can be defined in the terms of muscle mechanics
as the position of the force velocity curve - the curve expressing
the inverse relationship between the velocity of myocardial shortening
and the development of tension within the ventricular wall. An
increase in contractility is displayed by an upward movement of the
upper part of the curve, elevating the extrapolated value at the
ordinate, ie.e. the maximum velocity of shorteming of the contractile
element (V max) - similarly a decrease in contractility is associated
with e downward movement of V maxe Changes in preload alter the
position of the lower portion of the curve, an increase moving the
intercept on the abscissa (analogous to the peak of the ventricular
function curve) to the right, but do not effect the position of V mex,
(Sonnenblock 1969) (Ross 1969) . -

Of all the factors determining ventricular performance, the
fundamental abnormelity in experimental and human congestive heart
failure is depressed contr;.ctilityo This is also true for idiopathic
cardiomegalies, ventricular hypertrophy secondary to chroniq pressure
loading and coronary artery disease.

The synergy or temporel sequence of ventricular contraction
normally takes place in a co~ordinated fashion resulting in an integrated
inward movement of the wall, which contributes to the pumping of the
ventricles. However electrical disturbances, such as left bundle
branch block, or localized pathological lesions, such as coronary
‘artery disease, produce an asynersgy resulting in disorderly distribution
of contraction, which contributes to cardiac dysfunction and failure.
(Herman and Gorlin 1969).

Increases in heart rate are not an important factor in increasing
the cardiac output in normal subjects at rest, but are responsible for
some increase during exercise. However an increase in heart rate is

always associated with an increase in the inotropic state and in subjects
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with diseased hearts this factor is very important in maintaining

or elevating the cardiac outpute

Clinical Evaluation of Cardiac Performance, Using Cardiac Catheter-

Cardiac Pump Performance

(i) End-diastolic Volume and End-Diastolic Pressure

Reliable methods of measuring EDV are available but generally
thought too complicated for routine use. EDP is an easier parameter

to measure and is frequently used as a guide to EDV despite Starling's

warning that "the diastolic volume may change without corresponding

. alteration in filling pressure," (Starling 1915).

The ventricular pressure-volume curve and ventricular function
curve demonstrate thet when EDP is normal, or slightly elevated, it is
fa.irly insensitive as an indicator of EDV or in the assessment of
ventricular function. The ventricular pressure volume curves are
relatively £lat when EDP is normeal or s8lightly elevated so, for any
level of diastolic compliance, large changes in EDV result in relatively
small changes in EDP. The ventricular function curve rises steeply
when the EDP is normal or sl:i.ghtl& elevated, so large changes in
myocardial contractility result' in small changes in EDP. (Braunwald
and Ross 1963) .

Although elevation of EDP is frequently a sign of heart failure
it may also be due to a number of other factors. If a volume load is
placed on a normally functioning heart by a valvular defect, a
circulatory shunt, an intravenmous infusion, anaemia, beri beri or
excessive retention of salt and water due to stercid medication or
kidney disease, the ventricle may move up the ventricular function curve.
The resultant rise in EDP does not necessarily indicate myocardial
failure, despite the symptoms of circulatory congestion produced by

some of these states. (Eichna 1966; Braunwald et al. 1957)
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If the diastolic compliance (end-diastolic pressure-volume
relationship) is reduced by such conditions as a concentric myocar dial
hypertrophy, pericardial constriction, cardiac tamponade, incomplete
relaxation during tachycardia or an infilfrative process of the
myocardium, an abnormally high EDP may be necessary to produce a
nomeal EDV but this will not necessarily stretch the sarcomeres to
a point where myocardial function will be impaired. (Sandler and
Dodge 1963). Due to the close anatomical relationship of the two
ventricles the compliance of either is decreased in proportion to the
filling of the opposite one. When one ventricle is grossly distended,
so that its EDV is abnormally elevated (e.g. selective failure of
either ventricle), a degree of ventricular filling in the opposite
ventricle which is normally associated with a normal EDP, now produces
an elevated EDP. (Taylor et al. 1967). In cases like these where
the EDP and EDV change indep endently, changes in sarcomere length (and
therefore the Frank-Starling mechanism) parallel changes in EDV.

Neither is the EDP invariably above normal in cases of heart
failure. In ventricular dilation without thickening of the myocardial
wall, e.g. some patients with mitral insufficiency, there is an
increase in diastolic compliance, so the EDP may remain within normal
1limits while the EDV is greatly increased. (Dodge et ale 1962).
Some cases of heart failure have been reported in which the EDP was
not elevated above the upper limits of the normal range, but was
sufficiently high to cause cardiac dysfunction in these particular
patientse.

In addition to the problems associated with interpreting changes
in EDP inaccuracies of measurement are frequently encounterede. These
inaccuracies are usually due to the difficulty of positioning the
external manometer in the closed chest patient or to referring EDP to

atmospheric rather than intrapericardial or intrapleural pressure.
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Providing the investigator or clinician is aware of the many
factors influencing the EDP, it may be used, in combination with
other measurements, in assessing cardiac performance.

(ii) Cardiac QOutput

Cardiac output can also assist the clinician in evaluating
cardiac function, In heart failure the cardiac output may be sub-
normal, normal or elevated, but in all cases the myocardial contractility
is impaired and the ventricular function curve depressed and shifted
to the right.

In acute heart failure the cardiac output falls below normel
but in chronic heart failure, of moderate degree, hypervolaemia, mostly
due to salt and a water retention, raises the venous pressure (and
hence EDV)'sufficiently to keep the cardiac output within the normal
range. In severe chronic heart failure the cardiac output falls
below normal despite further increases in EDV.

Considering the cardiac output in relation to the size of the
heart may give a better indication of the heart's condition than
congidering cardiac output alone. If the cardiac output is normal
but the heart dilated (as seen on X-ray) or the EDV grossly elevated,
the heart is obviously not functioning normally.

In hyperkinetic states, e.g. anaemia, beri beri etc., heart
failure occurs when, despite the high cardiac output, the heart is
no longer able to satisfy the tissues demands for blood and myocardial
function is impaired by hypoxia. As the heart fails the cardiac out-
put falls from its peak but it is still considerably above normal -
hence the term high output failure.

(iii) Cardiac Work

The diagram of ventricular pressure versus volume consists of
two curves, which join to form a closed loop representing the cardiac

cycle, the area under them represents the integral for ventricular worke.
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Systolic work, the work done by the ventricle in ejecting blood,
is portrayed by the area under the systolic (ie.e. upper) curve.
Diastolic work, the work done by the blood in filling the ventricle,
is represented by the area under the lower curve. The nett work
performed by the ventricle is the difference between the systolic
and diastolic work (i.e. the area of the pressure volume loop)e In
ventricular failure, with a high EDV, increased work is expended in
distending the ventricle during diastole relative to systolic work,
so nett work decreases.

More conveniently, if less accurately, cardiac work is frequently
calculated as the product of mean arteriel pressure (plus kinetic
energy factor) end stroke volume. The kinetic energy of the LV

accounts for 0.2-2.0 % of the total useful work of the ventricle, so
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is frequently omitted, while on the right side it is responsible for
24=22,5 % of the useful work of the ventricle and should be included.

Although these formulae are adequate under normal conditions, if
a valvuler lesion is present the external work of the heart is less
than the total work performed by the ventricles. In aortic or pulmonary
stenosis a considerable portion of the energy of the ventricle is
exfgend.ed. overcoming the resistance of the stenotic area, so the average
intraventricular ejection pressure should be used to calculate
ventricular work instead of the mean arterial pressure. In valvular
insufficiency the total work is equal to the product of the mean
ejection pressure in the ventricle and the sum of the stroke volume
and regurgitant flow. (Meerson 1969).
(iv) Ventricular Function Curves

In the normal heart as the EDP rises stroke volume or stroke
work increase in a curvilinear manner and the ventricular function
curve is steepened and shifted upwards, and to the left by inotropic

agentse In heart failure the curve is flattened and displaced downwards,
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so a substantial increase in the EDV produces a less than normal
augmentation of stroke volums.

Ventricular function curves have been determined in experimental
animals during infusion of blood or plasma expanders but, as this was
only possible if reflex circulatory adjustments were blocked pharma-
cologically, this method of evaluating cardiac performance is not
useful in man. Although EDP is not always a good index of EDV,
particularly in chronic heart disease, directionel changes can be used
to indicate similar changes in EDV and these correlated with changes in
stroke volume, can be compared with directional alterations in hemo-
dynamic parameters in other groups of patients. Various tests have
been devised in which abnormal responses of the LV can be detected.

Reduced Preload

A partially inflated balloon catheter placed in the inferior
vena cava reduces the vemous return and the LVEDP - this is accompanied
by a great reduction in stroke volume in normal patients but only a
small decrease or no change in those with depressed left ventricular
function. (Ross 196k a)e.

Increased Afterload

A pressor agent with no positive inotropic effect produces an
increase in systolic arterial pressure (usually approximately 50 mm
Hg) and a substantial increase in LVEDP resulting in an increased
stroke volume in normel patients, but a decreased stroke volume in
those with LV myocardizl disease. This test therefore pushes LVs
with myocardiel disease onto the descending limb of the ventricular
function curve, but this situation is only temporarye (Ross. 1964 b).

Exercise

Muscular exercise pushes the ventricular function curve up
and to the left ~ due to the release of catechclamines and

stimulation from the sympathetic nervous system. In patients with
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no myocardial disease an increase in stroke volume is accompanied
by no change or a fall in EDV, in mild myocardial disease ‘an
increase in stroke volume is accomplished by increasing the EDP
but in severe myocardial disease the increase in EDP is not able
to increase the stroke volume. (Ross 1966).

Atriel Pacing

During atrial pacing the cardiac output remains unchanged over
a wide range of heart rates and a linear relation exists between LVEDP
and stroke volume in each patient at different rates. Patients with
abnormel ventricular function are easily deteoted as they exhibit only
small increases in stroke volume for large increases in LVEDP.
(Parker et ale. 1970).

(b) Cardiac Muscle Performance

Traditionally the heart's performance has been judged by its
ability to pump oxygenated blood to the metabolizing tissues, and it
was thought to have failed when it could no longer meet these demandse.
Standard methods of evaluating cardiac performence, based on the
characteristics of the ventricles as pumps, were all limited by the
associated effects of abnormal loading. It is often not possible to
determine whether the inadequate function is due to excess pressure or
volume loading, or to an intrinsic abnormality or impairment of the
myocardium. The need to find methods of determining the contractility
of the myocardium per se led to the consideration of the intact ventricle
in terms of muscle function, rather than pump function.

Many indices of contractility have been suggested, while some
have proved unsuitable others are still being tested. Examples of

some of these are:-
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(1) Ejection Fraction

As a chronic pressure or moderate volume load caused no
reduction in the sjection fraction of the ventricle until myocardial
failure occurred, the ejection fraction was proposed as an index of
myocardial contractility. It was subsequently discovered that the
ejection fraction was influenced by heart rate, preload and afterload
as well as contractility, and that changes in this index and the
contractile state could occur independently of each other and in the
opposite direction. (Krayenbuhl 1968).

(ii) Peak dP/dt

Peak rate of intraventricular pressure rise (peak aP/dt) generally
occurs at the time of opening of the semilunar valves and correlates
directly with the contractile state of the ventricle, provided it is
computed with recordings made with a high fidelity catheter manometer
system and the preload and afterload are carefully controlled.
However, alterations in ventricular end-diastolic pressure or
arterial diastolic pressure will result in changes in peak dR/dt,
so certain hemodynamic variables have been combined with it to try
and cancel these changes. In the presence of changes in EDP, not
associated with alterations in arterial diastolic pressure, changes in
contractility can be determined using the ratio of p;ak ar/at to
integrated systolic isovolumic tension or to peak isovolumic pressure,
maximal isovolumic tension or ventricular end-diastolic pressure.
(Mason 1969).

(iii) dP/at At Common Isovolumic Ventricular Pressure

When dP/dt is determined at the isvolumic ventricular pressure
of 50 mm Hg and this ratio is then related to the EDP, accurate
a ssessment of the contractile state can be made. This measurement
can be used to study interventions in single patients and to make

comparisons between patientse (Mason et al. 1969) .
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(iv) Contractile Element Velocity. (VCB) at Peak Tension

The velocity of shortening of the circumferential fibres is
calculated at peak tension during ventricular ejection by visualiza-
tion of the ventricular chamber by cineangiography. As Vse (series
elastic element velocity) is zero at peak tension, the fibre shortening
rate is equal to Vce at this point. Although Vece at peak temsion is
influenced by variation in muscle lengths it provides quantitative
information about myocardial function which can be used when making
comparisons between different patients, but not for studying inter-
ventions in single patients, as the angiographic dye alters the
inotropic state and ventricular preloading is increased for a long
period. This technique is difficult to utilise clinically as it
requires complicated egquipment, complex analysis and accurate knowledge
of ventricular tension, which is very difficult to obtain. (Gault et
ale 1968).

(v) Maximum Velocity of Contractile Element Shortening (Vmax)

More recently V max (maximum Voo, ieee Vip at zero load) has
been suggested as an index of gontractilitye This index can be
calculated in the conscious patient using only a high fidelity catheter
manometer systeme V max is derived from the plot relating (ap/at)/KP
(K series elastic modulus = 28 muscle lengths/sec) to the corresponding
intraventricular pressure, during the isovolumic phase of the normal
ejecting beat, extrapolated to zero load (zero pressure). In the
intact heart during isovolumic contractions, alterations in ventricular
geometry are very small so knowledge of ventricular radius and wall
thickness are not necessary and, as Vog can be assumed to equal Vgp,
no lmowledge of ventricular tension is required. This index has been
found to be a sensitive indicator of contractility, when comparing
patients, but cannot be used if there is not a truly isovolumic portion
of systole (e.g. patients with mitral insufficiency, severe aortic

insufficiency or ventricular septal defect). (Mason 1970) .
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3. _METHOD
(See Appendix at end of Method for list of equipment and drugs)

Right and left ventricular hypertrophy were produced by constric-
tion of the pulmonary artery and aorta respectivelye. The problem of
combating an endemic infection of Chronic Respiratory Disease and choosing and
delivering an inhalation anaesthetic proved as difficult as develcping a
reliable operative techniquees To eveluate the performance cf these hearts,
cardiac output and intraventricular pressures were followed as the hearts
were stressed by volume overloading. As no reference could be found
describing the recording of intracardiac pressures in the rat via intra-
vascular catheterisation, reliable techniques had to be developed.

A. Production of Right and Left Ventricular Hypertrophy
(1) Chronic Respiratory Disease

The rat suffers from few bacterial or viral diseases and is not
subject to many diseases which are highly pathogenic in other species.
Despite this remarkable resistance to infection, it is highly susceptible
to the variety of etiological agents responsible for Chronic Respiratory
Disease (CRD).

CRD was endemic in the white rats supplied to this laboratory,
dramatically increasing the post-operative mortality rates to unacceptable
levels, elevating the pressures on the right side of the heart and, in
severe cases, producing right ventricular hypertrophy (RVHE). It was obvious
that accurate values for intraventricular pressure and ventricular weights
in normal rats could not be established while this disease was presente
Production of ventricular hypertrophy in a usable number of rats was also
impossible and, in those surviving surgery, it was difficult to determine
whether changes in ventricular weight and intraventricular pressure were
due to chronic pneumonia or arterial constriction. For these reasons
priority was given to attempting to eliminate this disease from the rat

colony before serious experiments were commenced.
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CRD is a disease of the respiratory system of rats, mice and
Guinea pigs; it has an insidious onset, slow protracted course, and is
inevitably fatal after a couple of years. There is still considerable
controversy over the role of the various pathogens isolated in this disease.
Nelson (1967) considers that CRD is a complex of 2 entities, Infectious
Catarrh caused by Mycoplasma pulmonis and Enzootic Bronchiectasis (Endenmic
Pneumonia) due to a virus - these may occur separately or co-exist in the
same hoste The original infection may be complicated by such secondary
invaders as Bordella bronchiseptica, Streptobacillus manitiformis, Bacillus
muris, Pasteurella multocida muris Pasteuralla pneumotropica, Diplococcus
type 3 and other mycoplasma. (Baer and Preiser 1969; Brennan 1969).

It is spread by droplet infection.

Clinical signs of CRP include serious nasal and ocular discharge,
red-stained encrustations around eyes and nose, rough hair coat, weight loss,
dyspnoea circling or twistinge Unfortunately these signs are not a reliable
guide to the presence, or severity (in the early stages) of infection as
frequently they do not appear until the animel is about to die.

Pneumonia and rhinitis are the commonest pathological findings,
occasionally accompanied by otitis media or otitis externa. In the early
stages of the disease, small, discrete grey pink lesions are disseminated
throughout the lungs, later these coalesce and whole lobes assume &
shrunken grey-pink appearancee Microscopically these lesions consist of
bronchiectic cavities containing mucoid and caseous debris accompanied by
perivascular and peribronchial lymphoid infiltration; with the arrival of
secondary bacterial invaders, jnfiltration by polymorphnucler leukocytes
and abscess formation takes placee. (McPherson 1966; Innes 1967).

CRD is endemic in North EBastern America and can only be completely
eliminated from a specific colony by the careful breeding and isolation of

several generations of rats. As these measures were not feasible for this
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experiment, efforts were made to reduce the incidence of the disease in

the animals used, to minimize the spread of infection during the operation
and finally, all results obtained from rats showing macroscopic evidence of
pneumonia at autopsy were discardede.

The rats were obtained from the colony where the incidence of CRD
was lowest at the time of the experiments, any animals showing clinical
symptoms were destroyed on arrival and the remainder placed in disinfected
cages, isolated from the other animals in the building. They were observed
for the next ten days, receiving terramycin in the drinking water (see
Appendix B10.) for the first five days; any animal which failed to gain
weight or showed any other- sign of disease was destroyed and its cage removed.

In general, only minimal attention to cleanliness is necessary when
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operating on parts of the rat's body which are resistant to most pathogenic

agents. However, stricter standards are necessary for thoracic surgery,

P

not only to avoid the spread of CRD, but also to prevent the formation of
profuse fibrous tissue, which takes place whenever a foreign body is left
in the thorax and which, by distortion of the heart and great vessels, may
alter the intracardiac pressures and meke cardiac catheterisation more
difficult.

On the morning of the operation the surgical sites were shaved with
en animal clipper equipped with a fine cutting blade (see Appendix, A1)
while the rat was restrained by the scruff of the neck; this helped to
prevent hair entering the wound. Whilst the endotracheal tube, face mask,
autoclips and autoclip applicator were kept under alcohol, the rest of the
instruments and the drapes were wrapped in tray clothes and sterilized in an
instrument sterilizer (A2) before each operatione An assistant wearing
sterile gloves laid the instruments out on trays - placing them on and
covering them with sterile clothese. The instruments were divided into two

trays - the first was used for intubation (A3), where it was impossible to
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preserve sterility but, as CRD normally enters via the upper respiratory
tract, it was important to sterilize these instruments between animalse.
The second tray was used for the sterile thoracotomy (AL), once the rat
was attached to the anesthetic machine, the surgeon put on sterile gloves
and worked from this traye. The thoracic site was swabbed with Metaphen
Tincture (B5) and draped with sterile drapes.

Post-operatively the rats were given O.2 ml Combiotic (B1) intra-
muscularly for 3 dayse
(2) Anaesthesia

The anaesthetic agent sought for the thoracotomies was one which
would enable the animal to be intubated easily, maintained at a surgical
level of anaesthesia, without undue depression of respiratory or cardio=-

vascular systems and would allow & rapid recovery. The two anaesthetics
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commonly used for surgical procedures in the rat, Pentobarbital s odium and

Ve

ether, were both unsuitable.

When Pentobarbital sodium (B2) was injected intraperitoneally at
40 mg/kg intubation could be performed in 20 minutes but the recovery period
was very long, half to one hour. Throughout this périod the severe
depressive effect of the barbituate on the respiratory and cardiovascular
systems, combined with the stress placed on these systems by the thoracotomy
and its after effects, resulted in a very high mortality ratee

Bther is a volatile anaesthetic so the level of anaesthesia could
be more carefully controlled than that of the barbituate and the anaesthetic
stopped at an appropriate time to permit rapid recovery: but two factors
decided against its use.

(i) Ether is extremely irritating to the mucous membranes and
resulted in an accumulation of watery secretions in the respiratory
tract and endotracheal tube. Pre-medication with atropine (B3) an
hour prior to operation prevented this side effect but added

considerably to the time and effort of the whole procedure.
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(3i) Ether is highly inflammable and explosive and it seems

ridiculous to use such a dangerous anazesthetic when safer more

effective ones are available.

Methoxyflurane (BL), a halogenated ethyl methyl ether, was chosen;

this is a volatile anaesthetic with all the concomitant advantages but
does not irritate the mucous membranes and is non-inflammable and non-
explosive. It has a good reputation in humen and small animal anaesthesia
and. gave excellent results in rats. A smooth induction was possible, with
no period of excitement, intubation was satisfactorily accomplished and
due to its profound analgesic properties the level of anaesthesia necessary
for surgical intervention was much lighter than that required with either

ether or Pentobarbital sodium and hence placed much less strain on the
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respiratory and cardiovascular systems. Recovery was extremely rapid and

a significant degree of post-operative analgesia was obtained. (Crawford

—

1969; Weingarten 1969; Simmons and Smith 1968).

e
2

I

There are reports of administration of positive pressure anaesthesia

DR S

in the rat via both endotracheal tubes and face masks; +the latter were

AN

combined with abdominal binders or an oesophageal balloon catheter to prevent
gas entering the thorax. (Porter and Small 1947; Loring 1952; Ellis et
ale 1952). As the face mask methods were found to reduce the tidal volume
considerably the more efficient endotracheal tube was usede

Although insertion of the endotracheal tube via a tracheotomy was
quite satisfactory for acute experiments, it was not for the thoracotomies.

Post-operatively blood entered the trachea and the neck muscles did not
invariably close the wound completely; thus respiration was considerably

embarrassed during the vital recovery period. Intubation of the rat under

direct vision, as described by Porter and Small (1947) was possible but time

consuming and frequently resulted in damage to the larynx and pharynx.
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A reliable method of intubation was established in which the
ventral neck muscles of the anaesthetised animal were separated and
retracted to expose the larynx and trachea so the endotracheal tube could
be easily guided through the pharynx and larynx and down the trachea. The
endotracheal tube consisted of a 50 mm length of polyethylene tubing (a5)
(4 Diagram 1), with a piece of rubber tubing at one end (p, Diagram 1) to
attach it to the respirator and a piece of rubber tubing encircling it 10 mm
from the opposite end (n, Diagram 1) to block the larynx. During intubation
a stylet (q, Diagram 1) made of a blunted 18 gauge needle, was inserted to
stiffen ite Once the tube was safely in the trachea the stylet was withdrawn,
the tube sutured to the right commissure of the lips, cleared of debris by
suction and attached to the respirator; The retractors were removed from

the neck muscles, the skin temporarily closed with forceps and finally
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sutured after the thoracotomye ‘
As methoxyflurane is & fairly expensive anaesthetic, a closed
circle system was used for both Induction and Maintenance of anaesthesia (see
Diagram 1 for circultry of anaesthetic machine)e. A Harvard Rodent Respiratoxr
(A6) pumped gases from the balloon reservoir (H, Diagram 1), along poly-
ethylene tubing, through a soda lime container, then either through or
past the methoxyflurane vaporizer to the one=way valve and to the animal.
As only the elastic recoil of the animal's lungs returned the expired gases
through the one-way valve and back to the balloon reservoir (H) the
resistan-e on the expiratory line was reduced as much as possible.
The balloon reservolr was £i1led with 100 % oxygen and the
respirator set to deliver 4% - 5 cc per stroke at 80 strokes per minute
in the 450~500 g rats used in the final experimente. During induction all
gases passed over the surface of the methoxyflurane in the vaporizere. The
rat was induced with a face mask made from a plastic cylindrical container

which fitted snugly over the rat's nozzle at one end and was attached to the
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one~-way valve at the other. The rat was restrained in a crouching
position with the mask held firmly over his nose and mouth until the

stage of conscious analgesia was reached, then he was tied on his back

and the mask held in place until he was deep enough to enable intubation ‘
to bake place. Once the endotracheal tube was attached to the respirator,
clamps C and D were closed and clamp E opened so that all the gases by-
passed the vaporizer. Due to the profound analgesic properties of
methoxyflurane the level of anaesthesia required for surgical intervention
is much lighter than that needed with conventional anaesthetics; so the
anaesthetic already in the system, as well as that which was slowly released
from the animal's fat stores, was sufficient to maintain anaesthesia during

the thoracotomy.
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As soon as closure of the thoracic wall was commenced, clamp E
was closed and B opened so the animal was breathing pure oxygen from the
balloon reservoir (J, Diagram 1) during the sewing-upe. By the time the
skin clips had been applied the rat was at the stage of conscious analgesia
and movement, when disconnected from the respirator it would breathe spontan-
eously in 3-4 seconds and regain the righting and swallowing reflex in
another 20-30 seconds. The endotracheal tube was then sucked out and
removed and the animal placed in an observation cage for 20 minutes before

being'returned. to its normal cagee

(3) Operations for Constriction of Pulmonary Artery and Ascending Aorta
Constriction of the pulmonary artery was chosen to produce RVH

as the stimulus responsible for ventricular hypertrophby is isolated,
effecting only the right side of the heart and not the other tissues of the
body. Although constriction of the ascending aorta is a much more difficult
operation than constriction of the abdominal aorta, it was chosen as it only
effects the left side of the heart, whereas constriction of the abdominal
aorta also reduces the blood supply to the lower portion of the body and

the kidney in particulare.
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A mid-sternal incision was tried initially but this involved
considerable trauma which caused profuse intrathoracic fibrosis and was
difficult to close. A left lateral incision through the third intercostal
space was finally selected, as this afforded good access to both the
pulmonary artery and ascending aorta, with minimal trauma and could easily
be closed.

Once intubation was completed, the anaesthetic adjusted for
maintenance and the neck incision closed with forceps, the animal is tied
on its right side with the left foreleg extended anteriorly, bringing the
left ventro-lateral surface gpwa.rds and the pulmonary artery cleser to the
thoracic wall. A padded bandage was then tied around the abdomen so the
abdominal contents pressed up against the diaphragm. j

This abdominal bandage helped to prevent fatal pneumothorax, which
had been a frequent complication of early trial experiments. It prevented !
air, which entered via the thoraciec incision, from accumulating between the
lungs and the diaphragm throughout the operation. During closure of the
chest, pressure on this bandage, combined with inflation of the lungs,
helped to expel any unwanted air from the thoracic cavity.

The incision site was swabbed with Metaphen Tincture (B5) and draped
before the skin incision was made over the third intercostal space, extending
laterally for 3-4 cm. from the edge of the sternum and running parallel to
the ribs, The superficial and deep portions of the pectoralis major were
then incised to expose the intercostal muscles of the third intercostal
space, these were separated by blunt dissection until the lungs could be seen
clearly through the transparent pleurae. The pleara was carefully pieced,
avoiding the left lung and a swab was imshed through to protect it as the
incision was enlarged. The final intercostal incision commenced just lateral

to the internal mammary artery (which runs along the edge of the sternum) and
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extended laterally for approximately 3 mm.
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The left lung was then packed back with more swabs and the
retractors placed in the incision and opened to expose an area of the
thymus - approximately 1 X 12 cm. The thymus was then reflected cranially
exposing the atria and great vessels (see Diagram 2, fig. 1 and 2). It
the exposure was not good enough, as was often the case in larger rats
(over LOO g) with less flexible ribs, the retractors were closed and the
4th rib cut, approximately 3 mm from the edge of the sternum, and the
retractors reopened - this usually gave excellent exposure in larger rats.

The right and left atria were protected with swabs and the ascending
aorta raised with the curved end of the aortic hook (a small threaded
aneurysm needle) (Diagram 2, fig. 3)e A small section of aorta was cleared
and held by the thread, as the hook was withdrawne. The aorta was then
raised and constricted by the thread, the open end of the silver ring (hela
by mosquito forceps) was slipped over the narrowed, cleared portion of the
aorta. (Diagram 2, fig. 4). The thread was then dropped and the ring
closed with long nosed needle holders (Diagram 2, fige 5) and then released
as quickly as possible. After checking that the two ends of the ring were
in perfect apposition and that there was no extra tissue under the ring,
the thread and swabs were removed and closure of the thorax commenced. The
aortic ring was placed on the ascending aorta as close as possible to the
aortic valve.

The operation for constriction of the pulmonary artery was the
same as that for constriction of the aorte until the aorta was isolated.
When the pulmonary artery was to be constricted, the aorta was raised by
an unthreaded aortic hook and the tissue connecting it and the pulmonary
artery cleared away. A pulmonary hook (a fine threaded aneurysm needle
whose end was bent at approximately L,.So) was slipped under the pulmonary
artery as the aorta was raised and twisted slightly by the aortic hook

(Diagram 2, fige 6) - the thread grasped and both hooks swiftly withdrawn.
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A section of the pulmonary artery was cleared, the ring slipped on and
clo§ed in the same manner as the aortic ring. The pulmonary artery ring
was placed on the main pulmonary artery before it divides into right and
left branchese.

A check was always made to see that all swabs and threads were
removed. These swabs were made from small pieces of cotton wool, fastened
to long lengths of thread and were sterilized and moistened before use.

If not fastened to thread they worked their way down to the diaphragm, where
they were difficult to remove and v}ere easily forgottene.

The left lung was fully re-inflated, by gently blowing down the
positive pressure inlet on the inspiratory line (Diagram 1), and then
covered with a 2 cm square of soft plastic éheeting, to protect it from
needle pricks during the laying of the sutures. A sterile suture of 00 silk
with a & circle atraumatic needle was used to close the chest wall. Four
single interrupted sutures were laid to emsure complete closure of the wound.
The needle passed through the pectoral muscles, then the muscles and pleura
of the second intercostal space, then out the pleura and muscles of the
fifth intercostal space and finally out through the pectoral muscles.

When all the sutures were laid the plastic cover was removed and the two

sutures at either end of the wound were tightened. During the tightening
of the last two sutures the lungs were expanded vie the positive pressure
inlet and the abdomen depressed to expel as much air as possible from the
thoracic cavity. The skin incisions were then closed with autoclips.

The operation for constriction of either the aorta or the pulmonary
artery took from 15 to 20 minutese. Approximate times for the various stages
were Induction 4 minutes, Intubation 2 minutes, Thoracic Operation 7 minutes
and Sewing Up 4 minutes.

The rings were made of sterling silver wire (08 mm diameter) as
previously described by Beznak (1 958)s The wire was wound around & hypo-
dermic needle in a tight spiral and cut into rings with a jewellers saw,

these were then straightened and polished until smooth with fine emery paper.
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In the final experiment in which male Sprague-Da.wley rats
weighing 425=525 g Wwere used, three different ring sizes were tested on
each arterye Rings 18, 17 and 16 (made by winding the wire around hypo-
dermic needles of gauges 18, 17 and 16 respectively) of internal diameter
1e¢13 mm, 140 mm and 1.55 mm respectively were tried on the aorta. Rings
16, 15 and 13, of internal diameter 1+55 mm, 4.73 mm and 2.31 mm respectively,
were tested on the pulmonary artery. The effectiveness of these rings was
tested by weighing the ventricles at the end of a set period of time; these
weights expressed per Kg of body weight, were then compared to those obtained
from normal rats in the same weight range. The ventricles were then dried

in an oven for several days and reweighed to obtain their dry weights.

B. Cardiac Output

Cardiac output was determined by the direct Fick Method, with the
animel under Pentobarbital sodium anaesthesia and breathing 100 % oxygen.
The oxyger consumption was measured by a microspirometer, the arterial
samples were taken from the cannulated femoral artery and then mixed with
venous samples from the right ventricle, via a catheter passed down the
right external jugular veine The basal cardiac output was first determined
and then further post-infusion measurements were made at set times, as the
heart was stressed an intravenous infusion of a PVP solution. (B8)

The rat was ansesthetised with Pentobarbital sodium (40 mg/Kg IP)
(B2), tied on its back and the vessels to be cannulated were isolated,
cleared and surrounded by loose double ligatures. Next a tracheotomy was
performed and a tracheal cannula tied securely in place. Hepartin (B6)

(15 mg/Kg) was injected intravenously, through the left extermal jugular
vein to prevent blood coagulation. The right femoral artery was camulated,
about {1 cm after emerging from the abdominal cavity, with the blunted end

of an 18 gauge needle, which was connected to a pressure transducer by a

2 way stopcocka The left femoral vein was cannulated, a cm or so before
entering the abdomen, with a length of polyethylene tubing (BB 20) (A7),

and connected to a syringe containing the PVP solution.
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After insertion of needle electrodes, lead 11 of the electrocardiogram

was recorded by an electrocardiograph (A8) and monitored on a cathode ray
oscilloscope to assist in positioning the cardiac catheters. Catheters
were then passed down the right external jugular vein and the right carotid
artery to the right and left ventricles respectively - using methods which
will be described later. These catheters were then connected to pressure
transducers by 2 way stopcocks.

The small plexiglass spirometer was connected to the tracheal
cannula by a one~way valve and then filled with pure oxygen; the expired
CO, and Hy0 were absorbed by the Baralyme (B7) and silica gel respectively.

The fall in the level of the spirometer bell, as the rat used up the oxygen

inside it, was recorded electrically by means of a carrier amplifier of a

Grass polygraphe. Before each experiment the spirometer was calibrated by j
withdrawing known amounts of oxygen and measuring the distance moved by the -
polygraph recording pene ¢

The blood samples were withdrawn through the side-arms of the two-
way stopcocks, the first 150 lambda of blood which had accumulated in the
stopcock and catheter was discarded and the next 200 lambda collected.

The oxygen saturation was determined immediately using an Americen Optical
Micro-Oximeter (A9). A portion of this sample was then mixed with 3 ml of
Drabkins Solution (B9) and the optical density measured by a spectrometer
(A10) and the capacity determined. Multiplication of the oxygen saturation
by the capacity yielded the oxygen content and hence the arterio~-venous
difference was calculatede.

The Micro=-Oximeter was very simple to use, before each experiment
the zero point had to be checked but no further adjustment was necessary
throughout the experiment. The unhaemolysed biood sample was put in a
curvette, provided with a stirrer and placed in the light beam. The

Micro-Oximeter simultaneously measured the ratio of the light intensities
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at two different wavelengths (805 and 650 millimicrons) diffusely re~
flected from the blood in the curvette, enabling its oxygen saturation

t0 be read directlye. The use of two wavelengths rendered the result
independent of haematocrit over a wide range of values. (Cole and Hawkins
1967) .

Although the Oximeter did not need to be calibrated before each
experiment it was originally calibrated by the manufacturers for use with
human blood and each time a new lamp was used (approximately every 6 months)
it had to be recalibrated for use with rats' blood. Samples of venous rat
blood were oxygenated to varying degrees in a bubble tonometer (Ravin and
Briscoe 1964) by passing a humidified mixture of 95 % oxygen and 5 % CO,
through them for different periods of time. The oxygen saturation of each
sample was determined by both the oximeter and the spectrometer in combina-
tion with the Roughton and Scholander method (14 N3) e The two sets of results
were related by a regression equation which was used to determine the
appropriate saturation values for the rats' blood which should be substituted
for the human values appearing on the oximeter scale.

Basal cardiac output was determined after the rat had been breathing
100 % oxygen for at least four minutes and the respiration was regular.

The oxygen consumption was measured for 30 seconds and the blood samples
withdrawn during the next 30 seconds, then the infusion pump was turned on.

An infusion, a solution of 12.5 % polyvinylpyrrolidone rendered
isotonic with plasma by the addition of electrolytes (B8), was delivered by
a Sage infusion pump (A11), via the left femoral vein, at a rate of 1.5
nl/minute. The first infusion period lasted 2 minutes, consisted of 3 ml
of solution and was known as the first Infusion Unit (zu 1). The pump
was then stopped for 2 minutes to take post infusion measurements, the
animal was allowed to settle for the first 30 seconds, the oxygen consumption

measured for the next 30 seconds and the blood sample withdrawn during the

last 30 seconds.
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All subsequent infusion units lasted for five minutes, consisted of
7.5 ml of solution and were separated by post infusion measuring periods
(PMP), throughout which the pump was stopped for two minutes. The infusion

was continued for 8 infusion units (I Us) or until the rat died, whichever

was soomer. This experiment was designed by Beznak (1958) for further

details see plan on Figure 1.

Ce Other Parameters

When the performances of normal and hypertrophied hearts were
compared during volume overloading, the changes in femoral artery pressure
and intraventricular pressures were recorded as well as those in cé.rd.iac
outpute Although accurate measurements of intracardiac pressures have been
obtained by intravascular catheterisation in many species, only inaccurate
determinations have been made in the rat by needle puncture of the ventricular
wall (Radzievskii and Kapel'ko 1969; Lipana and Fanburg 1970); so new
techniques for catheterising the right and left ventricle had to be developed.

Popovic et al. 1963) developed a method for cannulation of the right
ventricle in which narrow bore polyethylene tubing (internal diameter 0.011")
was advanced down the jugular vein and manipulated into the right ventricle
with the aid of a removable guide wiree Depoca (1969) modified this
method by using a very light flexible silastic tubing (internal diameter
0e4012") which floated in the right ventricle with the returning venous
bloode The internal diameter of the tubing used in these two methods
was quite adequate for withdrawing blood samples but much too narrow to
record an accurate undamped pressure pulse.

An undamped intraventricular pressure pulse was recorded through
polyethylene tubing of internal diameter 0.030" - this was a firm tubing
énd could be manipulated into the right ventricle without a guide wire but
the sharp stiff end frequently penetrated vessel and atrial walls or damaged
the tricuspid valves. Next a silastic tubing of the same internal diameter

was tried, this was a flexible slippery tubing, that required a guide wire
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but the end was so soft that it rarely caused any damage. The catheter
used in the experiment consisted of a 75 mm length of silastic tubing
(internal diameter 0.030") (A12) trimmed to a point at one end with a
removable guide wire of fine stainless steel wire, the last 3~4 mm of
which was bent at an angle of approximately 66 (A13).

The guide wire was pulled through the tubing until the sharp tip
of its bent end lay about 9 mm behind the soft plastic point. The pro-
truding end of the guide wire was bent in the opposite direction, but
parallel to its bent ende Silastic tubing is very difficult to mark
permanently so the angle of the protruding guide wire was used to indicate
the direction of the head of the catheter. The catheter was filled with
saline and closed with a clamp (approximately 40 mm from the pointed head).
This clamp prevented movement of the guide wire inside the tubing and suction
of air into the veins (see Diagram 3).

The animal was prepared as described in section B of the Method.
After heparinization and cannulation of the femoral artery and vein, the
cranial of the two ligatures surrounding the right external jugular vein
was tightened. The pointed tip of the catheter was inserted in an incision
made in the jugular vein approximately 5 mm anterior of the thoracic muscles
and the caudal ligature fastened loosely around it, to preveni seepage of
blood and entry of aire The catheter was advanced with the point directed
towards the left - to avoid slipping down the axillary vein (and thus out
along the lateral thoracic wall) and to facilitate passage between the first
rib and the clavicle (Diagram 3, A). When the catheter tip entered the
thoracic cavity, twisting it to the right directed it into the superior
vena cava (Diagram 3, B).

As the catheter advanced smoothly down the superior vena cava it
was rotated so the tip pointed ventro-medially at an angle of 45 = iee. the
Protruding end of the guide wire was directed dorso-laterally. The catheter
Was held at this angle and advanced gently until it emcountered resistance
and changes in the ECG monitor indicated that it was touching the ventricular

wall. (Diagram 3, C). It was pulled back a few mm and the clamp carefully \
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released, if blood spurted out the catheter was still in the right
ventricle so the guide wire was withdrawn and the caudal ligature tied
securelye. The catheter's position was finally verified by slipping the
free end over an 18 gauge needle, connected to a pressure transducer, and
checking that an intraventricular pressure tracing appeared on the oscillo-
sScope screens

If the saline pulsated at the end of the tubing when the clamp
was released and the guide wire was still in place, the catheter tip was
only in the atria but if the saline rushed down the tubing, the tip was in
either vena cava and the clamp had to be replaced quickly to avoid an air
embolism. Further manipulation of the catheter at this stage could place
it in the ventricle but an atrial or vena caval trace on the oscilloscope
screen indicated that the silastic tubing had to be completely withdrawn,
the guide wire re-inserted and the catheterisation procedure started again.

Several workers have cannmulated the carotid artery or aorta of the
rat (eeg. Popovic and Popovic 1960) but no report has been found of catheter-
isation of the left ventricle via the arteries. Silastic, rather than
polyethylene tubing was used to catheterise the left ventricle as it was
flexible and could easily be flipped through the aortic valve, whereas
polyethylene tubing damaged the valve every time it was used. The left
ventricular catheter consisted of 75 mm of silastic tubing (:i.nterna.i diameter
00,020") (A14) trimmed to a point at one end, with a stainless steel guide
wire inserted to within 2 mm of the pointed end. The protruding end of the
guide wire was bent at 90° to the tubing to prevent its sharp tip from
advancing in front of the silastic covering. A clamp was used to advance
the catheter and prevent blood loss; preventing blood loss was a major
problem throughout this catheterisation.

The right carotid artery was cleared approximately 1 cm anterior to
the thoracic inlet and 2 ligatures placed around ite The cranial liga-

ture was tied tightly and a secure clamp placed beyond the caudal one.
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An incision was made between the ligatures, the catheter inserted and

the cranial ligature tightened arcund it to prevent blood loss but allow
movements The caudal clamp was removed and the cetheter advanced rapidly
until 35 mm of its length had entered (ies 40 mm still protruded) and its
tip was just above the aortic valve. The guide wire was pulled back,
leaving a flexible tip of 5-10 mm, this tip was gently manipulated until
it slipped through the aortic valve and the catheter slid easily into the
ventricle. Its entry was heralded by ventricular premature contractions
on the ECG monitor, which settled down in a2 minute or so. The catheter
was securely tied, the guide wire removed and the end slipped over a 21
gauge needle and attached to a pressure transducer. If an aortic, instead
of an intraventricular, pressure tracing was recorded the catheter could be
partially withdrawn, the guide wire re-inserted and another attempt made.

In this experiment the catheter had to pass through the aortic
ring when catheterising animals with LVH. If the ring was placed too close
to the right carotid artery the catheter could not negotiate the firm bend
thus formed and, instead, passed down the descending aorta (Diagram 3, F).
In normal animals, and those whose aortic rings were placed close to the
aortic valve, this complication never occurred. In these animals the
catheter hed no trouble passing through the size 17 and 16 rings which were
used in the exXperimente.

The femoral artery and, left and right ventricular pressures were
all recorded by means of Statham P23 Dd transducers and the Electronics for
Medicine Medical Recorder (415). The frequency response of the right and
left catheters, attached to their transducers by connecting needles was
measured using the pressure generator described by Shelton and Watson (1968).

Bach Electronics for Medicine amplifier was equipped with cali-

" bration signals, which were recorded prior to the pressures. Initially
these calibration signals were checked with a mercury manometer and if

not perfectly accurate an appropriate calibration factor was calculated.

v
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These calibration factors were checked every couple of months and did
not vary significantly. Before each experiment the positions of zero
pressure for right and left ventricular pressures were adjusted until
approximately level with the mid-ventricle on each side of the hearte.
The recordings were made photographically and had to be developed after
each experimente.

All pressure recordings - both basal and post-infusion measurements -
were made in the same thirty seconds that oxXygen consumption was measured
for the cardiac output determination. For the first fifteen seconds right
and left systolic pressures were recorded and for the next fifteen seconds
the amplitude was increased to more accurately record the right and left
end~diastolic pressuree. The mean femoral artery pressure was recorded
throughout this period, except for approximately 10 seconds when the pulse
pressure was recordede.

Between post infusion measuring periods the end-diastolic pressures
were monitored continuously at a very slow speed.

After the main experiment a number of catheterisations were
performed in which fhe intra-ventricﬁlar pressufe tracings were examined
in detail and particular attention was paid to the pressure changes taking
place during LV pullouts.

As well as the parameters already mentioned, two others were
considered which were derived from these basic values. Cardiac work was
calculated as the product of the cardiac output and the mean arterial pressure.
Only the work of the left ventricle was considered, although only the output
of the right ventricle was measured and the mean femoral artery pressure
was taken as the mean arterial pressure. (NB. the kinetic energy factor
was omitted). In enimals with aortic rings the mean arterial pressure was
determined by taking the mean value of the LVSP and the diastolic femoral

artery pressure.

'»‘
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D. Preliminary Trials
(1) Electrocardiography

The electrocardiography of the rat has been studied under
normal and pathological conditions by & number of different workerse
Although there are descriptions of the electrocardiogram seen in rats with
LVH (Beznak et ale 1944; Uhley 1961) none could be found of those ocourring
with RVH. Accordingly preliminary trials were undertaken to try and
determine if rats with cardiomegaly, produced by the methods just described,
could be used to study the electrocardiographic changes occurring during
the development of right and .left ventricular hypertrophye

The electrocardiogram of all rats was recorded 15 to 20 minutes
after the injection of Pentobarbital sodium (40 mg/Kg), just prior to the
cut down procedure for insertion of cannulae. Initially ECGs were recorded
with the rats in the supine position = in both positions the legs were tied
in full extension. Needle electrodes were inserted at the distal end of
the fore and hind legs and the ECG was recorded on & Hewlett Packard Electro-
cardiogram (A8) (which had a frequency response of 3db down at 100 cps) at
a paper speed of 50 mm/sec and a calibration of 0.5 mv/cme. In some cases
recordings were also made on the Electronics for Medicine Medical Recorder
(A15) at a paper speed of 80 mm/sec and a calibration of 0425 mv/cme In
all rats the standard limb leads (leads 1,11 and 111) and augmented limb

leads (aVR, aVL and aVF) were recorded and the QRS axis determined.

(2) contractility

Preliminary trials were undertaken to try and determine if it woulad
be possible to use normal rats and those with experimental ventricular hyper-
trophy to determine simultaneously the contractile state of both ventricles,
using only catheter transducer systems. Contractility of the nommal,
hypertrophied and failing LV has been measured, in other species, but little
work has been done on the normal or hypertrophied RV and studies comparing

the simultaneous contractile state of both ventricles are lackinge.
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In these trials force-velocity curves were created by phase-
plane plotting the intravenous pressure (P) versus the fraction of the
first pressure derivative (dP/dt) divided by the corresponding pressure
(P) during the isovolumic phase of a normal ejecting or auxotonic beat.
Extrapolation of the descending limb of the curve to zero load (zero pressure)
allowed estimation of the maximal intrinsic velocity of the contractile

element (V max).

As this was only intended as a preliminary trial the number of

animals in each group was not large enough to be analysed statistically

for significance.
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APPENDIX TO METHOD

Ao Equipment
1 ugster Model A2 Animal Clipper®™ with cutting blade size 40
(John Oster Manufacturing Co., Milwaukee, Wisconsin, UeSeAe)
2. Instrument Sterilizer (Sichheitsausschallung, Germany)
3, Tray 1 — for Intubation.
(Sterilized in Instrument Sterilizer)
(1) 2 x Tray clothes white linen, 20 x 35 cm.
(2) Tissue Forceps 5". |
(3) Scalpel handle no. 3.
(4) BExtra fine microdissecting forceps, 4", curved.
(5) 2 x Allis tissue forceps - 6&".
(6) Kelly haemostatic forceps ~ 5".
(7) Pine pointed dissecting scissors, curved - L.
(8) Cotton wool swabse.
(Added later)
(9) Scalpel blade no. 11.
(10) Suture needle, half circle cutting.
(11) Endotracheal tube.
Le Tray 2 - for thoracotomy.

(Sterilized in Instrument Sterilizer)

(1)
(2)
(3)
(%)
(5)
(6)

2 x Tray clothes white linen - 20 x 35 cme

Drape 40 x 25 cn = central cut out area L5 X 2.5 cme.
Backhaus towel forceps — 35".

Scalpel handle noe 3

Adson forceps — Z".

Curved blunt forceps L4z".
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A. Equipment (Continued)

ke

De

Te

8.

9e

(7) Extrafine microdissecting forceps, curved, 4".
(8) Fine pointed dissecting scissors, curved, 4".
(9) Heiss retractors, 4", 4 x 2 prongs (rubber tipped)
(10) Halstead mosquito forceps with silver ring.
(11) Aortic hook.
(12) Pulmonary artery hooke.
(13) Needle holder long nosed.
(14.) Needle holder.
(15) 4 x serrefines, 23".
(16) Cotton wool swabs.
(Added later)
(17) Scalpel blade no. 11.
(18) Autoclip Applier and Autoclip wound clips - 9 mm.
(19) Davis and Geck sterile suture -~ 7 circle taper atraumatic
needle, 30" non~-capillary silk 0OO.

(20) smell plastic sheet, 2 cm square.

Polyethylene tubing 240, internal diameter 1.67 mm external

diameter 2442 mme
Harvard Rodent Respirator, Harvard, U.S.A.

Polyethylene tubing P.E. 20, internal diameter 0038 mm

external diameter 41.09 mme

Hewlett Packard Electrocardiograph, IS - 1500 A-1 (Hewlett Packard,

UeS oAl )

10850 Micro-Oximeter (Americdn Optical Company, Medical Division,

Chelsea, Mass., U.S «A.)
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A. Equipment (Continued)

10. Spectronic 20 (Bausch and Lamb)

11, Variable Infusion Pump (Sage Instruments, White Plains, U.S.A.)
model 241, with 50 ml syringe, plunger siliconised and oiled.

12. Silastic medical grade tubing (Dow Corning Corp., Michigan, UeSeA.)
internal diameter 04030", external diameter 0.065".

43, Stainless steel stylets for blood pipettes (Clay Adams)

4. Silastic medical grade tubing (Dow Corning, Michigan, U.S.A.)
internal diameter 0.020" and 0.037".

15, Electronics for Medicine 5 z Channel Medical Recorder -FR 8
(Electronics for Medicine, White Plains, N.Y., U.S.A.)

B, Drugs

1o "Combiotic" (Pfizer, each ml contains 200,000 Units procaine
penieillin G and 0+25 g dihydrostreptomycin sulphate).

2. "Nembutal Powder for Injection". (Abbott Laboratories Ltd.,
Montreal) Pentobarbital sodium powder, Dose 40 mg/Kg I. P.

3« Atropine sulphate, Dose 2.0 mg per rat.

k. "Penthrane". (Abbott Laboratories, Montreal) Methoxyflurane
(2,2 Dichloro 1,1 Difluoroethyl methyl ether).

5. "Metaphen Tincture" (Abbott Laboratories, Montreal) Nitomersol
500 mg in 100 ml of alkalinized solvent.

6. Heparin sodium (Fisher Scientific) 1 g = 160,000 IU, Dose rate

15 mg/kg I P.
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B. Drugs (continued)
7. "Baralyme Granules" (McGraw Edison Co) Barium hydroxide lime USP.

8. 37.5 % Polyvinylpyrrolidone (PVP) (Poulenc Ltd., Montreal)

To make 100 ml of infusion =

0.9 % NaCl 50.0 ml

10 % NaCl 1427 ml
5% NaHCO5 4420 ml
5 % KH,FO, 1640 ml
5% MgS0, .7 Hp0 0e59 ml
37.5 % FVP 3060 ml
5% CaCl, 0e56 ml

Add until 800 ml

0.9 % NaCl

G Drabkins Solution

Na HCO3 1,00 g
KCN 0.05 g
K3Fe CN6 0.20 g

Distilled water to 1000 ml.
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RESULTS




- 80 -

Lo _ RESULTS

A. Production of Cardiomegaly

(1) Normal Rats

The rats used in this experiment were all male white laboratory
rats, of the Sprague Dawley strain, ranging in weight from 428 to 525 g;
the mean weight of the control group was 473 + 7g and the mean weight of
the other groups did not differ significantly from this value. As
there was no significant difference between the heart weight, body weight
ratios of the 6 sham operated rats and the 18 normal rats these results
were pooled to form a control groupe The right ventricular weight of the
control group was 00,0660 + 0.0020 gRV/100 g BW, the left ventricular weight
was Oe1577 + 0.0031 gLV/100gBW, and the ratio of right to left ventricle
was Oe421 + 0011

The circumference of both the aorta and pulmonary artery,
measured in 6 rats, averaged 8 mm (diameter 2.6 mm); these results
were very difficult to obtain and could only be regarded as rough estimates
of the actual wvalues.

The body weight of normal rats in this weight range increased
by approximately 35 g in a 10 day period, 42 g in 12 days and 50 g in

1)1- days .

(2) Sham

There were no deaths during or after the sham operatione. In
the two weeks following the operation these rats gained an average of 35 ge
At the time of catheterisation the heart weight, body weight ratio (HW/BW)

did not differ significantly from that of the normal group.
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(3) Left Ventricular Hypertrophy (LVH).

Three different sized ringé'were tried on the ascending aorta.

(i) Ring 18 (internal diameter 1413 mm) reduced the diameter of
the aorta by approximately 55 %, leaving 20 % of its original cross
sectional area patente.

(ii) Ring 17 (internal diameter 140 mm) reduced the diameter of
the aorta by approximately 45 %, leaving approximately 30 % of its
original cross sectional area patent.

(iii) Ring 16 (internal diameter 155 mm) reduced the diameter of
the aorta by approximately 4O %, leaving roughly 37 % of the original
area patente.

The aortic constriction operation had an overall mortality rate
of 16 % = deaths were due to penetration of atria or vena cava during the
thoracotomy. The post-dperative mortality rate of Ring 18 animals was
100 %, all deaths were due to acute left ventricular failure and occurred
within an hour of surgery. There were no post-operative deaths among the
Ring 16 and 17 animalse

In the two weeks following the operation, rats with aortic rings
regained their pre-operative weights and surpassed it by an average of 15 g.

Two weeks after placement of the rings cardiac catheterisation
was attemi;ted and the HW/BW determined, using the BW at catheterisation.
Ring 17 resulted in a highly significant increase in the left ventricular
Weight, body weight ratio (LVW/BW) (+36.7 £ 544%) but no significant change
in the right ventricular weight, body weight ratio (RVW/BW), the right
ventricular weight, left ventricular weight ratio (RVW/LVW) was significantly
decreased. Ring 16 also increased the LVW/BW significantly (+28.8 % & 2.8%)
but did not alter the RVW/BW significently. The RVW/LVW was significantly
decreased. The dry weight of the ventricles did not differ significantly

from the wet weights. (See Table 2).



As Ring 17 animals were extremely difficult to catheterise and

did not survive past the first infusion unit, Ring 16 animals were used

in the comparative studies and will be referred to as the LVH group.

(4) Right Ventricular Hypertrophy (RVH)

Three different sized rings were tried on the pulmonary artery,
(i) Ring 16 (internal diameter 155 mm)
(ii) Ring 15 (internal diameter 1.73 mm) and
(iii) Ring 13 (internal diameter 2.31 mm),
these reduced the diameter of the pulmonary artery by approximately 40 %,

32 % and 9 % respectively, leaving 37 %y 46 % and 83 % of the original area

patent.

When ring 13 was closed on the artery it did not a.ppéar to constrict

it at all, so was not used.

The overall mortality rate for the pulmonic constriction operation
was 25 %e There was only one post-operative death, caused by retention of
a swab, the others took place during the thoradotomy and were from haemorrhage

due to penetration of an atrium or vena cava.

The time from surgery to catheterisation of these animals ranged -

from 10 to 15 days. Few animals regained their pre-operative weights by

the time that they were catheterised and the majority had lost weight, the

average weight loss was 20 g in those with Ring 16 and 15« The HW/BWs

were determined using the BW at catheterisation.

Ring 16 produced a significant increase (p <C0.01) in the RVW/Bw

(+39.0 % + 11.6%) and a significant decrease in (p<0.05) in the LVW/BW

( 16e2 % + 2.2%). The RVW/LVW was significantly increased. All but

one of these nimals had developed large paper thin fibrotic areas in the free

wall of the outflow itract of the right ventricle and in the region

immediately underneath ite. The pibrotic areas increased in size as the

AtNN

-
T
e

—
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period of ring application increased and, as well as reducing the mean
ventricular weight, they contributed to the wide scatter of results.
The only rats with no visible signs of fibrosis (one killed after 10 days
of constriction) had a right ventricular hypertrophy of 72.1 %, while
one with the largest ﬁbrotic area (10 x 15 mm), one killed after 14 days
of constriction, had a ventricular weight increase of only 71 %« The
changes in ventricular dry weights did not differ significantly from those
seen with the wet weights.

Ring 15 produced & significant increase in the RVW/BW (+51.1 % +
6.8 %) and a non-significant decrease in the LVW/BW (=6.8 % + 2.3 %)
The RVW/LVW was significantly increasede Although Ring 15 resulted in a
less severe constriction than Ring 16 it produced a higher percentage
increase in RVW/BW as fibrosis was less frequent and less extensive when

found. The largest fibrotic area found in a Bing 15 rat was approximately

LHHATT AN

6 x 6 mm, it was found after 14 days of constriction but only reduced the
percentage hypertrophy to 32.8 $. The changes in ventricular dry weights
did not differ from those seen with ventricular wet weightse.

As there was no significant difference in the ventricular weights
of rats with RVH due to Ring 15 or 16 these results were combined for
comparative purposes intc a RVH group with a mean increase in RVW/BW of
4o5 % + 641 % and a mean decrease in LVW/BW of 10403 + 2.0 %, with a
RVW/LVW significantly above normale The percentage increase in right
ventricular weight in this group was 16 % higher than the increase in left
ventricular weight in the LVH group. The RVH group was then redivided into
two sub-groups, one with high hypertrophy (62,0 % + 645 %) and one with low
hypertrophy (319 % + 1.7}%), comparable to that seen in the ILVH group, and
their performances comparede. Although the ventricular weights of these
sub-groups were significantly different (p <0.05), their basal and post-

infusion cardiac output and pressure measurements 3id not differ significantly;

80 it was concluded that it would be valid to compare the original RVH group

and the LVH group, despite the difference in degree of hypertrophye.
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B. Cardiac Output (Table 2)

(1) Normal

The cardiac output of the normal group averaged 89.9 + 10.9 ml/min.,
or expressed as per Kg BW as, 196.3 + 2.2 ml/min/Kg. The basal stroke
volume was 51¢4 + 6¢5 x 1072 ml/Kg (Heart rate 385 + 6 beats per minute).
As these results were obtained by the direct Fick Method, which measures the
cardiac output of the right ventricle, the stroke volume was also expressed

per gram of right ventricular tissue, and was 164.0 + 17.0 x 10-'2 ml/Kg/gRV.

(2) sSham

The basal cardiac output of the sham operated group was 92.k + 155
nl/min or 189.2 + 29.1 ml/min/Kg. The basal stroke volume was 516 + 6¢3 X
4072 ml/Kg (He-vt rate 360 + 18 beats per minute) or 151¢1 + 18.3 x 1072 ml/
Kg/gRV. None of these results differed significantly from those of the

normal groupe

(3) mm

The basal cardiac output of the LVH group was 804 + 9.6 ml/min or
162,0 + 19.0 ml/min/Kg. The stroke volume was 42.0 + Lo5 X 10™2 mi/Kg (heart
rate 393 + 7 beats per minute) or 131¢0 * 13.6 x 1072 ml/Kg/eRV. None of

these values differed significantly from those of the normal group.

(&) RVH

The basal cardiac output of the RVH group was 9240 + 15.9 ml/min or
175.0 + 1707 ml/min/Kg, values which were not significantly different from those
of the normal group. Though the heart rate of the RVH group was significantly
lower than the normel value, the stroke volume (52.7 % 5¢6 X 1072 ml/Kg) aia
not differ significantly from the normal groupe However when the stroke
volume was expressed per gram RV tissue (118.2 + 114 X 10-2 nl/Ke/gRV) it

was significantly below normale.

Ce Other Parameters

(1) Left Side Pressures

The frequency response of the catheter manometer system used %o ‘

record the left ventricular pressures was 29 cpse
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Left Side Pressures (Normal Rat) Pressure Tracing 1)

Paper speed 80.5 mm/sec.

All pulse pressures were recorded by intravascular catheterisation.
Note artefact at peak of left ventricular pressure pulse.

Left Ventricular Pullout - continuous pressure recording made while
cathether is being withdrawn from the left ventricle, through the
aortic valve and into the ascending aorta. In the gap in this

recording 6 ectopic beats were cut out,

ECG Electrocardiograme.
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PRESSURE TRACING I

LEFT SIDE PRESSURES (NORMAL RAT)
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Left Ventricular Pullout (Normal Rat) (Pressure Trecing 2)

Paper speed 80.5 mm/sec.

LV

FA

RV

left ventricular pressure
Femoral artery pressure

right ventricular pressure

AA pressure in ascending aorta.

1e

2.

3

LV catheter flips through aortic valve into aorta.
LV catheter flips back into the left ventricle for

2 beatse.

LV catheter returns to ascending aorta.

ECG electrocardiogram.
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(a) Normal
12 % of catheterisations were unsuccessfui; these took
place early in the study and were due to general lack of experience
rather than any specific reasone.
The left ventricular peak systolic pressure (LVSP) was
16609 + 6.7 mm Hg and the left ventricular end-diastolic pressure
(LVEDP) was 1e4 + Oo4 mm Hge The mean femoral artery pressure was
14048 + 3.9 mm Hge.
Normal LV pullouts (continuous pressure recordings made
while the catheter is being withdrawn from the ventricle) exhibited
a drop in peak systolic pressure of 2=10 mm Hg (the average drop being
5 mm Hg) across the valve. The systolic femoral artery pressure was
15=20 mm Hg above the systolic pressure in the ascending aorta (see
pressure tracings 1 and 2)° |
() Sham
All sham operated rats were catheterised successfullye.
The LVSP was 1533 + 12.3 mm Hg and the LVEDP was 10 + 0.5
mm Hge The femoral artery pressure was 1389 + 100 mm Hge None
of these results differed significantly from those of the normal
groupe.
(e) LvH
L5 % of catheterisations of rats with aortic rings were
unsuccessful. This high failure rate was due to two factors:-
1. Placement of the ring too close to the carotid artery (see
Illustration 1).
2. The problems encountered with the Ring 17 groups The hyper=
trophied ventricles of rats in this group were hyperirritable
and touching the ventricular wall with the catheter resulted in

fatal tachycardiac in 2 rats while the intraventricular pressure



- 92 -

LV Pullout (LVH Rat) (Pressure Tracing 3)

LV left ventricular pulse pressure.

FA femoral artery pulse pressure.

2.

3.

Paper speed initially 80.5 mm/sec, then reduced to

19.5 mm/sec.

The LV catheter was drawn from the LV, through the aortic
valve and into the supravalvular chamber (between the valve
and the ring) in which the systolic pressure equalled that
of the LV and the diastolic was the same as that of the
ascending aorta beyond the ring. A short section of the
supravalvular recording was cud out of the centre of the
pressure tracing, so it would fit onto the page - the
missing section did not differ from the rest of the supravalvular
tracee.

The LV catheter was then drawn through the aortic ring and

into the ascending aorta.

Note that the LV pressure pulse exhibited the peaking

typical of a dynamically significant degree of stenosis and that

the femoral artery pulse pressure was very damped but less 8o

after the catheter had been withdrawn from the ring.
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LV Pullout After IU 2 (LVH Rat) (Pressure Tracing 4)

LV left ventricular pressure.
RV right ventricular pressure.

FA femoral artery pressure.

1. Paper speed 80.5 mm/sec.

2. Paper speed 19.5 mm/sece.

3. LV catheter in LV, at arrow flips through aortic valve.

4o LV catheter in supravalvular chamber, between valve and
ring, at arrow flips through ring.

5. LV catheter in ascending aorta.

6. LV catheter in left carotid artery.

Note peaking of LV trace and deamping of FA pulse pressure

which is reduced after the catheter is withdrawn from the

ring.
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(¢) IVH (Continued)

2. (Cont'd)
was so high in another that it contimnally forced the catheter
out of the ventricle and efforts to replace it lead to the
animal's death. None of the three animals catheterised survived
for more than one infusion unit, so only rats with LVH due to
constriction with ring 16 were used in comparative studies with
normal rats and with those with RVi.

The LVSP of the LVH group was 243.0 + 18.8 mm Hg, which waé
significantly higher (p <0.001) than the normal value and the LVEDP was
44O + 145 mm Hg was significantly (p <0405) above normal. However, the
mean femoral artery pressure, 128.8 + 84 mm Hg, did not differ significantly

from normale.

Pressure tracings from the hypertrophied left ventricle were more

peaked than those obtained from normal ventriclese

The left ventricular pullouts clearly showed a transitional zone
between the aortic valve and the constricting ring in which the systolic

pressure equalled that of the left ventricle and the diastolic pressure

was the same as that in the ascending aorta beyond the ring. The systolic

pressure gradients beyond the ring averaged 100-120 mm Hg. In some cases
the femoral artery pulse pressure was less damped when the catheter was

pulled from inside the ring. (See pressure tracings 3 and L).

(a) mRVH

The LVSP of the RVH group was 138.3 + 9¢3 mm Hg and the LVEDP

Was 1.8 + 10 mm Hg, neither of these results differed significantly

from normal. However the mean femoral artery pressure was significantly
( p<0.001) below that of the normal groupe

The LV pressure tracing from this group was very similar in shape

to that of the normal group, while the systolic gradient was of the order

of 2-7 mm Hg’

oS LATH 111
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IV Pullout (RVH Rat) (Pressure Tracing 5)

Paper speed 80.5 mm/sec.

LV left ventricular pressure pulse.

RV right ventricular pressure pulse, note peaking typical
of a dynamically significant degree of stenosis.

FA femoral artery pressure pulse.

AA ascending aorta pressure.

ECG electrocardiograme.
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(2) Right Sided Pressures

The frequency response of the right ventricular catheter trans-
ducer system was 34 cpse
(a) Normal

The RVSP of the normal group was 333 + 1.9 mm Hg and the
RVEDFP .was 1¢0 + 3.0 mm Hge.

A clear tracing from a normal right ventricle may be seen on
pressure tracing 2.

(v) Sham

The RVSP of the sham operated group was 296 + 3+6 mm Hg and
the RVEDP was Oe¢2 + Oo5 mm Hg, neither of these results were significant-
ly different from normal.

(c) LVH

The RVSP of the LVH group was 308 + L6 mm Hg and the RVEDP
was 1e1 + 0.5 mm Hg, neither of these results differed significantly
from normale.

The RV pressure tracing appeared similar in contour to that of
the normal group. In some cases in the RVSP decreased when the
catheter was pulled out from inside the ringe. (See pressure tracing
L).

() RvH

22 % of catheterisations of rats with pulmonary artery rings
were unsuccessful, these failures were due to the difficulty of
catheterising the elarged RV. The majority of unsuccessful catheter-
isations were in animals with Ring 16. In these rats the right atrium
had undergone such gross hypertrophy that the usual manipulative

procedures resulted in the catheter catching in the atrial wall rather

than entering the ventricle.




(3)

(a)

(b)

(a)
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The RVSP of 48e8 + 4.3 mm Hg was significantly above
(p €0.01) the normal value but the RVEDP of O.7 + 0.8 mm Hg did
not differ significantly from normal.

The RV pressure tracing from the hypertrophied ventricles
were more pointed than those from normal right ventricles (see

pressure tracing 5).

Stroke Work
NB Stroke work was calculated using cardiac output per Kg BVW.

Normal

The basal stroke work of the normal group was 377 + 122
x 10-'3 Kg M.
Sham

The basal stroke work in the sham operated group was
10.98 + 1469 x 10“3 Kg M, which was not significantly different
from that of the normal groupe.
LVH

The basal stroke work of the LVH group was 882 + 1441 X
1072 Kg M, which was not significantly different from that of the
normal groupe.
RVH

The basal stroke work of the RVH group was 874 i 111 X
10‘3 Kg M, which was not significantly different from that of the

normal groupe.
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() Developed Pressure. (Table L)

NB Developed Pressure (DP) = peak systolic pressure -

end~diastolic pressures.

(a)

(0}

(e)

(a)

Normal

The right ventricular developed pressure was 33e1 * 149
mm Hg and the left ventricular developed pressure was 165605 +

6.7 mm Hgo
Sham
The right ventricular developed pressure was 30k + 1ok

mn Hg and the left ventricular developed pressure

Neither of these results were significantly different

- from normale.

LvH

The RVDP was 29.7 + L4o8 mm Hg, which was not significantly
different from normale The LVDP was 239.0 + 19.2 mm Hg, which
was significantly higher than normale.
RVH

The RVDP was 4841 + 4.8 mm Hg, which was significantly
higher than normale. The LVDP was 13645 + 946 mm Hg, which did

not differ significantly from normale
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D. Changes During Infusion
(1) survival rates. (See Figure 2)
(2) Normal and Sham
Most of the normal and sham operated rats survived for 6
infusion units ( IU) and at least half for 7 IU.
(b) LvH
The survival rate was lowest in the LVH group, just over
half (56%) lasting for 4 IU and only one rat surviving for any
longere
(¢) RVH
Most of the RVH group survived for 5 IU, while less than half
survived for 6 IU and only one rat survived any longere p
(2) cardiac Output 1
(a) Normal

Figure 3: The cardiac output (ml/m:.n/Kg) increased rapidly
during infusion unit 41 -~ more than doubling its basal value. It
rose more slowly during the next 4 infusion units, reaching a maximum
value at post-infusion measuring period L. (PP 4). During IU 5
the cardiac output decreased slightly and fell more rapidly in IU 6 -
this later result was biased as it represented only 3 ratse.

Figure 4: The changes in stroke volume per gram of right
ventricular tissue followed a similar pattern to the cardiac output.
The stroke volume rose steeply during the first infusion unit and then

more slowly, reaching a peak at FMP 4.
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The changes in stroke volume and cardiac output of the
sham operated group did not differ significantly from normal and
were not included on these figures.

LVH

Figure 3: The cardiac output (ml/min/Kg) rose to a maximum
value at PMP 2. However this value was significantly lower (p<0.05)
than the normal value at this period. It then fell to a value
still significantly (p <0.01) below the normal value at PMP 3 and
rose very slightly in IU 4, but only 4 rats survived to FMP 4.

Figure 4: The stroke volume per gram right ventricular tissue
rose to a maximum at PMP 1 and then fell again, however at all post-
infusion measuring periods it was significantly below the normal
valuese.

RVH

Figure 3: The cardiac output (ml/min/Kg) rose to a peak at
PMP'B, declined slightly during IU 4 and then rose to a second and
higher peak during IU 5. At no stage did the values differ from
those of the normal groupe.

Figure 4: The stroke volume per gram RV tissue rose slowly
during the first two infusion units, both the values at PMP 1 and
PMP 2 were significantly below normale However by FMP 3 it had
climbed byck into the normal range, peaking at PMP 3 and 5 as did

the cardiac output.
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Left Side Pressures (Figures 5, 6 and 7)

Figure 5: Continuous monitoring showed that when the infusion

pump was turned on the LVEDP rose steadily until the pump was stopped and

then fell steadily until the pump was started again. This was true for

all groups and was not included on this graphe.

(a)

(v)

(e)

Normal

Figure 5: The normal LVEDP rose steeply for the first two
infusion units and then flattened out - increasing by only 2 mm Hg
in the course of the next two infusion units and then falling by
1 mm Hg during the next two.

Figure 6: The LVSP rose during the first infusion unit and
then fell steadily with each suc;ceeding unite.

Figure 7: In this graph percentage differences in systolic
pressure, between the normal ani each of the hypertrophy groups, at
every PMP are showne. The normal values are therefore represented
by the line at O %.

Sham

None of the PMP measurements of the sham operated group
were significantly different from those of the normal group, so they
were not included on these graphse.

LVH

Figure 5: The LVEDP rose to a maximum at PMP. The first

3 post infusion values were all significantly above normal but

succeeding values were within the normal rangee.
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Figure 6: The LVSP increased during the first infusion unit
to a value significantly above normal and then fell precipitously
with each successive infusion unit,

Figure 7: This graph exhibited the same pattern as that
seen in graph 5.

RVH

Figure 5: The LVEDP of this group changed in a very similar
manner to that of the normal group throughout the infusion. None
of the PMP values differed significantly from the normal values.

Figure 6: The LVSP rose during the first infusion unit and
then fell with each succeeding infusion unit, it resembled the
normal curve but was always below ite. At PMPs 1, 2, 4 and 5 its
values were significantly lower than the normal group.

Figure 7: The LVSP of this group was represented by the
lowest trace on this graph; it was the only one which was negative

throughout the infusion.

Right Side Pressures (Figures 5, 6 and 7)
Continuous pressure monitoring showed that the RVEDP, of

group, rose during each infusion unit and fell during each PMP.
Normal .

Figure 5: The RVEDP rose evenly with infusion unite

Figure 6: The RVSP rose to a maximum at PMP 2 and then
fell steadily for the next three infusion unitse

Figure 7: This graph demonstrates the percentage difference
in systolic pressure between the normal and each of the hypertrophy
groups at different levels of infusion. The normal right side values

are therefore represented by O %.
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(b) Sham

None of the PMP measurements of this group differed from

those of the normal group, so were not included on these graphs.

(e) v

Figure 5: The RVEDP of this group rose in a manner similar

to that of the normal group -~ none of the PMP values differed

significantly from normel.

Figure 6: The RVSP rose to 2 maximum value at PMP 2 which

was significantly higher than normal and then fell steadily for

the next three infusion units.
Pigure 7: The percentage difference in systolic pressure

was always positive.

(d) RVH

Figure 5: The RVEDP rose in a similar manner to that of

the normal group but its values were always higher, being significantly

so at PMP 2 and 3.
Figure 6: The RVSP remained significantly above the normal
group for the first four infusion units.

Figure 7: The percentage differences in systolic pressure

of between the RV of the RVH group and the RV of the normal group
were the largest of any group and always significantly positive.
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(5) Siroke Work

(a) Normal
The stroke work increased sharply to a peak value at PMP 2

and then slowly decreasede.

(b) LvH
The stroke work increased to a peak at PMP 1 and then

decreased sharply, the values at FPMP 2 and 3 were both significantly

below normal,.

(¢) RVH
The stroke work of the RVH group rose to a maximum value at

PMP 3 and then fell away rapidly, none of these values differed
significantly from normal.

(6) Developed Pressure. (Table 3)

(2)

Graph 5: The RVEDP in both ventricles increased during infusion
unit one and then decreased consistently with each subsequent infusion
unite.

(b) Sham

The RVDP and LVDP did not differ significantly from that of

the normal group, so were not included in this tablee.
(e) LvH

The LVDP increased to a very high value at PMP and then
it remained

decreased markedly with each additional infusion unit;
above normal for the first 4 infusion units, being significantly so

for the first 2.
The RVDP increased during the first infusion unit and remained

at values above normal for the first 3 PMPs.
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Preliminary Trials

(1)
(a)

Electrocardiography
Normal

(i) P waves. The P waves were upright in leads 1,11,111 and
AVF, inverted in AVR and tended to be flat in AVL. They were
peaked and pointed in shape in 211 leads but AVL and were tzllest in
lead 11, indicating a P axis of approximately +60°. The P wave
deflections did not begin and end at a common iscelectric line but
usually originated and terminated at different levels.
(ii) P-R segment. The P-R segments were usually sloping and
of'ten slightly wavy in outline, noit following an isoelectric
baseline. As neither the deflections nor the s egments between
them shared a common baseline the point at which the P-R segment
ended and the QRS complex began was taken as the reference point
for the isoelectric baseline for measuring the QRS complexe.
(iii) QBS complex. Q waves were either absent or extremely rudi-
mentary in all leads but AVR and AVL, in the latter they were
usually small and rather distorted. The R waves were clearly
discernible but the termination of the S waves were extremely
difficult to distinguish as they blended into steeply rising T
waves, without the interpolation of true ST segments. When calcula-
ting the QRS axis the S waves were assumed to terminate at the
isoelectric line.
(iv) T and U wavese The T waves were asymmetrical in shape, the
ascending limb rising steeply to 2 point, the descending 1imb being
of gentler slope and longer duratione. The descending limb of the
T wave rarely returned to the jsoelectric line before the origin
of the P wave. Therefore true TP segments were not presente.

U waves were not presente.
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(v) QRS Axis. The QRS axis of normal rats in the supine
position was +3840° + 8.0° ranging from +88.0° to =2.0°. Nine
of these animals had their ECGs recorded in the prone and supine
positions. In the prone position the QRS axis was 28.0° * 1.0°
and in the supine position was 35.0° * 1040° - these results did
not differ significantly from one another or from the preceding
results. The amplitude of the QRS vector was 9.8 + 1e1 mm for
the 14 rats in the supine position.

Sham

The electrocardiographic patterns of these rats did not
differ from those of the normal rats.

In 7 sham operated rats the QRS axis in the supine position
was -0.5° + 25.0°, this did not differ significantly from normal
and in the prone position =1.0° + 17.0°, which did not differ
significantly from that in the supine position. Three of these
rats had QRS axes (=31.0°, =89.0° and -57.0°) which were far
outside the range of normal values.

The amplitude of these axes did not differ significantly
from those of the control group.

LVH

'The QRS axis of 12 rats in the supine position was -20.5o +
10.0° (ranging from +53.0° %o «37.0°) and was significantly
different from the normal group but not the sham operated group.
In 9 animals in which the ECG was recorded in both positions, the
QBS axes (=16.0° + 8.0° prone and ~25,5° + 9.5° supine) did not differ
significently from each other. The amplitudes of tle se QRS axes

did not differ significantly from those of the normal groupe
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-90.0°

LVH
Sham

.0°

+180 aVH
Normal
+90.0°

Normal: + 38.0°%*80°(14 rats)

Sham : -~ 0.5° z 23.00(7 rats) (N.B. rats in supine recording position)

LVH : -20.5° ¥100°(12 rats)

RVH : +20° +16.0° (11 rats)

3. QRS AXES IN FRONTAL PLANE
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The QRS axis of 411 animals from the RVH group, recorded
in the supine position was +2.0° + 16+0° (ranging from +111.5°
to -14.0.50) and was significantly different fram the normal group
but not from the sham operated groupe. The QRS axis recorded from
animals in both the prone (=6.0° + 22.0°) and supine (+2.0° + 22.0°)
positions did not differ significantly from normal. The amplitudes

of these QRS axes did not differ significantly from those of the

normal groupe

Contractility

As this was only intended as a preliminary irial, the number

of animals in each group was not large enough to be analysed statistically

for significance.

(a)

(b)

(c)

Normal

In three normal rats the dP/dt/P was 172 sec”) in the left
ventricle and 240 sec-1 in the right ventricle, while the extrapolated
V max (taking K=29 muscle lengths) was 5.9 muscle lengths sec 11
in the LV and 8.3 muscle lengths sec"1 in the RV.
LVE

Only one rat with LVH was analysed and in this animal the
dpP/at/P was 218 sec”! in the LV and 153 sec”! in the RV. The
extrapolated V max was 7.5 muscle lengths sec | in the LV (27 %
above the normal value) and 5.2 muscle lengths sec”] in the RV
(36 % below the normal value}e
RVH

In two RVH animals the average ap/at/P was 145 sec } in
the V and 112 sec | in the RV. ‘Phe extrapolated V max was 5.0

muscle lengths sec”) in the IV (15 % below normal) and 39 muscle

lengths sec'-1 in the RV (54 % below the normal val ue)e
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5. DISCUSSION
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5. DISCUSSION

A, Production of Ventricular Hypertrophy

(1) LVH (Left Ventricular Hypertrophy

In agreement with the experience of other workers it was found
that the margin between the degree of constriction which produced left
ventricular hypertrophy and that which produced death from left ventricular
failure was quite small. Ring 17 (internal diameter 1.40 mm, area 1.53
mmz) produced a significant LVH with no mortalities, while Ring 18 (internal
diameter 1.13 mm, area 1,02 mn?) killed all animals. Nair ({968), working
with 200-220 g rats, found an even narrower margin between thesze two
extremes, bands smaller than 1.23 mm in diameter (area 1.20 mm2) producing
LV failure and death in all animals, while those of 1.3 mm in diameter
(1.40 m2) produced a significant IVH with no deaths. Lipana and Fanburg
(1970) examined the effects of 4 different ring sizes on the ascending aorta
of rats weighing between 180 and 220 g, all animals with bands of 1e46 mm
in diameter (area 1.68 mm2) survived while those with bands of 1,068 mm
in diameter died from heart failure. The extreme values found in this
experiment and those reported by other workers are not sharp cutoff points
for, as shown by Lipana and Fanburg, between them intermediary degrees of
constriction are associated with intermediary mortality rates. Lipena
and Fanburg found that bands of 1.27 mm in diameter were associated with
mortality rates of 22 % and bands of 1.17 mm with a mortality rate of 50 %.

Once the size of the aortic ring had been chosen the mortality
rate was only 16 % and was solely due to the surgical procedure. This
was in the range dssignated by Beznak (1964) as acceptable (i.e. below 30 %)
and simila.r to that reported by Stewart and Lindsay (1967) (18 %) when

performing the sazme operation in smaller rats.
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The weight gain of the LVH group during the period of
constriction was below that of the sham operated group as well as the
normal group, therefore decrease in the growth rate could not have been
solely due to the effects of the thoracotomy. A decrease in the growth
rate of rats with constriction of the ascendiné aorta, which could not
be explained by the thoracotomy alone was also seen by Lipana and Fanburg
(4 970) after a constriction of one weeks duration and by Stewart and
Lindsay after 9 weeks constriction.

The heart weight was always expressed relative to the body weight
at catheterisation, as it has been shown that the changes in heart weight
of the normal rat follow those of body weight very closely. Regardless
of whether the rat has lost or gained weight the same cardiac weight always
corresponds to a given body weighte. (Walter and Addis 1939; Beznak 1954.)

The heart weight, body weight ratio (HW/BW) changes as the rat
ages;' this relationship can be expressed by a regression eguation, which
will apply only to a specific strain of rat in a specific age groupe
Percentage changes in the heart weight of young rats should be calculated
from the heart weights expected at specific body weights as determined by
such an equation. However in this experiment, the changes in the HW/BW
were calculated from a mean value obtained from 24 normal rats of the same
atrain and age group as those used to produce ventricular hypertrophy.

The difference in mean body weights of the 4 different groups of rats

used in this experiment was 50 g, a difference of approximately 10 % in
body weight which, in the 400-500 g range in body weights, results in a
3ifference of only 2 % in the HW/BW; so it was felt that no significant
error would be introduced by determining the percentage changes in this
ratio from a mean value. If, instead, the rats used in this experiment
had weighed between 100 and 200 g, & 50 g difference in body weight would
have resulted in a 12-14 % difference in the HW/BW and an unacceptable error
would have been introduced, if the changes in the HW/BW had been calculated

N

from a mean value. (Beznak 1954; Beznak 1967).
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The percentage increases in left ventricular weight, (28.8 %
and 36.7 % produced by Rings 16 and 17 respectively) were above 20% of
the upper limits of the normal variation of the heart weight for a given
body weight and could therefore be regarded as a true hypertrophye.
(Korecky et al. 1966) . The overall percentage increase in heart weight
was naturally a little lower than the percentage increase in left ventricular
weight but was within the range of 21 to 32 % reported by other workers in
adult rats (of approximately 200 g) using rings of similar dimensions to
those used in this experiment. (Hajdu and Beznak 1947 heart weight
increases 32 % ring diameter 1.45 mm; Kerr et al. 1961 heart weight
increases 30 % ring diameter 1.50 mm; Nair et al. 1968 heart weight
increases approri.mately 30 % ring diameters 1.51 mm and 1.33 mm; ILipana
and Fanburg 1970 heart weight increase 22 % ring diameter 1.46 mm).
Greater percentage increases could be obtained in adult rats by increasing
the degree of constriction but these were associated with unacceptable
mortality rates, eege Lipana and Panburg (1970) heart weight increase 50 %y
ring dismeter 41.17 mm and mortality rate 50 %o

The degree of hypertrophy produced by banding the ascending aorta
of weanling rats was twice that produced in adult rats. Stewart and
Lindsay (1967) used bands of 41 mm in diameter in 40 g rats, after 9 weeks
of constriction the HW/BW had increased by 65 %, the LV free wall/BW by
63 %, the septum by 61 % and the RV free wall/BW by 35 %e. However this
increase was not as great as the 100 % increase in heart weight produced
in rats fed an iron deficient diet for 100 days afier weaming. (Korecky
et al. 1964) In both of these experiments it is quite possible that this
large increase in heart weight was due to hyperplasia (in the very young

rat) as well as hypertrophy of the muscle fibres.
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(2) RVH (Right Ventricular Hypertrophy)

The growth rate of rats with pulmonary artery rings was very
poor indeed as they were still 10-20 g below their operative weights at
the time of catheterisation. This is in agreement with the results
obtained by Stewart and Lindsay 1967 who found that banding the pulmonary
artery was associated with more severe stunting than ba.nding the aorta.

Not swrprisingly the LV was better able to cope with the strain
of arterial constriction than the right ventricle. The right ventricle
had to undergo a greater degree of hypertrophy when the diameter of the
pulmonary artery was reduced by 32 % than the left ventricle found necessary
to deal with & reduction of 45 % in the diameter of the aorta. At equal
degrees of comstriction (4O % decrease in diameter) the LVH group had
defreloped an acceptable degree of hypertrophy but in the RVH Group the
needs of the right ventricle had outstripped its blood supply and areas
of fibrosis were present.

Stewart and Lindsay (1967) are the only other workers who have
reported using pulmonary artery constriction to produce RVH in the rate.
However their rats were much younger and the peréentage increase in heart
weight therefore much greater than this expeﬁment. They applied rings
of internal diameter O.75 mm to the pulmonary arteries of weanling rats
producing a cardiac hypertrophy of 69 % in 9 weeks. All parts of the
heart had increased but the Biggest increase was in the free wall of the
right ventricle (free wall RV/BW 149 %; free wall LV/BW 38 % and septun/
BW 14 %).

The use of banding to produce hypertrophy has' several advantages:
it requires only simple equipment and once the operative technique has been
mastered it can be performed on a large number of rats at a time, the rats
require no post~operative treatment and will develop an acceptable d.égree

of hypertrophy very quickly. Other methods demand elaborate equipment
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(such as the decompression chamber necessary to produce chronic hypoxic
hypoxia) while others are very time consuming, demanding daily or
regular attention to diet (e.g. anaemia), injections (e.g. cobalt,
thyro:ci.ne) or supervision (eeg. exercise) for long periods of time.

In arterial banding the stimulus is isolated and effects only the heart,
not altering or damaging other tissue.s of the body; in addition, if the
degree of constriction is carefully controlled it will only result in
hypertrophy, and not in damage, of the cardiac tissues. Congtriction
of the ascending aorta, rather than the abdominal aorta was chosen, as
the latter also results in ischemic changes in the lower portion of the
body, particularly in the kidney. On the other hand the speed with which
ba.nding'produces hypertrophy argues against its use when a more "physio-
logical® hypertrophy is required; in this case a graded intervention is

superiore

B. Cardiac Output

(1) Normal

After maturity the cardiac output of the rat per Kg BW, slowly
decreases with agee As the rats used in this experiment were heavier
and therefore older than any used in previously reported cardiac output
determinations, it was not surprising that the cardiac output per Kg EW
obtained in this experiment was lower than any of the already published
values. Considering the cardiac output determinations made in normal
rats, using Pentobarbital sodium anaesthesia, at dose rates similar to
that used in this expefiment, it can be seen that the cardiac output
deéreases from values of approximately 290 ml./mn/Kg in 150 g rats, to
230-250 ml/min/Kg in 200 g rats and then to values in the low 200s in
250-300 g rats. (See Table 1)e The cardiac output of the heaviest
rats measured, using Pentobarbital sodium ansesthesia, was 204 + 18 nl/
min/Kg (in 305-345 g rats) (Popovic and Kent 196,) so the value obtained
in this experiment, 196e3 % 24.2 ml/min/Kg, in 425-525 g rats appears

to be in agreement with those of other workers. ‘

AR LS
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(2) Ly

The basal cardiac output of the normal group did not differ
significantly from that of the LVH group. This result agrees with that
obtained by Beznak (1958) ana (1962) that the cardiac output of rats
with LVH (produced by constriction of the abdominal aorta) is practical 1y

the same as that of normal rats of the same body weight.

(3) RVH

The only other workers to produce RVH by pulmonary artery
constriection, in the rat, did not measure the cardiac output. The two
other methods commonly used to produce BRVH in the rat, chronic hypoxic
hypoxia and polycythaemia, both alter the cardiac output per se by causing
hypervolaemia (which tends to increase the cardiac output) and increasing
the haematocrit (which tends to decrease the haematocrit output). No
cardiac output determinations of the intact rat with RVH could be found
but Souhrada (1967) used heart lung preparations to measure the cardiac
output of rats with RVH produced by polycythaemia (resulting from cobalt

injections) and found it to be elevated above normal.

Ce Other Parameters

(1) Pressures
(a) Frequency Response
It was generally believed that instruments with a uniform

dynemic sensitivity to the 10°" harmonic of the fundamental frequency
were necessary to accurately measure physiological pressurese. Since
the heart rate of human beings rarely exceeds 240 beats per minute
(fundamental frequency L) an instrument with a uniform sensitivity
from O to 40 cps would be required. However using an instrument
with such a high frequency response introduced many artefacts, which
were due to pressures generated within the catheter by accelerations

and deccelerations of the fluid column, associated with movements
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of the catheter usually imparted by the heart beat. (Wood 1954).
More recent evidence indicated that manometer systems with a uniform
frequency response from O to 10 cps would record the physiological
pressures of man without significant amplitude distortion while
eliminating high frequency artefacts, although low frequency
artefacts of the same fundamental frequency as the heart beat can
only be eliminated by a micromanometer situated at the tip of the
catheter. Yarnof (1965) believes that physiological pressures can
generally be recorded by using an instrument with a uniform sensitivity
to the fifth harmonic, so that at a heart rate of 180 beats per minute
(3 cps) a frequency response of 15 c¢ps is requirede.

As the heart rate of rats is much higher than that of humans,
an instrument used to record their physiological pressures must have
a much higher frequency response. In this experiment the mean basal
heart rate of the normal group was 385 beats per minute therefore,
the fundamental frequency was 6.4 cps and the fifth harmonic 321 cpse.
The right ventricular catheter manometer system had a frequency response
of 34 cps and was therefore adequate for recording the right ventricular
pulse pressure of most normal ratse 34 cps corresponds to the fifth
harmonic of a heart rate of 408 beats per minute. In all the basal
Norﬁal and RVH and ﬁVH values only two rats had heart rates higher
than 408 beats per minute so only in these two rats would aunplitude
distortion due to inadequate frequency response be expected. With
commencement of the infusion the heart rates of all rats decreased
so at PMP 41 and all PMPs thereafter the heart rates of all rats in
each of the three groups were below 408 beats per minute and the
frequency response of the right ventricular catheter manometer system

could be considered adequatee.
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The frequency response of the LV catheter manometer system,
29 cps, was lower than that of the right as the LV catheter (internal
diameter 0.02") was narrower than the RV catheter (internal diameter
0.03"). 29 cps corresponds to the fifth harmonic of a heart rate
of 348 beats per minute. In the normal group the mean heart rate
of the basal FMP, FMP 1 and FPMP 2 were all higher than this value,
(385 + 4, 372 + 6 and 357 + 7 respectively) this was also true of
the LVH group (basal 393 + 7, FMP 1 389 + 9 and FPMP 2 358 + 11) so
amplitude distortion due to inadequate frequency response would be
expected. However in the RVH group the heart rate was significantly
lower than normal (basal 326 + 14) S0 only in this group was the
frequency response high enough to measure the LV pulse pressure
accurately in the basal and all post infusion measuring periods.

To improve the freguency response of the left side catheter
manometer system the internal diameter of the left ventricular
catheter would have to be increased, but the extent to which this

can be done, without interfering with cardiac function, is limited

by the diameter of the aortic valve and the ascending aorta; techmnically

it is limited by the even smaller diameter of the right carotid artery.

The LV catheter obliterated approximately 1k % of the cross sectional
area of the ascending sorta, leaving 86 % patent, from evidence gained
by examining the cardiac outputs and LV pullouts this did not appear

to hinder cardiac functione The RV catheter did not appear to

block the venous return as the cardiac outputs were in the normal range,

but if a catheter of this size Were used to catheterise the LV

42 % of the cross sectional area of the aorta would be obliterated,
leaving only 58 % patente. This degree of obstruction is similar to
¢ rings (37 %

that created when LV catheters were passed through aorti

of area of Ring 16 obliterated and 43 % of Ring 17) and was found to

be detrimental to cardiac function.
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Finally a catheter of these Qimensions is too large to be advanced
down the right carotid artery.

As the frequency response of the catheter manometer system
used to record the physiological pressures of the rat had to be
above 10 cps it recorded high, as well as low freguency artefactae.
Artefacts were particularly obvious on the peaks of the LV pressure
tracings from the normal rat. (see pressure tracing 1).

(b) Normal

The normal intraventricular pressures recorded by cardiac
catheterisation in this experiment were considerably higher than those
previously obtained by Radzievskii and Kapel'ko (1969) using ventricular
puncture in the open chested rat, weighing 180-200 g, (LVSP 79.0 mm Hg,
LVEDP 0.8 mm Hg, RVSP 23.2 mm Hg and RVEDP 2.8 mm Hg). In the open
chested animal the venous return is reduced, it can no longer be aided
by the respiratory movements, the size of the heart shrinks and the
end-diastolic volume is drastically reducede Most workers quote'
110-120 mm Hg as the mean arterial pressure of rats in this weight
renge (e.g. Beznak 1954) and the LVSP must obviously be higher than
these values. For these reasons it ia felt that the cardiac pressures
measured by catheterisation were more accurate than those measured by
needle punctﬁre in the open chested rat.

Lipana and Fanburg (1 970) measured the LVSP of 180=-200 g rats,
by transdiaphragmatic puncture of the LV with a 21 or 22 gauge stain-
less steel needle inserted through an abdominal incision. They found
the peak LVSP to be 126 + 4 mm Hg in rats which had undergone a thoraco-
tomy and a sham aortic constriction 7 days earlier. This result was
obviously more accurate than that obtained by Radzievskii and Kapel'ko
and may have been lower than that obtained in this experiment for three

reasons. PFirstly opening the abdomen would be expected to cause a mod-

erate reduction in a venous return. Secondly as the internal diameter of

u
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a 21 gauge needle (0046 mm) is less than that of the LV catheter
used in this experiment and a direct writing instrument was used
to record the pressures, rather than a cathode ray oscilloscope
and camera as in this experiment; the frequency response was probably
- poorer than that experienced in this experiment and may have resulted
in a greater reduction in amplitude of the recordings. Thirdly, as
already mentioned, most workers quote values of 100-120 mm Hg for the
mean arterial pressure in 200 g rats, unfortunately Lipana and Fanburg
did not give the mean arterial pressure of their rats but assuming that
it was within this range the LVSP is only a little lower than would
be expected. On the other hand the rats used in this experiment had
a much higher mean arterial pressure (14048 4 3¢9 mm Hg), which was
partly because the rats were older and partly due to strain difference =
other workers using these rats have consistently obtained higher values
for mean arterial pressure than are generally regarded as normal = 80,
in turn, a much higher LVSP would be expected.

The LV pullouts confirmed that the LV catheter did not produce
a relative stenosis of the aortic valve in normal rats as the peak
systolic gradient across the valve did not exceed 20 mm Hg, the level
indicative of mild aortic stenosis. As none of the ventricular
pressure tracings showed any evidence of aortic or tricuspid regurgi-
tation it was assumed that the catheterisation procedures had not
injured the valves and that the catheters themselves did not cause an
insufficiency of the velvese.

The systolic arterial pressure is augmented as it moves towards
the periphery - this is clearly shown in pressure tracing 1 - however

the diastolic and mean arterial pressure decreases slightlye.
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In accordance with the production of LVH the LVSP was
increased above normal. Lipana and Fanburg (1970) also measured
the LVSP after constriction of the ascending aorta - once again
their results were lower than those obtained in this experiment.
With an increase in the HW/BW of 2L % (they did not dissect the IV
separately) they obtained an LVSP of 4140 mm Hg; +this degree of
hypertrophy is comparable to that produced by Ring 16 in this experi-
ment and in these animals the LVSP was 2,3 mm Hge With increases in
the HW/BW of 31 % and 42 % they obtained LVSPs of just below and just
above 200 mm Hg respectively.

The LV pressure pulse exhibited the peaking typical of a

=

A

dynamically significant degree of stenosis. The LV pullouts revealed

GANYA

pressure curves identical to those seen clinically in humans with

the rare congenital lesion of Supravalvular Aortic Stenosis. In

UG

these patients the LVSP is high (up to 300 mm Hg) with a drop in
systolic pressure in the proximal aorta., In the supravalvular
chamber the pressure is arterial in contour, the systolic value is
the same as that of the LV and the diastolic is the same as that of
the aorta. (Zimmerman and Haghigi (1966) «

The gradient across a stenotic valve or lesion is an indication
of the severity of the lesion and is dependent on the area of the valve
or region and the flow through ite For instance a critical aortic
stenosis can exist with a relatively small gradient across the valve,
if the left ventricular output is very lowe If the cardiac output
is normal (as in this group of rats) a gredient of 20~50 mm Hg
suggests a mild stenosis, 50-100 mm Hg a moderate stenosis and

4100~200 mm Hg a severe stenosis. (Kaplan 1966). Therefore in this

group of rats normal basal cardiac outputs combined with very high

gradients across the ring suggest a severe stenosis of the acrtae.
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Clinically, narrowing of the arterial pulse pressure is
frequently, although not invariably, a finding in severe aortic
stenosis. LV pullouts from LVH animals suggest that the LV
catheter (which reduced the patent area of the ring by approximately
4%) contributed to the severity of the stenosis. In recordings,
such as pressure tracings 3 and 4, the femoral artery pulse pressure
is very damped but as soon as the catheter is pulled out of the ring
the pressure pulse increases markedlye.

(a) RVH

The RVSP exhibited the peaking typical of a dynamically

significant degree of stenosis. The left side pressure curves did

not differ from the normal group.

D. Changes Puring Infusion =

(1) Survival Rates
In agreement with the results of Beznak (1959) most rats in the

normal group survived 6 infusion units of FVP solution, but the survival
rates were lower in the RVH group and lower still in the LVH groupe.

Although these results do not indicate which side of the heart is better
able to cope with a volume overload, they do show that hypertrophy of one
ventricle decreases the heart's ability to do so and that hypertrophy of

the LV is more deleterious in this regard than hypertrophy of the RV.

(2) Cardiac Output

Considering the cardiac output of the ventricles as a whole,

both hypertrophy groups were able %o maintain cardiac outputs and stroke

volumes not significantly different from the normal for the first infusion

unit, but after this the LVH group fell significantly below normal and

remained there for the rest of the infusione. This latter result differs

from that obtained by Beznak (1958) with another group of LVH rats;

although the resting cardiac outputs of these rats did not differ from
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normal, during the infusion the output was raised to values well above
normale Two factors may have contributed to this difference. Firstly
Beznak produced LVH by constricting the abdominal aorta so the peripheral
resistance above the ring was able to decrease, whereas in this experiment
the ring was placed several mm from the aortic valves. Secondly the
peripheral resistance in this experiment was further increased by the LV
catheter, which passed through the aortic ring reducing the constricted
area to approximately 60 % of its pre~catheterisation patency. As rets
with LVH due to abdominal aortic constriction were able to increase their
cardiac outputs significantly during volume loading it seems most likely
that the inability of the rats in this experiment to do likewise was due
to the very high and irreversible peripheral resistance rather than an

intrinsic weakness of the heart due to hypertrophy of the left ventricle o

i

per see. (The output of the right ventricle was measured in this experiment

G

but this equals that of the left ventricle until one of the ventricles

B

fails.)

When considering the output of the ventricles as a whole, the
RVH group seemed to do as well as the normal group but when consgidering
it per gram RV tissue the values fell significantly below normal for the
first two PMPs. This was not unexpected as it has been shown that a

ventricle can increase its performance to or above normal by increasing

its muscle mass but the performance of each muscle mass unit is reduced

below normale. At PMP 3 the stroke volume per gram RV tissue rose,

inexplicably, into the normal range. This increase could not have been

due to anaemia as the haemoglobin did mot fall below 7 g% (the value at

which Beznak (1969) found that the cardiac output of the rat begins to0

increase due to anaemia) until PMP 5e
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When heart failure occurs in hyperkinetic states (e.ge
beri beri, hyperthyroidism) the cardiac output falls fmxﬁ its peak
value but is still considerably above normal. In experimental volume
overloading similar conditions prevail, peak values were seen in the
normal group at PMP 4, in the LVH group at FMP 2 and in the RVH group at
PMP 3, in this last group a second increase was seen during infusion unit
5 which was probably due to the haemoglobin falling below 7 g %. Similar
results were obtained by Beznak (1959) in normal 200 g rats, peak cardiac
output values were obtained at PMP 3, probably earlier than this experiment
because the rats were lighter, and at PMP 2 in rats with a 45 % LVH
(resulting from constriction of the abdominal aorta) and a second, but
lower, elevation of the curve was seen at PMP 5. As cardiac outputs were
not monitored continuously the actual peak values may have occurred in =
between the measuring periods and the values obtained at the measuring
periods may represent points on the ascending or descending limbs of the

true peaks.

(3) End-diastolic Pressure

(a) General
The Frank-Starling or ventricular function curve is the
relationship between the mechanical activity of the ventricle
(measured as stroke volume, stroke work etc.) and an index of end-
diastolic fibre length (e.g. EDP, EDV). Electron microscopic studies
have recently revealed the ultrastructural basis of this relationshipe.
These studies have shown that the muscle fibres contain overlapping

layers of contractile protein myofilaments, actin and myosin, which

are arranged within a basic functional wnit called the sarcomerees

With increasing stretch (i.e. increasing fibre length) less over=

lapping of the actin filaments occur at the centre of +he sarcomere
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and a greater number of contractile sites are available between

the actin and myosin, leading to a quantitative increase of the
force generating reactions and hence a higher point on the ascending
1limb of the veniricular function curve. The point of optimum sarcomere
stretch is that at which there is maximum interaction between the
actin and myosin; this provides the greatest degree of ventricular
performance and corresponds to the apex of the ventricular function
curve. When the sarcomeres are stretched beyond this optimum point
the myofilaments become disengaged, less tension is produced and the
ventricle operates along the plateau, and eventually along the
descending limb, of the ventricular function curve.

The optimum sarcomere length is 2,2 Atand has been found to
occur in the normal LV at an EDP of 10~12 mm Hg and at slightly less
in the RV (Spotnitz et al. 1966; Leyton et ale. 1970). In this
experiment a rise in ventricular end-diastolic pressure above the
values associated with optimum fibre length was interpreted as an
indication of ventricular failuree.

If the compliance (the relationship between the EDP and the
EDV) is normal the EDP can be used as a good indication of EDV and
hence end-diastolic fibre length, but if the compliance changes this
is not true. In clinical cases of ventricular hypertrophy in the
bhuman the compliance is decreased and normal EDVs may be associated
with excessive elevation of EDP. HoWwever a change in compliance
implies a fundamental change in muscle property but studies of animals
with experimental ventricular hypertrophy or failure have not found
any evidence of abnormal diastolic compliance, either in the isolated
muscle or in the intact ventricle (Williams et al. 1966, Spann et al.

1967). Vhy there is this difference between clinical and experimental

hypertrophies is unknowne

!\‘,\
N
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In this experiment there was no difference between the
basal and post-infusion RVEDPs of the two sub-groups (of the RVH
group) and their degree of hypertrophy differed by 32 %, so any
decrease in compliance could not have been significant in this case,
From this result and the evidence found by other workers it is
presumed that a decrease in compliance did not take place in the
RV of the RVH group and in the LV of the LVH group.

In clinical cases of volume overload (due to polycythaemia
etce.), in the absence of heart disease, the ventricles may move up
the ventricular function curve but the resultant rise in EDP does
not always indicate myocardial failure and should remain within the
limits of 10-12 mm Hg, or less, in the absence of an abnormality in
myocardial compliance or contractility. In severe cases of poly-
cythaemia vera the blood volume may be twice normal. The blood
volume of the rats used in this experiment would have been approximately
25 ml (Sjostrand 1962), this quantity of infusion was delivered by
PMP 4, by which time the EDP had exceeded the 10-12 mnm Hg in all
ventricles. As the EDP rose above 12 mm Hg in each group, on each
side of the heart before the blood volume had been doubled, it is
assumed that these increases represent true ventricular failure and
ﬁot merely artificial elevation due to the volume overloadinge
Left Side Pressures

The LVEDP of the LVH group rose rapidly passing the values
associated with optimum sarcomere length towards the end of IU 1,
while those of the RVH and Normal groups did not do so until the
middle of IU 2. The LVEDP of the LVH group just exceeded 12 mm Hg
at PMP 4 and rose rapidly to values indicative of ventricular failure

during IU 2, by PMP 2 all groups had reached such values.

e nid¥a -’
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(c) Right Side Pressures

(a)

Again the hypertrophied ventricle showed itself less able
to cope with the strain of volume overloading, the RVEDP of the
RVH group rose past the values associated with optimum sarcomere
length in IU 3, while those of the normal and LVH group did not do
so until IU 4.

The mechanical activity of the right ventricle, as ﬁeasured
by its stroke volume, or cardiac output determined by the direct
Fick method, correlated fairly well with the changes in RVEDP. As
the RVEDP rose the RV stroke volume increased along the ascending
1imb of the ventricular function curve. Near values associated with
optimum sarcomere length peak stroke volumes Were seen in the RVH and
normal groups and then, as EDP increased even further, the stroke
volumes began to fall. Optimum sarcomere length was probably achieved
during IU 3 in the RVH group and IU L in the normal group, accordingly
peak stroke volume and cardiac output values were seen at RPs 3 and
). respectivelye. As the cardiac output was not monitored contimously
these were probably not actual peak values but were more likely to be
points near the peak values, on the descending 1imb of the cardiac
output curvee. However in the LVH group the stroke volume peaked
at PMP 2, when the EDP was between 5 and 6 mm Hg; possible reagons
for this will be discussed later.

Comparison of Right and Left Side Pressure

Assuming that neither changes in compliance nor volume
loading have artificially elevated the ventricular end=-diastolic
pressures it can be concluded that the LV fails before the RV in
normal rats and those with right or left ventricular hypertrophy

during volume overloadinge.

4



(&)
(a)

- 140 -

Systolic Pressures

Left Side Pressures

The LVSP of all gréups rose to peak values at PMP 1.
Optimum sarcomere length was probably reached towards the end of
IU 1 in the LVH group and during IU 2 in the normal and RVH groups,
so the values measured at PMP 41 probably represent a point on the
descending limb of the LVSP curve of the LVH group and points on
the ascending limbs of the normal and RVH curves. At PMP 2 the
LVSP of all groups had decreased, this was in accordance with the
findings that the LVEDPs of all groupds had passed the values
generally associated with optimum sarcomere length. These changes’
in LVSP naturelly influenced the mean femoral artery pressure, which
exhibited a similar rise during the first infusion unit and a -
continuous fall thereafter. Identical changes in blood pressure
were seen by Beznak (1968) when performing the same infusion experiment
on 200 g ratse.

The LVSP of the RVH group was consistently below that of the
normal group and was clearly the lowest trace on graph 7. This is
an interesting finding as in cases of Cor Pulmonale, in which there
is an RVH resulting from an increased work load on the right ventricle
due to alterations in the pulmonary circulation, the performance of the
LV is often found to be decreased an in chronic cases LVH and failure
may be presento The reasons for this are not known but various
suggestions include impairment and overstretching of anatomically
continuous muscle layers, elevation of right atrial pressure decreasing
the perfusion gradient across the coronary bed, thereby diminishing
oxygen delivery to the LV and, in chronic cases, increased flow in

the bronchopulmanary vascular shunts, increasing the work and output

of the LV.

‘._ i
RS
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(b) Right Side Pressures

The RVSP of the LVH group reached its peak value at PMP 2
which coincided with the peaking of the right ventricular cardiac
output, but not with the period of optimum sarcomere stretch.
The RVSP of the RVH group was sustained at extremely high values
for PMPs 1, 2 and 3 but had decreased by PMP )4, this decrease was
associated with a simultaneous fall of the right ventricular cardiac
output fram its peak value and an increase in the RVEDP above the
values representing optimum sarcomere stretche. The RVSP of the
Normal group decreased below the basal value as the cardiac ouiput

fell and the RVEDP rose above the normal limitse.

(5) Developed Presgure

-

The changes in developed pressure mirrored those seen in “

o

systolic pressuree. :

.(6) Cardiac Work

Cardiac work as determined in this experiment was composed of
values from boith sides of the heart, ieee cardiac output of the right
ventricle and systemic arterial blood pressure, as such it was incapable
of differentiating between the performances of the ventricles. The
cardiac outputs of the ventricles are equal until one fails, so cardiac
work calculated in this manner is an accurate indication of left ventricular
work until one or other of the ventricles faile The LV of the LVH group
had to perform extra work overcoming the resistance of the stenotic region
so the mean pressure in the supravalvular chamber was used instead of that
in the femoral artery, to calculate cardiac worke. The mean pressure in
the supravalvular chamber is represented by the mean of the LVSP and the
diastolic pressure in the ascending aorta; as the ascending aorta was not

catheterised during the infusion experiments the diastolic pressure in the

femoral artery was used instead, this may have been a few mm Hg lower than

that in the aorta bui would not have introduced a significant errore.
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In the LVH group maximum cardiac work occurred at FPMP 1,
coinciding with the peaking of the LVSP, before failure of the LV, so
could be taken as representative of the true work of the left ventricle.
In the normal and RVH groups maximum cardiac work occurred after failure
of the LV, at PMPs 2 and 3 respectively, coinciding with the maximum
cardiac output values in the RVH but not the normal group. 1If the
left ventricular output had decreased significantly below that of the
right after left ventricular failure the rats would have rapidly died
from acute pulmonary congestion but, as they continued to live for 30 to
40 minutes, the cardiac output of the two ventricles could not have been
too dissimilar and the cardiac work, calculated in this manner, must still

have been a good approximation of the left ventricular work.

TS
Tviy

(7) Comparison of the Changes Seen in All Pa.ra.xheters During Infusion

From the changes in EDP it was concluded that the left side of ’
the heart of normal rats and those with RVH or LVH failed first during
volume overloading = this conclusion was also supported by the changes
which were seen in the cardiac output and the intraventricular systolic
pressures. In all groups the LVSP reached peak values when the LVEDP
was at values associated with optimum sarcomere length and then proceeded
to fall as the EDP increased to values generally associated with ventricular
failuree After failure of the LV the RVEDP, RVCO and RVSP continued to
rise, when the EDP of the normal and RVH groups reached values typical of
ventricular failure the RVSP and the RVCO fell. In the IVH group slightly
different conditions prevailed, as the RVCO and RVSP commenced to fall while
the RVEDP was still within the normal rangee.

The left ventricular failure which occurred in this experiment
output failure in which the heart is no

corresponded to that seen in high

longer capable of working at maximum performance but the cardiac output



is maintained at a high level. That the cardiac output of the two

ventricles could not have differed greatly after failure of the left has
already been discussed, so it can be seen that the LVCO of the normal
and RVH groups continued to increase until the RV and hence the whole
heart failed. However fhe animals with aortic rings were not able to
increase their IV cardiac outputs in a similar manner, presumably due to
the irreducible increase in peripheral resistance caused by the aortic
ring and catheter, thereby reducing the venous return to the right ventricle
and hence the RVCO and RVSP decreased despite the fact that the RVEDP had
not yet reached failure levels.

It was concluded that during experimental volume overloading,
in normal rats and those with RVH oxr LVH, the left ventricle fails before

the right, so its failure is probably not influenced by that of the right

-

ventricle. Therefore the maximum cardiac work, measured under these conditions:

is a valid index for comparing the LV performance of various groups of ratse

E. Preliminary Trials
(1) Electrocardiography
(a) Frequency Response ‘

The frequexicy response of the direct writing electrocardiograph
used in this experiment (3db down at 100 cps) was not ideal for
recording the ECG of the rat. Using cathode=ray oscilloscope techniques
Angelakos and Bernardini (1963) performed a comprehensive Fourier
Analysis of the ECG o the rat and found that the QRS complexes were
composed of freguencies ranging from 50 to 400 cps. Goodwin and
Praser (41965) found that simultaneous ECG recordings made with a
cathode-ray oscilloscope and a direct writing instrument (frequency
response 3db down at 175 cps) were vexy similar and concluded that
the "frequencies which influence the main pattern of the rat ECG are

those below 200 cps." No appreciable difference in the main
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characteristics of the ECGs could be detected in this study when
comparing recordings made by the direct writing instrument (Appendix

48) and the cathode-ray oscilloscope and camera (Appendix A15), so

it was concluded that no significent error was introduced by relying
mainly on recordings made on the former,

However if a more detailed survey was undertaken it would be
advisable to use an electrocardiograph with a cathode-ray oscilloscope |
and camera to ensure that the results would not be effected by the

frequency response of the recording system.

Distinctive Features of the ECG of the Rat
’ As this study was only intended as a preliminary trial the
ECGs were not examined in great detail but the main features were noted

and the QBS axis measured. The distinctive features found in this

TR

study, such as short pointed P waves, undulating sloping PR segment,
lack of an isoelectric baseline and absence of ST and PR TP segments
have also been reported by other workers and the characteristics of
the P wave have been related to the atrial action potential (Beinfield
and Lehr 1968a) but no report could be found relating the QRS complex
and the T wave to the ventricular action potential.

Beinfield and Lehr (1968&.) also reported very pointed P waves,
of short duration, and a P axis of +60°in the ECG of normal rats.
In addition they found prominent TP waves of variable configuration in
the PR segment; the undulations seen on the recordings made with the
cathode=ray oscilloscope in this study probably correspond to TP wavese.
Beinfield and Lehr suggest that the shape of the P waves and the
appearance of TP waves was probably related to the very brief activation

and recovery phase of the rat atria as well as the high heart rate and

relatively long PR segment.
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Previous workers differ in their interpretation of the ST
Junction in the ECG of the normal rat. Waller and Charipper (41945)
and Kenedi (1968) believed that an ST segment was present while Sambi
and White (1960), Beinfield and Lehr (1968b) Normann et al. (1961)
and Werth and Wink (1967) thought that the S and T waves were fused
without interpolation of an ST segment - which was also the inter-
pretation of this studye.

The ST segment is seen in the ECG of humans and other species
when the whole of the ventricular myocardium is depolarised and
corresponds to the period of slow repolarisation, or plateau, of the
action potential of the ventricular muscle. (Burton 1965). The
action potential of the papillary muscle of the rat has a rapid re-
polarisation phase and does not exhibit a plateau. (Lee et al. 1970).
Although there are no reports of similar studies of the action potential
in other areas of the rat myocardium it might be surmised that the lack
of the ST segment in the ECG of the rat is due to the extremely rapid
repolarisation of the muscle. This would also tend to confirm
Beinfield and Lehr's suggestion that some points of the venfricle
may be repolarising while some points are 8till depolarisinge

The asymmetrical T waves, with long slow descending limbs, which
were seen in this study were also reported by Sambi and White (1960)
and Beinfield and Lehr (1969b) but Kenedi (1968) considered this
deflection to consist of a T wave and a U wave - the latter being of
multiform appearance. No U waves were detected in the recordings
made in this study. The U waves seen in the human ECG are believed
to represent repolarisation of the papillary muscle. Lee et al. (1 970)
report that the first phase of rapid repolarisation in the rat papillary
muscle is followed by a phase of very slow repolarisation (similar to

the after-discharge seen in skeletal muscle) and this may correspond
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to the U waves seen by Kenedi or, as interpreted by others, the

slowly descending limb of the T waveo

QRS Axis
(i) Normal

The mean QRS axis is influenced by a number of factors, such
as the position of the heart within the thorax, relative preporderance
of right and left ventricles, rotation of the ventricles around the
longitudinal axis, thickness of the ventricular walls and rate and
sequence of ventricular conduction. When examining the QRS axis of
a normal rat it is necessary to take into account age (usually reflected
by the body weight) and position of the rat's bodye

The proportion of right to left ventricle in the very young rat
is much larger than in the adult rat but with increasing age the
relative size of the left ventricle increases, resulting in a slow
movement of the QRS axis towards the left. This was demonstrated by
the results of Waller and Charipper (195) who studied the ECGs of
rats ranging in weight from 100 to 350 g, they found a preponderance
of right axis deviation in the lower weight groups (100=150 g;
150~200 g), which finally disappeared in the highest weight group
(300-350 g)e Values of the mean QRS axis of normal rats previously
published were all determined on lighter rats and were correspondingly
further to the right than those in this study. Normal values include
+l..7°: 33°(SD) in 208 g rats (Fraser et al. 1967), +52.8 + 6.0° (SE)
in 25, g rats (Normann et ale 1961) and +,9.6°+ 22.6°(SD) in 284 g
rats (Beinfield and Lehr 1968b) as compared to 38.0°+ 10.0°(SE) in

450 g rats in this studye.

AR ERY
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In this study the QRS axis differed according to whether

it was recorded with the rat in the promne or supine position.
Similar changes in the QRS axis with positional changes have been
reported by Goodwin and Fraser (1965) and Beinfield and Lehr (1956)
the latter workers recommended the prone recording position as it
resulted in the most stable and consistent tracings. As the prone
position corresponds to the normal anatomical position of the rat
it would seem more sensible to use this recording position.
(i1) Sham

Although the QRS axis of the sham operated rats did not differ
significantly from normal the axes of 3 out of the 7 animals exhibited
severe left axis deviation. This suggests that in these three rats
the operation may have altered the anatomical position of the heart - .
perhaps due to fibrous adhesions between the heart and the incision
site in the left lateral wall. Although the electrical axis does not
correspond to the anatomical axis of the heart it is altered by changes
in orientation of the heart within the thorax, as seen with changes
in body positions. From these results it appears that it is unwise
to use rats with cardiomegaly produced by'constriction of the ascending
aorta or pulmonary artery to study the electrocardiographic changes
taking place during the development of ventricular hypertrophy, and

it would seem that it would be preferable to use animels with cardio-

megaly produced by methods which do not involve thoracic surgerye

(iii) LVH

The rats in this group exhibited a moderate left axis deviation

o .0 . .

(iee. QRS axis within the range of 0°-30°). Their QRS axis was
significantly different from the sham operated as well as the normal
group and so could be interpreted as an indication of moderate IvH.
(iv) RVH

The QRS axis of the RVH group was significantly different from

the normal but not the sham operated group which suggests that the
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apparent left axis deviation was only due to the thoracotomy.
However no signs of right axis deviation were found, which was
an unexpected result. If the thoracotomy had tended to move the
axis to the left and hypertrophy of the right ventricle had tended to
move it to the right, the resultant axis might feasibly be found in
the normal range but not significantly to the left of normal. In
addition a larger number of individual rats would have been expected
to escape the effects of the thoracotomy and display right axis
deviation.

This result indicates that changes in the QRS axis camnot
be used to diagnose right ventricular hypertrophy in the rat and

casts doubt on its usefulness in diagnosing left ventricular hyper-

trophye.

(2) Contractility

The contractility of both ventricles was successfully measured
in 6 rats, using only a catheter manometer system. The results obtained
on the left side were acceptable but camot be regarded as accurate as
those obtained on the right side for, as already discussed, amplitude
distortion, due to inadequate freguency response, would be expected on the
left side. Both high and low frequency artefacts were recorded with this
catheter manometer system and may have effected the accuracy of these deter-
minations. High frequency artefacts are unavoidable when recording
intracardiac pressures in the rat, as the frequency response of the catheter
manometer system must be over 10 cps, but low frequency artefacts could be
eliminated by using a catheter tip manometer - if one small encugh for use
in the rat could be manufactured.

As this was only intended as & preliminary trial, the number of
rats in each group was not large enough to be analysed statistically (the

6 rats used in the determinations consisted of 3 Normals, 1 LVH and 2 RVH rats).
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In ventricular hypertrophy secondary to chronic pressure overload of the

ventricle (in humans and experimental animals) the contractility (indicated
by V max) has been found to be depressed below normal. (Maéon et ale 1970).
In this experiment the V max of the RV in the RVH group was below normal
but, unexpectedly, that of the LV in the LVH group was above normal - no
particular significance can be attached to these results as so few animals
were analysed.

More work is needed to find a truly accurate index of contractility,
which can be measured by only a catheter manometer system. Normal rats

and those with RVH or LVH could be used in these studies but the results

would be more accurate if it were possible to use a catheter tip manometere.
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6o  SUMMARY
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SUMMARY

The work described in this thesis was undertaken to try and
determine the validity of the assumption underlying the experiment which
was designed by Dr. Beznak to evaluate the performance of the left ventri cle
(). In this experiment the indices of cardiac work and cardiac output
rose to maximum values during the infusion of a solution of PVP (polyvinyl-
pyrrolidone) » these values were considered to be measurements of the reserve
force of the LV, The assumption underlying this experiment was thet the
left ventricle would fail before the right, during volume overloading, and
therefore it was the maximum performance of the LV which was being assessed,
(uneffected by right ventricular failure). If this assumption was not valid,
and the right ventricle failed first, it would have been the left ventricle's
ability to cope with the volume overloading, while handicapped by a failed,
and therefore inefficient, right ventricle, which was being evaluateds In
this thesis this assumption was examined in normal rats as well as those
with right ventricular hypertrophy (RVH) or left ventricular hypertrophy
(zv).

Initially methods for producing RVH and LVH, utilizing constriction
of the pulmonary artery and ascending aorta respectively, were developed.
Using these hethods an adequate degree of hypertrophy was successfully
produced in a large number of ratse.

To enable comparison of the performances of the left and right
ventricles during the volume loading experiment, iptraventricular pressures
had to be recorded. Intravascular catheterisation was chosen as the most
accurate means of recording these pressures but, as no reference to the use
of this procedure in the rat could be found, new technigues had to be
developed. The techniques which weré evolved entailed the manipulation
of silastic catheters down the right external juguler vein and the right

carotid artery to the right and left ventricle respectively. Clear
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intraventricular pressure tracings were obtained from both ventricles.
There is the possibility that there was some amplitude distortion in those
obtained from the left side; +this could have been avoided by increasing
the diameter of the catheter but was not possible as it would have made

the catheter too large to advance down the carotid artery and would have
created a relative stenosis of the aortic valve.

Rats with left or right ventricular hypertrophy were catheterised
as well as normal onese. In rats with LVH the LV catheter had to pass
through the aortic ring, this was found to create a relative sténosis in
itself. If similar experiments were to be performed in future it would
be advisable to place the constricting ring on the aorta distal t the
right carotid artery, so the LV catheter would not need to pass through ite

In all rats the basal cardiac output (-d.etermined by the direct
Fick Principle), the femoral artery pressure, the right and left end-
diastolic pressures and right and left peak systolic pressures were measured
and from these the parameters of cardiac work and developed pressure were
calculatede These measurements were then repeated at regular intervals
after infusion of a set amount of PVP solution. The plan of the infusion
experiment was the same as that designed by Dr. Beznake From changes in
end-diastolic pressure (EDP), supported by those in cardiac output and
systolic pressure, the times of right and lef% ventricular failure were-
determined.

From changes in EDP it was concluded that the left side of the
heart of normal rats and those with RVH or LVH failed first during volume
overloading with PVP. The ventricle was said to have failed when the EDP
rose above the pressures commonly associated with optimum sarcomere length

in that ventricle. Use of this criteria, in this experiment, was based

upon two assumptions:




1e

2.

reasons:

1e

24
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That the compliance of the hypertrophied ventricles remained
unchanged.,

That the increase represented true ventricular failure and not
merely artificial elevation due to volume overloading,

It is thought that these assumptions are valid for the following

Other studies of animals with experimental ventricular hypertrophy
have not found any evidence of abnormal compliance and in this
experiment there was no significent difference in the EDPs of
the two sub-groups (of the RVH group) although their degree of
hypertrophy differed by 32 %e
In clinical cases of volume overloading the blood volume may
be twice normal and the EDP may rise as the ventricle moves up
its ventricular function curve but, in the absence of heart
disgease, it will remain within the normal limits. In this
experiment each side of the heart had failed before the blood
velume had doubled, so it was assumed that this represented true
failure and not merely an artifical elevation due to volume over-
loadinge

In all groups the LVSP (left ventricular systolic pressure) reached

maximum values when the LVEDP was at values associated with optimum sarcomere

length and then proceeded to fall as the LVEDP increased to values generally

associated with ventricular failure- The left ventricular failure which

occurred in this experiment corresponded to that seen clinically in cases

of high output failure in which the heart is no longer capable of working

at maximum performance but the cardiac output is maintained at a high level.

If the LVCO (left ventricular cardiac output) had decreased markedly below
that of the right ventricle, the rats would have died rapidly of acute
pulmonary congestion but instead they continued to live for 30-40 minu

the LVCO must have still been at a high, although not maximal, levele

tes, so
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After LV failure the RVCO (measured in this experiment by the direct
Fick Principle) continued to rise, as the output of the two ventricles
could not have been too dissimilar the LVCO must also have continued to
rise, despite ventricular failuree.

After failure of the LV the RVEDP, RVCO and RVSP continued to
rise as the PVP infusion proceeded. When the RVEDP of the normal and
RVH groups reached values typical of ventricular failure » the RVCO angd
RVSP fell, but in the LVH group these parameters started to fall while the
RVEDP was still within the normal range.

As already mentioned, the output of the left and right ventricles
could not have differed greatly after LV failure, so it can be seen that
the LVCOs of the normal and RVH groups continued to increase until the RV,
and hence the whole heart, failed. However this was not true for the
LVH group. As another group of rats, with LVH due to constriction of the
abdominal aorta, was capable of increasing its cardiac output under these
conditions it was assumed that the inability of the LVH group in this
experiment to do the same was due to the irreducible increase in peripheral
resistance, caused by the ring on the ascending aorta and the LV catheter
passing thrrough ite The increased peripheral resistance reduced the
venous return to the right ventricle and hence the RVCO and RVSP decreased,
despite 'éhe .fact tha.xt fhe RVEDP had notb yet reached failure levels.

Cardiac work was calculated, as in Dr. Beznak's original experiment,

as the product of the RVCO and the mean arterial pressure. The outputs of
the right and left ventricles until one ventricle fails but, as already shown,
even after failure of the LV in this experiment the output of the two
ventricles could not have been very dissimilar and therefore cerdiac work,

calculated in this manner, must have been a good approximation of left

ventricular work, both before and after LV failuree.
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In conclusion it has been shown that the assumption that the

LV fails before the RV, during the volume loading experiment designed

by Dr. Beznak, is valid. Therefore cardiac output and cardiac work,

as determined in this experiment, are good indicators of the le £t
ventricular performance during volume loading, both before and after LV

failure, until failure of the RV occurs.
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RESUME

FPor a number of years Dr. Beznak and her colleagues in this
laboratory have been evaluating the performance of the LV of rats under
various different conditions. One of the major methods used to assess
the performance of the LV left ventricle was its response to volume
overloading with a solution of PVP (polyvinylpyrro]idone). During the
infusion the indices of cardiac output and cardiac work rose to maximum
values, which were considered to be a measure of the reserve force of
the heart.

As the rigﬁt ventricle copes more easily with a volume overload
than the left, it was assumed that the left ventricle would fail befure
the right during this experiment and that it was the maximum work of the
left ventricle, unaffected by right ventricular failure, which was being
measured. As this assumption had never been proven, under these specific
conditions, the experiments which are described in this thesis were
undertaken to try and determine whether it was valide This assumption
was examined in normal rats as well as those with right or left
ventricular hypertrophy.

The many different methcds which can be used to> create cardio-
megaly in rats are discussed briefly in the Literary Review. From
these, constriction of the pulmonary artery and ascending aorta were
chosen to produce right and left ventricular hypertrophy respectivelye

The experiment used to evaluate the cardiac performance of the
group of rats was based on the one originally designed by Dr. Beznak.
Basal cardiac output and pressure measurements were mede with the animal
anaesthetised and then repeated after the infusion of set volumes of a
PVP solution. The cardiac output was measured by the direct Fick
Principle, this and other methods which have been used to determine the
cardiac output of the rat are described in the Literary Review, along

with the results of previous determinations made by other workers.

A
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Cardiac work was then calculated as the product of the cardiac output
and fe?oral artery pressure. Although this parameter could be used

as an index of left ventricular performance, it was not capable of
differentiating between the performance of the right and left ventricles,
so additional parameters were soughte.

The problem of evaluating cardiac performance is a difficult
one and is described in general terms, with particular emphasis on the
performance of the heart as a pump, in the Literary Review. As many
of the parameters of oardigc performance can only be obtained by cardiac
catheterisation, technigues for catheterising the right and left
ventricles of the rat were developede This enabled simultaneous
comparisons of right and left ventricular end-diastolic pressures,
systolic pressures and developed pressures; the changes in these values,
as well as those in cardiac output and cardiac work, made possible the
accurate assessment of the point of failure of each ventricle during
volume overloadinge.

Right and left ventricular hypertrophy was successfully produced
in a large number of rats, using the surgical techniques which were evolved
for this experiment. As no reference to intravascular cardiac
catheterisation in the rat could be found, new techniques had to be
developed; these involvedthe manipulation of silastic catheters down the
right external jugular vein and carotid artery to the right and left
ventricle respectively. Using these techniques clear pressure tracings
were recorded from both ventricles of ell rats. As this was the first
accurate recording of the intraventricular pressures of the rat, some
pressure tracings are included in the thesise.

From the changes in end-diastolic pressure, supported by those
in cardiac output and intraventricular systolic pressure, it was deduced
that the left side of the hearts of normal rats and those with lefi

or right ventricular hypertrophy fajiled first during volume loadinge
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The ventricle was said to have failed when the end-diastolic pressure
rose above the values commonly associated with optimum sarcomere length
in that ventricle; <this was accompanied with a fall in cardiac output
and systolic pressure.

It was concluded that the assumption that the left ventricle
fails before the right ventricle during the volume loading experiment
designed by Dr. Begnak is walid.

After the main experiment two preliminary trials were undertaken.
In the first the feasibility of using rats with right and left ventricular
hypertrophy (produced by the methods developed in this experiment) to
study the electrocardiographic changes taking place during the development
of vex;tricula.r hypertrophy was investigatede. In the second, the
possibility of measuring the myocardial contractility of these rats,

using only a catheter tranducer system, was explored.





