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Abstract

Cardiac

dysfunction is commonly identified in geriatric cats.

primary, typically hypertrophic cardiomyopathy (HCM),
with

a

number of specific

diseases, such

as

Disease

or may occur

hyperthyroidism

or

may

be

in association

hypertension.

Doppler Tissue Imaging (DTI) techniques allow for the non-invasive assessment of
myocardial dynamics. These techniques have previously demonstrated regional and
global diastolic impairment in various forms of human cardiomyopathy and in cats
with HCM.

The aim of this

study

geriatric cats and to

was to

compare

characterise the echocardiographic findings in healthy
these to the changes

seen

in geriatric cats with primary

cardiomyopathy and disease states linked to specific cardiomyopathies in human
beings. It
cardiac
on

was

predicted that from this it might be possible to derive disease specific

changes. In addition, it

may

be possible to elucidate the affect of medication

disease processes.

A total of 134 cats,

conventional
and

aged eight

years or

above,

were

studied. Each cat underwent

a

echocardiographic examination (two-dimensional, spectral Doppler,

M-mode) and

a more

advanced assessment of diastolic function (pulsed-wave

Doppler tissue imaging [pw-DTI], colour M-mode propagation velocity and spectral
Doppler assessment of the isovolumetric relaxation time).

according to either the disease
were

then

process, or

The cats

were

grouped

the diastolic filling pattern, and

groups

compared.

ii

Pulsed-wave

DTI

tracings (of both radial and longitudinal velocity)

successfully recorded from the feline myocardium.
measurements was

by

age

in

The repeatability of these

assessed, and generally found to be comparable to the variability

reported in human beings.
affected

a

There

was no

evidence that pw-DTI velocities

normal geriatric cat population.

Furthermore, there

significant difference in the relationship between pw-DTI velocities and
within any
heart rate

when

were

of the disease

groups

studied, although there

(as assessed by the R-R interval).

was some

In addition, it

was

age

are

was no

in cats

variation with

demonstrated that

grouped according to the transmitral diastolic flow pattern and the ratio of

transmitral A-wave duration to
DTI flow pattern

pulmonary

venous

atrial reversal duration, the

pw-

recorded from the apical four chamber view (at either the lateral

aspect of the mitral annulus, or mid-lateral wall) was able to differentiate normal
from

impaired relaxation and pseudonormal flow patterns.

Analysis of echocardiographic data demonstrated that there
thickness of the basilar interventricular septum

a

decrease in the E' velocity

(recorded by pw-DTI at the interventricular septum) and

chamber
has been

increase in the

in the majority of cats studied.

Compared to unaffected cats, cats with HCM had

decrease at the lateral aspect

was an

a

tendency towards

a

of the mitral annulus (recorded from the left apical four-

view). A similar decrease in the E' velocity in cats and people with HCM

reported previously, and is thought to suggest diastolic dysfunction in

affected individuals.
dimensional and

spectral Doppler abnormalities; however,

detected in this group.

suggesting

an

Cats with chronic renal failure demonstrated

no

some

mild 2-

pw-DTI changes

were

The hyperthyroid cats demonstrated increased S' velocities,

increased inotropic state.

In addition, the hyperthyroid cats

demonstrated increased A' velocities, the cause of which was
which may suggest
function.

A

mild diastolic dysfunction

from the normal cats,
use

increase in atrial systolic

comparison of treated and untreated hyperthyroid cats

This found that the treated

that the

or an

undetermined, but

was

performed.

hyperthyroid cats generally demonstrated less variation

compared to the untreated hyperthyroid cats, this

of carbimazole

may suggest

improves the function of the feline myocardium in

thyrotoxic cardiomyopathy.

This work, for the first time, uses novel ultrasound

techniques to investigate the

myocardial dynamics in normal geriatric cats, cats with primary hypertrophy and cats
with
The

a

range

use

of disease states linked to specific cardiomypathies in human beings.

of these

processes

techniques has provided

and has evaluated the

evaluation of feline

use

us

with

a new

insight into these disease

of this clinically applicable tool for the

myocardial dynamics.

iv

Albert Einstein, when asked to describe radio, replied: "You see, wire telegraph is a
kind of a very, very long cat. You pidl his tail in New York and his head is meowing
in Los Angeles. Do you understand this? And radio operates exactly the same way:
you send
cat."

signals here, they receive them there. The only difference is that there is
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Chapter 1: General Review

Chapter 1:

The purpose
on

the

General Review

of this review is to provide

feline

a

brief overview of the information available

primary cardiomyopathy and disease states linked to specific

cardiomypathies in human beings, drawing

on

comparative information from

descriptions of recognised disease in human beings.

In particular, those aspects

pertinent to the understanding of the echocardiographic features of these diseases

are

highlighted.
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Section 1
1.1
In

Hypertrophic Cardiomyopathy

Introduction:

Hypertrophic Cardiomyopathy in Human Beings

1980, the World Health Organisation defined the cardiomyopathies

as a group

myocardial diseases of unknown aetiology (WHO/ISFC task force 1980).
committee made the distinction between

of

The

cardiomyopathies and 'specific heart muscle

disease', in which myocardial dysfunction occurred secondary to a known aetiology.
However, within the last decade,

an

increased understanding of the aetiology and

pathogenesis of the cardiomyopathies has led to the revision of this classification.

In

1996, the

states

that

new

classification system was published (Richardson, et al 1996). This

the

cardiomyopathies

associated with cardiac

are

defined

dysfunction. They

are

as

diseases of the myocardium

classified

as

dilated cardiomyopathy

(DCM), hypertrophic cardiomyopathy (HCM), restrictive cardiomyopathy (RCM),
and

arrhythmogenic right ventricular cardiomyopathy (ARVC). It

to introduce the term

associated with

was

also decided

'specific cardiomyopathies' to describe myocardial diseases

specific cardiac

or

systemic disorders.

These

are

according to the underlying aetiology, giving rise to terms such

further divided
as

hypertensive

cardiomyopathy and metabolic cardiomyopathy. In addition, the term unclassified

cardiomyopathy (UCM)

was

features of more than

disease group may

one

introduced to accommodate

in which salient

be present.

Hypertrophic cardiomyopathy in human beings
characterised

cases

by ventricular hypertrophy, which

was
may

further defined

as a

disease

involve either the left and/or

right ventricle, is usually symmetrical and involves the interventricular septum
(Richardson, et al 1996). Systolic interventricular gradients

may

be identified and

2
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typically the left ventricular volume is normal
familial disease,

transmitted

mutations within the genes

as an

or

reduced.

1.1.1

a

autosomal dominant trait, typically caused by

encoding for the sarcomeric proteins.

changes include myocyte hypertrophy and disarray with
connective tissue

It is predominantly

areas

Pathological

of increased loose

(Richardson, et al 1996).

Aetiology of Hypertrophic Cardiomyopathy in Human Beings

In human

with de
HCM

beings, HCM is, in the majority of

novo

was

mutations

first

cases, an

inherited genetic disorder,

occurring frequently (Maron, et al 1995). A genetic basis for

reported in 1989, when it

was

discovered that

a

mutation within the

gene

encoding beta myosin heavy chain ((3MHC) resulted in familial HCM (Jarcho,

et al

1989).

Since that time,

clinical HCM.
sarcomeric
identified

more

These mutations

than 140 mutations have been associated with

are

predominantly in

genes

proteins, although mutations of the mitochondrial

encoding for cardiac

genome

have also been

(Ommen and Tajik 2001).

Unfortunately, the phenotypic diversity witnessed in HCM is not explained solely by
the

plethora of genetic mutations. It is acknowledged that certain mutations, such

those

involving the cardiac pMHC

hypertrophy and advanced clinical signs at
others

such

as

mutations

culminate in mild

in the

an

early

age

severe

(Havudrup, et al 2002), while

myosin binding protein C

gene

(MYPBC3),

hypertrophy, and late onset of clinical signs (Havudrup, et al

2002). Futhermore, certain mutations such
gene

(MYH7), tend to result in

gene

as

(Fujino, et al 2002)

or

as

those of the cardiac troponin T (TnT)

a-tropomyosin (V95A) (Yamauchi-Takihara, et al 1996,

3
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Karibe, et al 2001) typically engender moderate hypertrophy, but carry a poor

prognosis. Phenotypic diversity has also been identified in individuals affected by
identical mutations
environmental

(Havudrup, et al 2002).

stimuli

This has led to the assumption that

and/or modifier genes may

participate in the onset

or

expression of clinical disease.

While the effect of environmental stimuli is difficult to

there is

some

evidence that modifier genes may

assess

in the natural

setting,

be involved in the clinical

heterogeneity witnessed in HCM. It has been demonstrated that polymorphisms of
the genes

encoding the components of the renin-angiotensin-aldosterone-system

(RAAS) influence not only the penetrance but also the degree of hypertrophy in
related individuals with familial HCM

(Ortlepp, et al 2002). Notably,

one recent

study has suggested that the overall prognosis with HCM due to PMHC mutation
may

be altered depending

mutation;
or

a worse

the rod

amino acid

The

which functional domain is affected by the missense

prognosis being associated with mutations of the actin binding site

portion of the [3MHC in which there

was a

change in the charge of the

(Woo, et al 2003).

majority of studies of HCM suggest that hypertrophy is

response

This

on

a compensatory

and that the underlying aberration is sarcomere/myocyte hypofunction.

theory is supported by work demonstrating that isolated feline cardiac myocytes

expressing the pMHC mutation,

Arg403Gln, demonstrate disruption of

assembly, and myofibrillar disarray (Marian, et al 1995).
feline

cardiac

myocytes expressing the

decreased fractional

sarcomere

Furthermore, isolated
92

TnT mutation, Arg Gin, demonstrate

shortening and decreased peak shortening velocity, although in

4
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this model there
al

was no

observed

disruption to the sarcomeric assembly (Marian, et

1997). In vivo, tissue Doppler echocardiography has demonstrated

a

decrease in

myocardial function prior to the onset of hypertrophy in individuals with mutations
encoding for HCM (Nagueh, et al 2001a).
cardiac genes

upregulated,

In addition, expression profiling of

in HCM has shown that not only

many

diverse

are a

markers of 'secondary' hypertrophy

are

of

genes

also increased.

This

array

suggests that there may be common pathways involved in the appearance of

hypertrophy in HCM and in 'specific cardiomyopathies'
hypertrophy

1.1.2

were

merely

a compensatory

as

would be expected if

mechanism (Lim, et al 2001).

Naturally Occurring Hypertrophic Cardiomyopathy in Animals

In addition to human

beings, HCM has been reported to

occur

in the dog (Liu, et al

1979, Thomas, et al 1984, Liu, et al 1993), pig (Van Vleet and Ferrans 1986), and in
the cat

(Lord, et al 1974, Liu, et al 1981, Nishimura, et al 1989b, Kittleson 1998, Fox

1999, Baty, et al 2001). However, the condition is most commonly seen in the cat.

1.1.3

Aetiology of Feline Hypertrophic Cardiomyopathy

Although the aetiology of feline HCM remains undetermined, there have been
studies which have

suggested that, like in human beings, there

predisposition. In 1999, Kittleson and colleagues identified
cats with HCM

and

an

a

may

be

a

many

genetic

family of Maine Coon

autosomal dominant mode of inheritance, where 100%

penetrance was demonstrated (Kittleson, et al

1999).

Further studies have
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demonstrated left ventricular
et al

in

a

1994), and

a

hypertrophy in

a

closed colony of Persian cats (Martin,

familial predisposition for HCM and aortic thromboembolism (AT)

family of (American) domestic shorthaired cats (Baty, et al 2001). In addition,

family of American shorthaired cats has been identified with
HCM and/or

familial tendency for

systolic anterior motion of the mitral valve (SAM) (Meurs, et al 1997).

In all these studies the pattern

dominant trait.
and the feline

of inheritance

was

consistent with that of an autosomal

Polymorphisms of both the feline TnT
myosin regulatory light chain

have been identified.
sarcomeric

a

a

protein)

gene

gene

(Magnon, et al 2000a)

(MYL2) (Magnon, et al 2000b)

Furthermore, it has been found that Myomesin (an M-band
was

decreased

or

absent in Maine Coon cats with HCM,

compared to control cats (Meurs, et al 2001).

Although genetic mutation remains the most likely aetiology of HCM in cats, several
alternative

hypotheses have been put forward, including viral, bacterial and

nutritional

causes

(Meurs, et al 1998).

Notably, recent work by Meurs and

colleagues has resulted in the isolation of feline panleukopenia virus DNA from the
hearts of cats with

1.1.4

Feline

'cardiomyopathy' (Meurs, et al 1998).

Hypertrophic Cardiomyopathy: Clinical Features of the Disease

Prior to 1970, the feline

cardiomyopathies

aortic thromboembolism. In 1970, Liu
cardiac lesions which culminated in

subsequent decade, various reports

were

recognised only in association with

published the first report describing acquired

congestive heart failure (Liu 1970). Over the

were

published detailing the

gross

anatomical and

histological features of the feline cardiomyopathies (Lord, et al 1974, Liu 1977,
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Wilkins 1977, Van Vleet, et al

1980).

At that time, cardiomyopathy

8.5% of cats that underwent post-mortem
found that the

was

detected in

examination (Liu 1977). In addition, it

classification system

differentiated the disease groups

was

described in human beings suitably

described in cats, namely; DCM, HCM, RCM,

ARVC, UCM and persistent moderator band cardiomyopathy (Liu, et al 1981, Van
Vleet and Ferrans 1986, Fox, et al 1995, Fox, et

al 1997). Initially, DCM and HCM

reported to be the most prevalent of the feline cardiomyopathies (Fox 1999).

were

However, in 1987, Pion and colleagues discovered

a

causal relationship between

decreased

plasma taurine levels and feline myocardial failure (Pion, et al 1987).

With the

supplementation of commercial cat food with taurine, the incidence of

feline 'DCM' has decreased.
HCM

The

Today, the most prevalent feline cardiomyopathy is

(Fox 1999).

prevalence of HCM is reported to be between 27% (Fox 1999) and 67% (Tilley

1976) of all feline cardiomyopathies, the wide variation possibly being due to the
misclassification of
to be

a

male

'specific cardiomyopathies' in the earlier reports. There

predisposition with

al 1992, Rush, et al

an

appears

odds ratio of 3:1 often being reported (Atkins, et

2002), although there

are

also reports stating that there is

no sex

predisposition (Rozengurt and Hayward 1984, Martin, et al 1994, Meurs, et al 1997,
Ferasin, et al 2003). It has been proposed that this apparent contradiction may arise
from

a

variation in the

his 1999 paper,
severe

clinical

statistics

severity of the disease expressed by the different genders. In

Kittleson and colleagues noted that affected males displayed

more

signs than affected females (Kittleson, et al 1999). Since most of the

alluding to disease prevalence arise from secondary,

or

tertiary, referral
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clinics, the presumed male predisposition may merely reflect a younger or more

severely affected

Cats have been

2001) to 24
HCM

with these animals possibly being

diagnosed

years

as

having HCM from the

(Liu, et al 1975), with

being between 4.8

The most

and

group,

years

a

reported

age

are

likely to be referred.

of two months (Fijii, et al

mean age

(Martin, et al 1994) and

commonly reported affected 'breeds'

more

of naturally occurring

seven years

(Fox, et al 1995).

the domestic shorthaired (DSH)

longhaired (DLH) cats (Rush, et al 2002). In addition, Persian cats have been

reported

as

being predisposed to HCM (Tilley and Liu 1975), although this is not

universally accepted (Atkins, et al 1992). A high incidence of disease has also been
reported in the Maine Coon, the Birman (Fox 1999) and the Ragdoll breeds
(Saunders, et al 2001). The Siamese, Burmese and Abyssinian breeds

may

be under-

represented (Fox 1999).

Clinical

Findings

Feline HCM is

a

highly heterogenous disease (Bright, et al 1992, Peterson, et al

1993) and therefore, the associated clinical signs
cats

are

1992).

are

highly variable.

asymptomatic, apparent unexpected sudden death
In others, stress

pleural effusion being

may

seen

or

many

(Atkins, et al

induce dyspnoea, with acute pulmonary oedema

or

(Liu, et al 1975). Other reported clinical signs include

tachypnoea, anorexia, vomiting,
paresis, lethargy

may occur

Since

syncope or

paresis, which is typically posterior

cachexia and occasionally ascites (Liu, et al 1975, Tilley and Liu

1975).
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normal

Physical examination

may

reveal

Fuentes

may

be systolic

1992). There

When present,

'gallop' sound.

outflow tract obstruction

some

or

or

hyperdynamic apical pulse (Luis

murmurs or an

murmurs are

audible S4, also known

as a

usually the result of either dynamic

atrioventricular valve

instances these may occur

outflow tract

a

regurgitation (Rush, et al 2002). In

concurrently; turbulence within the left ventricular

causing systolic displacement of the septal leaflet of the mitral valve

(by the Venturi effect) and with this mitral valve insufficiency: This phenomenon is
known

as

systolic anterior motion

or

SAM (Kittleson 1995). Arrhythmias, typically

tachyarrhythmias,

are not uncommon

failure is present

there

decreased thoracic

compressibility and/or

McEwan

may

al

1996). In such

be reduced,

or

may

cases,

pulses

may

(Luis Fuentes 1992).

If congestive heart

be moist pulmonary rales (Bond and Fox 1984),
a

decrease in thoracic

heart and lung sounds

may

(Dukes

resonance

be muffled. Pulse quality

be absent if there is thromboembolic disease (Liu, et

1975). One study of thromboembolic disease in cats demonstrated that this

associated with HCM in 58% of

right heart disease, there

may

cases

(Laste and Harpster 1995). If there is

was

severe

be abnormal jugular pulses and distended jugular veins

(Bright, et al 1992). Occasionally cachexia and/or ascites

are

reported (Fox 1999).

Diagnosis

A diverse

cats.

are

spectrum of electrocardiographic changes have been reported in HCM in

All of these

the presence

are

non-specific (Fox 1999). Amongst the most

common

findings

of a left anterior fascicular block, which has been reported to

in between 11%

occur

(Fox 1999) and 33% (Bright, et al 1992) of cats with HCM.
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abnormal

Reported

rhythms

include

sinus

tachycardia,

atrial

fibrillation,

supraventricular tachycardias and ventricular premature complexes (Harpster 1990,
Bright,

et

al

Increased

1992).

amplitude

and/or

duration

of individual

electrocardiographic (ECG) waveforms is commonly reported. These

are

thought to

represent enlargement of one or more chambers (Harpster 1986).

Radiographic changes
disease
are

If

also highly variable and non-diagnostic.

are

radiographic changes

be absent

may

or

subtle. However,

With mild

survey

radiographs

required to evaluate pulmonary parenchymal and vascular changes (Fox 1999).

congestive heart failure is present, radiographs

congestion with interstitial
may

or

reveal pulmonary vascular

alveolar oedema (Rush, et al 2002). Frequently, there

be fluid within the pleural

space

develop pleural effusion with left
1998). It is thought that this

may

may

or

(Rush, et al 2002). Unlike dogs, cats

may

right sided congestive heart failure (Kittleson

be due to

an

anatomical variation, in that the blood

supply to the visceral pleura is supplied by the pulmonary arteries, whereas in the

dog the bronchial arteries provide this blood supply (McFaughlin, et al 1961). It has
been

hypothesised that since the pulmonary arteries provide the blood supply for the

visceral

pleura, the pulmonary vein

pulmonary

pressures

generalised

or

be present

may

may

be involved in drainage; thereby, increased

lead to pleural effusion (Kittleson 1998).

right-sided heart failure, hepatosplenomegaly and/or ascites

With
may

also

(Rush, et al 2002).

If the cardiac silhouette

chambers may

can

be observed.

be

imaged adequately, enlargement of

This is frequently the left atrium,

or

one or more

left auricular

appendage (Bond, et al 1988). Although biatrial enlargement, with right ventricular
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enlargement and shifting of the

apex

toward the midline of a dorsoventral projection,

(the 'valentine shaped' heart) has been described
(Lord, et al 1974, Tilley 1976),

some

authors

now

classical finding in HCM

as a

dispute this

as a

frequent finding

(Fox 1999).

Definitive

diagnosis of HCM requires the demonstration of inappropriate ventricular

hypertrophy.
mortem

This

be provided by echocardiography, angiography

can

examination.

or post

However, echocardiography is the procedure of choice.

Techniques by which echocardiography

can

be utilised in the investigation of HCM

will be discussed in Section 4.

Pathology of HCM

It is

important to understand the pathological alterations that

because

it is the alterations

responsible for

many

an

increase in cardiac

In

mass.

body weight has been reported to be in the

in cats with HCM the range was

addition,

one or more

seen.

are

Macroscopic post

The normal heart

range

weight in

of 4.8±0.1 g/kg, whereas

significantly greater (6.4±0.1 g/kg) (Liu, et al 1993).

of the ventricular walls and the papillary muscles

hypertrophied; the left ventricular chamber being normal
al

in HCM. This is

composition of the myocardium that

of the echocardiographic changes

motem examination reveals

relation to

in the

occur

or

are

decreased in size (Liu, et

1981). The pattern of hypertrophy in HCM is typically symmetrical, the free wall

and interventricular septum

involvement

of the

both being affected. In

some cases

right ventricle (Van Vleet, et al

there

1980).

may

also be

However, in
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cases

interventricular septum;

termed asymmetric septal hypertrophy (Liu, et al 1993).

This is in contrast to human

there

be disproportionate involvement of the

approximately 31% of

may

beings in which asymmetric hypertrophy accounts for

approximately 81% of cases (Liu, et al 1993). When present, this asymmetry

striking.

The

upper

mitral valve, is
may

impinge

plaque

may

on

may

be

portion of the septum, adjacent to the anterior leaflet of the

frequently affected (Liu 1977). This localised
the left ventricular outflow tract. In such

be present

on

area

cases an

endocardial mural

the basal interventricular septum and there

of the ventral leaflet of the mitral valve

of hypertrophy

may

be fibrosis

(Liu 1977, Fox 2003).

Enlargement and hypertrophy of the left (and occasionally right) atrium

may

be

present and in some cases ball thrombi may be found within the atrium (Lord, et al

1974). When present, thromboemboli
most

If

may

be located elsewhere in the body, but

typically located at the aortic trifurcation (Lord, et al 1974).

congestive heart failure is present, the lungs

fluid

are

may

be moist and heavy, with foamy

easily expressed from the parenchyma (Van Vleet, et al 1980). Free fluid

be present

in the abdomen, thorax

or

pericardium. Occasionally there

may

may

be hepatic

congestion (termed nutmeg liver) (Van Vleet, et al 1980).

Histological examination reveals hypertrophy of the cardiac myocytes, which have
rectangular hyperchromatic nuclei (Liu, et al 1981).
interstitial connective tissue,

fibroplasia and there

may

with

areas

There is

an

increase in the

of the endocardium being replaced by

be interruption of the atrioventricular Purkinje cells with

collagen fibres (Liu, et al 1981).
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In the

majority of cats with asymmetric HCM, microscopic examination of the

myocardium reveals myofibrillar disarray affecting at least five

per

cent of a

hypertrophied section (Liu, et al 1981). This disorganisation is predominantly of
"pinwheel" configuration in which myocytes
obliquely to

one

Myofibrillar disarray is

a common

are

symmetric hypertrophy, but

appears

common

be

less prevalent (Liu, et al 1981).

finding in human HCM, with

demonstrating this phenomenon in

myocardium (Liu, et al 1993). It

some myocytes may

or

of non-hypertrophied myocardium

areas

demonstrate similar changes, although these

individuals

aligned perpendicularly

another (Liu, et al 1981). The nuclei of

hypertrophied and hyperchromatic. Other
may

are

a

excess

of five

90% of

over

per cent

of the

to be an uncommon finding in cats with

in cats with asymmetric hypertrophy (Liu, et al

1993).

Abnormal coronary
cats

and

arteries

reported with equal frequencies in human beings,

dogs (Liu, et al 1993).

interventricular septum,
arteries

are

but

may

These

are

most commonly located in the

be found elsewhere.

The abnormal intramural

display thickening of both the tunica media and tunica intima and therefore,

reduction in the luminal diameter.

The wall

a

thickening results from increased

mucopolysaccharide deposits, increases in smooth muscle cells, fibrous tissue and
elastic fibres

(Liu, et al 1993).

These abnormalies

are

found in

a

large proportion of the vessels in

there is substantial interstitial fibrosis. This is
has been

a common

areas

in which

inter-species finding and it

hypothesised in human beings and cats that this relationship

may

reflect

a
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causal

relationship, the decreased blood flow resulting in myocardial ischaemia and

necrosis

(Liu, et al 1993).

14

Chapter 1: General Review

Section 2
human

There

Disease states linked to

beings

are

many

forms of 'specific' cardiomyopathy described (Richardson, et al

1996).

However,

purpose

of this study,

feline

specific cardiomypathies in

many
a

of these

are seen

principally in human beings.

brief overview of the diseases that

may

For the

secondarily affect the

myocardium will be given; these include hypertension, hyperthyroidism,

chronic renal failure and diabetes mellitus.

1.2.1

Hypertensive Cardiomyopathy

Cardiac

Effects of Hypertension in Human Beings

One of the main

changes to

occur as a

hypertrophy. In human beings, this acts

result of systemic hypertension is cardiac

as an

independent predictor of morbidity and

mortality (Weber, et al 1991, Lip, et al 2000). It has been shown that

hypertension has been corrected, hypertrophy
2000).
that

This has led

causes

the

some

may

even once

the

remain (Sen 1999, Lip, et al

investigators to suggest that it is neurohumoral activation

hypertrophy rather than

a

direct

response to

the

pressure

overload

(Dhalla, et al 1999, Olivetti, et al 2000).

The

classic

hypertrophy.
1992).

pattern of hypertrophy

described in hypertension is concentric

However, eccentric hypertrophy

can

also be

seen

(Frochlich, et al

Diastolic dysfunction has been demonstrated in people with hypertension,

15

Chapter 1: General Review

and with essential

hypertension, the diastolic filling patterns can identify people at

increased cardiovascular risk

(Schillaci, et al 2002).

Histologically, hypertensive cardiomyopathy produces cardiac myocytes which

are

enlarged, there is

are

remodelled

increase in the amount of fibrosis and

an

However, while this condition also
not

were

produced solely

as a

result

overload, similar changes would be expected in other conditions in which

overload is the salient feature.

pressure

vessels

demonstrating perivascular fibrosis, and thickening of the tunica media

(Yamazaki, et al 1999a). However, if these changes
of pressure

coronary

produce the

causes

One such condition is aortic stenosis.
left ventricular

changes, for example:

same

thickening and perivascular fibrosis

are

pressure

overload, it does

Intramyocardial arteriole wall

not features seen in aortic stenosis (Lip, et al

2000).

There have been many

changes

are

due to

studies undertaken which attempt to demonstrate which

pressure

conflicting results.

seems to

are

due to humoral activation, with

Several factors have been implicated in the formation of

myocardial hypertrophy,
(RAAS)

overload and which

have

among

a

which the renin-angiotensin-aldosterone system

central role (Basset, et al 2001). It has been shown that

stretching cardiac myocytes increases the production of angiotensin II (Angll) (Kim
and Iwao

2000).

It has also been demonstrated, by

angiotensin converting
antagonists
if

enzyme

can suppress

some

investigators, that both

(ACE) inhibitors and the angiotensin receptor I (ATi)

the development of hypertrophy and promote its regression

loading conditions improve (Kim and Iwao 2000). However, other investigators

have failed to demonstrate this

(Kent and McDermott 1996). In addition, studies in
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rats

have demonstrated that

even

in the presence

of ATi blockade Angll mediated

proliferation of medial vascular smooth muscle cells and adventitial/interstitial
fibroblasts of

intramyocardial

coronary

arteries is inhibited, but Angll mediated

proliferation of myoendothelial cells is unaffected (McEwan, et al 1998). Therefore,
it appears
not be

that Angll plays

a

role in cardiac hypertrophy, although its activation

mandatory (Kent and McDermott 1996, Lorell 1999).

may

Notably, in

an

experimental study examining the effects of ATi receptor blockade by losartan and
Angll blockade by the ACE inhibitor captopril

on

by pulmonary artery banding, neither treatment
control group

(Koide, et al 1999).

overload the ACE inhibitor

captopril

feline cardiac hypertrophy induced

group

differed significantly from the

This result suggests that in feline
may

have minimal effects

on

pressure

right ventricular

remodelling.

Our

understanding is further complicated by studies that have demonstrated that the

angiotensin receptor II (AT2) is the predominant receptor in the diseased heart
(Lorell 1999). While its role is still unclear, it does
response, at

appear

to provide an antigrowth

least in normal tissue (Lorell 1999). However, it has been shown that in

AT2 receptor knockout mice, pressure overload fails to produce the expected

hypertrophy and cardiac function remains normal (Senbonmatsu, et al 2000). This
suggests that AT2 receptors may play a role in the murine hypertrophic response.

Aldosterone

(ALDO) and Angll have been shown to precipitate fibrosis (Weber, et al

1991, Fiebeler, et al 2001), the degree of which is decreased in response to both ACE
inhibition and

spironolactone (an ALDO inhibitor).
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In the presence

leads to

of hypertension the sympathetic

myocardial

a

nervous system

is activated. This

and P receptors activating intracellular signalling pathways that

ultimately lead to cardiac hypertrophy (Kent, et al 1991). One of the results of the
activation of these

pathways is the increase in intracellular calcium (Iaccarino, et al

2001).

Calcineurin is

calcium-sensitive

a

phosphatase, which has recently been implicated

in the

development of hypertensive hypertrophy. Calcineurin is activated in

to

increased load

an

inhibited
to

response

(Zou, et al 2001) and remains activated long-term. It

can

be

by cyclosporin A (CsA). Inhibited models of pressure overload have failed

produce the expected hypertrophy (Avdonin, et al 1999, Lim, et al 2000).

Suggesting that,

as an

intracellular regulatory mediator, calcineurin is involved in

Angll induced hypertrophy (Murat, et al 2000).

In

addition, it has been demonstrated, in experimental models, that

endothelin-1
overload

may

(ET-1) level induces cardiac hypertrophy in the

a

rise in the

presence

of volume

(Kedzierski and Yanagisawa 2001). It has been hypothesised that Angll

promote

hypertrophy partly through upregulation of ET-1 transcription

(Massart, et al 1999).

Furthermore, it has been shown that in the

presence

of

damaged endothelium, ET-1 is secreted by the vascular smooth muscle cells in
addition to the endothelial cells
the endothelium is
vasoconstriction

(Kedzierski and Yanagisawa 2001). Therefore,

once

damaged, for example, by continuous stretch, the level of

provided by the endothelin system is upregulated, causing further

damage to the endothelium (Opie 1998b).
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As in the normal

subject,

some

of the increased activity of Angll and ET-1 is negated

by nitric oxide (NO) mediated vasodilation (Moreno, et al 1996). Moreover, it is
hypothesised that
beings,

may

some

forms of essential hypertension,

in fact be due to

an

as

described in human

imbalance in the level of NO compared to Angll

(Raij 2001).

Feline

Hypertension

In the cat,

essential (primary) hypertension is rarely encountered. Most cases of

hypertension have been documented secondary to other diseases, the most
of which is chronic renal failure
73%

cats with

there

(CRF). Between 61% (Kobayashi, et al 1990) and

(Lesser, et al 1992) of cats diagnosed with systemic hypertension

However, in

was

one

study investigating the incidence of hypertension in

are

a

azotaemic.

population of

CRF, only 19.4% of cats were hypertensive (Syme, et al 2002). Notably,
no

association between the

degree of azotaemia and the incidence of

hypertension (Syme, et al 2002). Other documented
include

common

causes

of feline hypertension

hyperthyroidism (Kobayashi, et al 1990), diabetes mellitus, acromegaly,

phaeochromocytoma, hyperadrenocorticism, primary hyperaldosteronism (Flood, et
al

1999), hyperparathyroidism and hypercalcaemia, anaemia and polycythaemia

(Dukes 1992). There

are

also

some reports

of essential hypertension (Littman 1994,

Elliot, et al 2001). However, at this stage it is still unclear whether

or

not this is a

primary disorder comparable to essential hypertension in human beings, since it is
difficult to rule out all

possible differentials.
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Whatever the

common

many

inciting

feature;

effects

on

cause

pressure

there is always

one

the neuroendocrine systems. Some of these
may

be stimulated by

organ

may

are

be specific to the

damage secondary to the

overload.

Measurement

ofFeline Blood Pressure

Blood pressure can

be measured by direct

determination is the
catheter into
feline

pressure,

overload of the circulatory system. In addition, there

precipitating disease; others
pressure

of the elevation in blood

a

or

indirect methods. Direct blood

gold standard, but requires the placement of

peripheral artery;

a

technique which is

patient (Brown and Henik 1998).

pressure measurement

very

an

pressure

indwelling

difficult in the unsedated

Therefore, indirect methods of blood

have been evaluated in the cat (Dukes 1992, Grandy, et al

1992, Lesser, et al 1992, Beardow 1993, Sawyer 1993, Branson, et al 1997, Henik
1997, Brown and Henik 1998, Sparkes, et al 1999). These include Doppler,
oscillometric and

photoplethysmographic methods. Auscultatory techniques,

commonly in human medicine,

(Korotkoff) sounds

are

are

not applicable to cats since the arterial

and Henik 1998).

All of the methods of indirect blood pressure measurement

wrapped around

an

require

extremity and the cuff to be inflated to

arterial blood flow is occluded.
at which arterial flow

used

of low amplitude and frequency, making auditory

identification inaccurate (Brown

to be

as

The cuff is then

recommences

an

inflatable cuff

a pressure at

gradually deflated and the

is measured. This measurement

can

which

pressure

be made

by
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a

variety of methods. A Doppler flowmeter, placed distal to the cuff will detect the

presence
et al

of a Doppler shift marking the recommencement of arterial flow (Grandy,

1992). Alternatively,

in the pressure

1997)

or

an

oscillometric device

can

be used to

within the cuff resulting from arterial pulse

infrared radiation

can

be used to

measure

measure a

pressure

change

(Branson, et al

arterial volume

in the

as

photoplethysmographic technique (Brown and Henik 1998).

Evaluation of these indirect methods has

veterinary patients.
oscillometric

yielded inconsistent results when assessing

It has generally been found that, in the feline patient, the

technique is the least accurate (Branson, et al 1997). Evaluation of the

photoplethysmograph
of the non-invasive

on

anaesthetised patients showed this to be the most accurate

techniques (Brown and Henik 1998). However, there

are

few

reports on the use of this technique in the conscious cat. The Doppler technique is

widely available, and has been assessed in conscious cats (Lesser, et al 1992).

Unfortunately, this technique does tend to under-estimate high blood
over-estimate low blood pressure
indirect

and

pressure

(Grandy, et al 1992, Lesser, et al 1992),

techniques. Measurements of diastolic blood

highly operator dependent and therefore,

are

pressure

as

and

do all

have proved difficult

generally not measured in cats

(Sawyer 1993).

Systemic blood

pressure measurements are

oversized cuff tends to

affected by the size of cuff used: An

produce lower values, while

an

undersized cuff tends to

produce higher values (Henik 1997, Sparkes, et al 1999). It has been extrapolated
from the human and canine literature that the ideal cuff width is 40% of the

circumference of the limb.

However, it has been demonstrated that in cats

a

figure
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closer to 30% may
at

yield

more accurate

results (Grandy, et al 1992). Unfortunately,

present, the published reference ranges for feline blood pressure measurement,

have been deduced

There is

some

using the 40% rule.

disagreement

demonstrated

small,

but

measurements recorded

over

over

the ideal site for cuff placement.

insignificant,
the

variations

Studies have

between

oscillometric

coccygeal, brachial and medial arteries (Sawyer

1993, Branson, et al 1997). Branson and colleagues also demonstrated that, whether
the fur

was

clipped,

or

not, did not significantly alter the blood pressure measurement

(Branson, et al 1997).
induced

Since it is well recognised that cats experience anxiety

hypertension, it is considered best to keep the stressful stimuli to

(Sparkes, et al 1999), and these include, where possible, avoiding the
This in turn may

In the

the cat

use

minimum

of clippers.

influence the site of cuff placement.

veterinary literature, reports citing abnormal values for the blood
are

a

pressure

in

plentiful (Morgan 1986, Kobayashi, et al 1990, Lesser, et al 1992, Littman

1994, Sansom, et al 1994, Branson, et al 1997, Henik 1997, Brown and Henik 1998,

Bartges, et al 1999, Sparkes, et al 1999). However, there is
between authors
the

as

to what should be

range

pressure

same

of normal feline systolic blood

has been demonstrated that end organ

immense variation

considered normal. These vary not

technique used but also when, apparently, the

Although, the actual

an

damage

can occur

only with

technique has been used.
pressure

is not known, it

secondary to

a

raised blood

(Morgan 1986, Kobayashi, et al 1990, Lesser, et al 1992, Littman 1994,

Sansom, et al 1994, Sansom 1997, Bartges, et al 1999, Crispin and Mould 2001,
Elliot, et al 2001). It is generally considered that a cat is hypertensive if the systolic
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blood pressure

exceeds 160mmHg (when measured using

an

indirect technique)

(Hypertension Consensus Panel 2002).

Cardiac

Affects ofFeline Hypertension

Reports of hypertension in cats allude to
and cardiac murmurs,
In

one

such

or

relationship between high blood

Furthermore, within

hypertrophy 47.5%

population of cats with left ventricular

a

found to be hypertensive (Lesser, et al 1992).

published. It has been found that compared to

cats, cats with an elevated

systolic blood

of the interventricular septum,

free wall

pressure,
or

being within the published reference

the

matched control

typically demonstrate hypertrophy

appears

ranges

variable, with

some

(Nelson, et al 2002). In

ascending aorta has been reported to be dilated (Nelson, et al 2002),

atria

(Snyder, et al 2001).

common

feature in

basilar septum

The

age

both (Nelson, et al 2002, Chetboul, et al

2003b). However, the degree of hypertrophy
cats

found to have cardiomegaly

were

detailed reports of the echocardiographic changes in hypertensive

more

cats have been

were

pressure

cardiomegaly (Littman 1994, Snyder, et al 2001).

study, 81% of the cats examined

(Littman 1994).

Recently,

gallops

a

Notably, two different

hypertensive cats is

a

localised

groups

area

affected

some cases
as

have the

have commented that

a

of hypertrophy affecting the

(Nelson, et al 2002, Chetboul, et al 2003b).

pathology of feline hypertensive cardiomyopathy has not been fully described.

Of two cats with

hypertension that had

a post mortem

found that the tunica media of the coronary

examination performed, it

was

arterioles demonstrated hypertrophy
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(Littman 1994). This finding is also reported in human hypertensive hypertrophy,
but is not

a

feature of conditions with

precipitate

pressure

overload (Yamazaki, et al

1999b, Lip, et al 2000).

In addition to its effects

organs

the heart,

hypertension has

many

other effects

on

other

including the kidneys (Bartges, et al 1999). Increasing the renal perfusion

pressure

may

on

elicits damage to the glomerulus, hyaline nephrosclerosis (Henik 1997), and

eventually

cause

renal failure. It is still unclear

incidence of azotaemia within the

as

to whether or not the high

hypertensive feline population is

a

primary

or

secondary problem (Bartges, et al 1999). This is frequently complicated because
hypertension is not diagnosed until ocular signs, such
seen, at

for

which time the blood

some

1.2.2

Evidence for a

is often highly elevated, and

may

are

have been

so

Cardiomyopathy

Specific Uraemic Cardiomyopathy

cardiomyopathy is

myocardial changes that

a term

occur

used in human medicine to describe the

secondary to CRF (Lewis, et al 1976). In human

beings, it is recognised that individuals who
risk of

retinal haemorrhage

time.

Uraemic

Uraemic

pressure

as

are

dying from cardiovascular disease than

undergoing dialysis
any

are at a

higher

other condition (Levin, et al

1999); the risk within this population is five to ten times greater than that within the
normal

population (Kunz, et al 1998). It has also been demonstrated that there is
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cardiac

dysfunction in

many

dialysis and it is not merely
Abnormal diastolic function

patients with CRF prior to the commencement of
a

was

side effect of the procedure (Kunz, et al 1998).
demonstrated in

in

one

al

1998). Furthermore, it has been shown that

study, with the other half suffering systolic dysfunction and dilation (Kunz, et

remains

a

reported

Although several

as a common

after renal transplantation, there

sequel to CRF (Pastan and Braunwald 1988).

have tried to identify

groups

for these effects, to date, it has not been
that there

even

degree of cardiac dysfunction (Kunz, et al 1998). Pericardial inflammation

and effusion is

are

dysfunction
and

approximately half of the patients

specific uraemic toxin responsible

possible to do

in fact several variables which

seen

a

can

so.

The present

consensus

is,

precipitate cardiac disease, and the

is due to combinations of these factors (Amann, et al 1998, Levin

Foley 2000).

This

may

explain why there

cardiomyopathy, with either concentric

or

are

many

different types of

eccentric changes, identified in CRF

patients.

In

some

2000).

cases

of CRF, a

hypoproliferative anaemia is identified (Levin and Foley

The aetiology of this anaemia is multifactorial.

constituent appears to

be

a

in

production

production,
occurs,

or

relative deficiency in the plasma levels of erythropoietin
It remains to be established whether this is due to

(Al-Ahmad, et al 2001).
decrease

However, the principle

an
an

a

alteration in the threshold below which increased
increase in plasma proteolytic activity resulting in

degradation of this hormone (Polzin, et al 1995). Other factors that

can

the

increased risk of

precipitation of anaemia in the uraemic individual include

an

play

a

gastrointestinal haemorrhage (often secondary to gastrointestinal ulceration),

role in

a poor
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nutritional status, and a mild

haemolytic tendency (possibly secondary to

alteration within the membrane of the red blood
to oxidative

Anaemia

a

cells, which results in

an

a

structural

intolerance

stress) (Polzin, et al 1995).

imposes several effects

decrease

in

the

upon

the cardiovascular system. Primarily, there is

circulating level of haemoglobin and therefore

relative

a

hypoxaemia (Levin and Foley 2000). It has been demonstrated in CRF patients that
there is

a

significant correlation between the circulating level of haemoglobin, the

degree of left ventricular dilation and left ventricular

mass

(Levin, et al 1999). The

hypoxia also leads to stimulation of the RAAS, which in turn stimulates myocyte
growth, apotosis, and interstitial fibrosis (Levin, et al 1999). In human beings, it has
been demonstrated that

even

a

limited correction of anaemia leads to

a

partial

regression of left ventricular hypertrophy (Lewis, et al 1976).

A

second

factor

hypertension

hypothesised to play

(Brahimi,

role in uraemic cardiomyopathy is

2000).

In

cardiopulmonary baroreceptor influence

upon

et

al

a

CRF

induced

hypertension the

renal haemodynamics is impaired,

resulting in less inhibition of sympathetic control (Opie 1998b).
pressure

human

has shown

a

weak correlation with left ventricular hypertrophy within

population with CRF (Kunz, et al 1998). However,

complicated by the fact that the majority of patients
al

Systolic blood

are

many

human studies

a

are

undergoing dialysis (Kunz, et

1998). This alters the arterial compliance and the synchronisation of arterial reflex

waves,

factors that in themselves

hypertrophy (Kunz, et al 1998).

hypertension is

a

are

independent determinants of left ventricular
In these patients, it has been found that

determinant of left ventricular

mass.

However, diastolic function is
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not

significantly different between hypertensive and normotensive dialysis patients;

being impaired in both
are

alterations

seen

seen

groups

to the same degree. These results suggest that there

in the diastolic function of CRF

secondary to hypertension

that correction of

dialysis patients, out-with those

anaemia. Furthermore, it has been demonstrated

or

hypertension fails to reduce cardiac

mass

to normal (Mall, et al

1990).

Experimental studies have demonstrated

a

rise in blood

pressure

following sub-total

Comparisons between SNX rats and rats with renovascular

nephrectomy (SNX).

hypertension have demonstrated that whilst the SNX rats show

an

increased

expression of various growth factors and their receptors, rats with renovascular
hypertension (Goldblatt rats) do not.
uraemic

This supports the existence of

a

specific

cardiomyopathy (Amann, et al 1998).

Moreover, histological studies have identified myocardial interstitial fibrosis in

people suffering from uraemia.

This fibrosis

ischaemic fibrosis and

was

heart

presence or

weight and the

recognised that
fibrosis

many

was

distinct from replacement,

or

independent of hypertension, diabetes mellitus, anaemia,
absence of dialysis (Mall, et al 1990).

It is

cats with ventricular hypertrophy have myocardial interstitial

(Liu 1970), but to date

no

studies have looked for

an

increase in the circulating level of parathyroid

an

association with

uraemia.

It has also been

hypothesised that

hormone

may

(PTH)

be responsible for myocardial dysfunction (Slatopolsky, et al

1980). Hyperparathyroidism is

a common

feature in human CRF (Slatopolsky, et al

1980). Under normal conditions PTH is involved primarily in calcium homeostasis.
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enhances

It

calcium

release

osteoprogenitor cells to form

from

more

bone

by

initiating

proliferation of the

osteoclasts and thereby increases the rate of bone

resorption (Slatopolsky, et al 1980).

Reciprocally, PTH acts

the kidney,

on

decreasing both proximal and distal reabsorption of phosphate and increasing the
permeability of the proximal tubule, whilst decreasing sodium and calcium
reabsorption (Hanley and Sherwood 1978). However, this is reversed in the distal
nephron where the reabsorption of calcium is enhanced, resulting in
decrease in calcium excretion

an

overall

(Slatopolsky, et al 1980). In addition, PTH affects the

reabsorption of several other electrolytes, including magnesium and bicarbonate, and
is

responsible for the activation of 1 -hydroxylase, which is the

for the formation of

The

enzyme

responsible

1,25-dihydrocholcalciferol (Slatopolsky, et al 1980).

aetiopathogenesis of renal secondary hyperparathyroidism is incredibly complex

and has yet to
PTH from

be fully explained. The chief cells of the parathyroid gland synthesise

pro-parathyroid hormone (Hanley and Sherwood 1978).

stimulus for secretion of which is
calcium.

The liver and

intact PTH,

depending

kidney

are

a

reduction in the

the principle

organs

The main

circulating level of ionised

involved in the cleavage of

giving rise to PTH fragments. The activity of these fragments varies

on

how they have been cleaved (Slatopolsky, et al 1980).

kidney, the biologically active fragments

are

Within the

removed by peritubular uptake and

glomerular filtration, while the biologically inactive forms

are

removed by

glomerular filtration and tubular reabsorption. The liver contributes to the removal
of

only the inactive fragments (Slatopolsky, et al 1980). It has been demonstrated

that in uraemic

dogs the hepatic uptake of intact PTH is decreased and the renal
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clearance of PTH is
flow

greatly reduced, in proportion to the decrease in renal plasma

(Crass, et al 1985).

In human

beings, it is thought that the main pathogenic mechanism initiating

secondary hyperparathyroidism is phosphate retention; but
filtration rate declines, there

dihydrocholcalciferol, which

are

may

the glomerular

as

also alterations in the metabolism of 1,25-

be responsible for the development of skeletal

resistance to PTH.

In addition, the renal
becomes

degradation of intact and biologically inactive PTH fragments

impaired (Slatopolsky, et al 1980).

fragments

can

impose biological actions when present at high concentrations. It is

thought that the build
metabolism,

as

of soft tissues,

At present it is not known if these

well

as

up

of these metabolites

may

influence carbohydrate and lipid

acid-base balance and may be responsible for the calcification

including the blood vessels (Hanley and Sherwood 1978). It has been

suggested that this calcification of blood vessels

may

play

a

role in cardiac

hypertrophy. This is because the replacement of the canine aorta with
tube will induce left ventricular

(Kunz, et al 1998).

hypertrophy despite

There is also

some

a constant mean

a

non-elastic

arterial

pressure

evidence that in human beings, PTH

may

promote bone marrow fibrosis and with it, anaemia (Klahr and Slatopolsky 1986).
This is

a common

finding in primary hyperparathyroidism and

secondary renal hyperparathyroidism.
deduce whether this anaemia is
the renal

may

be

a

feature of

However, at present it is not possible to

secondary to the effects of PTH

or a

direct result of

impairment (Slatopolsky, et al 1980), via the mechanisms discussed

previously.
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Finally, it has been demonstrated that autonomic dysfunction, including
responsiveness of
and

an

a

and (3-adrenoreceptors,

increase in the

a

(Dhein,

responsiveness has also been demonstrated in
been

a

may

be present in human

This decrease in P-receptor

al 2000).

et

decreased

reduction in baroreceptor sensitivity

circulating level of noradrenaline,

haemodialysis patients

a

SNZ model of CRF in rats and has

hypothesised to have been caused by either,

an

"uncoupling" of the receptor

or

by inhibition of the receptor by the uraemic toxins (Dhein, et al 2000). Clinically,
the

blunted

P-adrenoceptor responsiveness

may

functionally contribute to the

impaired baroreflex function (Dhein, et al 2000).

Feline Uraemic

To

Cardiomyopathy

date, CRF is not

recognised that CRF is
of feline uraemic

a

of feline cardiomyopathy.

While it is

in aged cats (Elliot, et al 2000), there

are no reports

recognised

common

cause

cardiomyopathy. However, since there is

cardiac and renal disease within the
between these conditions is not

As discussed

cat.

aged feline population,

high incidence of both
a

possible association

implausible.

previously, hypertension associated with CRF is not

It has been demonstrated that between 19.4%

(Bartges, et al 1996) of cats with CRF
had blood pressure measurement
group

a

are

uncommon

in the

(Elliot, et al 2001) and 69%

hypertensive. In

one

study, cats with CRF

approximately 20mmHg higher than the normal

of cats (Mishina, et al 1998). Furthermore, it has been shown that in this sub-
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group

the renin, AngI, Angll and ALDO levels

were

increased compared to normal

(Mishina, et al 1998). However, this finding is disputed by the findings of Jensen
and

colleagues, who demonstrated only
Notably,

1997).
disease
et al

(PKD) have

2003).

a

increase in ALDO levels (Jensen, et al

study has reported that cats with polycystic kidney

higher systemic blood

pressure

Furthermore, the cats with PKD have

suggesting either
the

one recent

an

a

raised ALDO

or

than unaffected cats (Pedersen,
a

higher ALDO to renin ratio,

decreased renin concentration. It

was

found that

plasma renin activity (PRA) tended to be lower in cats with PKD (Pedersen, et al
Therefore, the role of the RAAS in feline CRF and hypertension remains

2003).
unclear.

Pathological studies of cats with renal failure have demonstrated
number of renin

containing epithelioid cells,

of these cells in

cases

shown

a

as

well

an

increase in the

increase in the distribution

as an

of mild to moderate renal failure.

In

addition, they have also

reduction in the renin content of those cells with marked renal

(Taugner, et al 1996).

dysfunction

To date, this is the only species in which epithelioid cells

secreting renin have been identified within the centrilobular mesangium in addition
to

their

normal

distribution

(which is within the afferent arteriole of the

juxtaglomerular apparatus) (Taugner, et al 1996).

This

may

perhaps indicate

augmented capability of renin synthesis in the cat (Taugner, et al 1996).
researchers observed
cats with CRF.

a

46.6% incidence of left ventricular

However,

hypertension within this

no

group.

data

were

an

These

hypertrophy within the

presented documenting the incidence of

Unfortunately, this study

was

unable to correlate the

proportion of renin containing epithelioid cells with the degree of cardiac
hypertrophy in cats with CRF (Taugner, et al 1996). They did, however, report

an
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increased distribution of these cells, and

hypothesised that there

may

have been

previous activation in the severely azotaemic cats, followed by quiescence in the
later stages

of CRF (Taugner, et al 1996). It is perhaps notable that the

have found

a

correlation between the percentage

juxtaglomerular apparatus and the

As in human

common

of renin positive cells within the

of feline HCM (Taugner 2001).

beings with CRF, secondary renal hyperparathyroidism is also

occurrence

in CRF cats.

elevated levels of PTH

While the

occurrence

In

one

(Barber and Elliot 1998).

may

still be

of pathological changes has been documented. Pathological

presence

studies have identified

an

increased cardiac

(Taugner, et al 1996), while

an

mass

in cats with concomitant CRF

echocardiographic study has reported

the diastolic thickness of both basilar interventricular septum
addition to left atrial

enlargement (Adin, et al 2000).

an

increase in

and free wall, in

In addition, Rush and

colleagues, reported uraemic pericarditis in 11% of cats, which

were

found to have

pericardial disease at post mortem examination (Rush, et al 2002). Furthermore,
increased incidence of
cats with

not

a

as

or

without hypertension (Rishniw and Thomas 2002).

yet, there have been no studies undertaken to ascertain whether or

specific uraemic cardiomyopathy exists within the feline population;

studies undertaken to
the feline heart.

an

right ventricular outflow tract turbulence has been reported in

azotaemia, with

Unfortunately,

a

study 84% of cats with CRF also had

aetiopathogenesis of cardiac changes secondary to CRF

unclear, the

same group

investigate the effect of raised PTH,

or

nor any

lowered haematocrit

However, since it is documented that cats with CRF have

increased incidence of

hypertension (Elliot, et al 2001), cats with PKD have

a

on

an

higher
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systemic blood

pressure

than unaffected cats (Pedersen, et al 2003), the RAAS

be activated in cats with CRF

may

(Taugner, et al 1996, Mishina, et al 1998), and

secondary renal hyperparathyroidism is

common

in cats (Barber and Elliot 1998);

extrapolation from the human literature makes it reasonable to hypothesise that
specific 'uraemic cardiomyopathy'

1.2.3

may

a

also exist in cats.

Thyrotoxic Cardiomyopathy

Thyrotoxic Cardiomyopathy in Human Beings

Hyperthyroidism is

a

commonly recognised endocrine disorder, which results in

an

overproduction of thyroxine (T4) and tri-iodothyronine (T3). It is generally thought
that most actions of the
role

primarily

as a

thyroid hormones

pro-hormone.

are

mediated by T3 and that T4 plays

Evidence for this assumption

comes

a

from the

discovery of nuclear T3 receptors, but not T4, in tissues responsive to thyroid
hormone, specifically the heart (Dillmann 1990). There have been several different
T3, and T4, isomers identified; the different isomers show varying degrees of

biological activity.

The initial events precipitating these actions

dependant transport of thyroid hormone
membrane. The

where

T3

across

majority of actions elicited by T3

receptor proteins are located.

are

the

energy

the sarcolemma and the nuclear
appear to

These

are

take place in the nucleus,

members of the cellular

erythroblastosis A (c-erb A) proto-oncogene family (Bahouth 1991). By binding to
the receptors,
genes

the transcription of specific

genes

is affected. The type and number of

affected is widespread, perhaps explaining the multiple changes

seen

in

organs
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systems under the influence of thyroid stimulation. The effects of T3 on the heart are
mediated
cardiac

by three general mechanisms: (1) the direct effect of thyroid hormone
tissues,

(2)

an

interaction between the thyroid hormones and the

sympathoadrenal system, and (3) the

consequence

consumption and blood flow (Dillmann 1983).
investigators have attempted to identify which
binding, whether they
on

on

are up or

of increased peripheral

oxygen

In the last three decades,
genes are

many

affected by T3 receptor

down regulated, and what effect these changes have

cardiac function.

The force and

degree with which

depends

interactions between thick and thin filaments and calcium ions.

upon

a

muscle, including cardiac muscle, contracts

Thyroid hormones act at several levels to affect this

process

increase the force and rate of contraction. The thick filaments
of

are

and ultimately to

composed mainly

myosin, the thin filaments of actin, troponin (I, C and T forms) and tropomyosin.

These filaments

are

and releases calcium

The cardiac

surrounded

by the sarcoplasmic reticulum, which accumulates

during diastole and systole (Opie 1998a).

myosin heavy chain (MHC) isoforms

which the effects of T3 have been studied

are

products of two

extensively. These

genes

genes on

code for

a

and

PMHC. Thyroid hormone has been shown to upregulate the production of aMHC
and

down-regulate PMHC (Tiska, et al 1990). One of the effects of this is to increase

the level of

leading to

myosin Vi isoenzyme and to decrease the level of myosin V3, thereby

an

increased velocity of contraction and diastolic relaxation. Other

which T3 has been shown to

genes

upregulate include cardiac Troponin (Tn) (Averyhart-

Fullard, et al 1994), which is

a

thin filament contractile protein, which displays
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isoforms TnT, TnC and Tnl.

During diastole, tropomyosin binds with actin to

prevent an actin-myosin interaction, and therefore, contraction. In order for a
contraction to take

place it is

necessary

for calcium stored in the sarcoplasmic

reticulum to be released, and this is mediated
calcium.

When this

occurs

lead to the detachment of
terminate

the

cellular influx of sodium and
changes which

tropomyosin from actin, allowing systole to

contraction, it is

The

a

calcium binds to TnC and this initiates

necessary

concentration, which is achieved by
reticulum.

by

to

pump

in the sarcoplasmic

inhibitory subunit of the Tn complex is Tnl. This is

transduction of the

To

lower the cytoplasmic calcium

Ca2+-ATPase

a

occur.

an

element in

Ca-binding signal from TnC to TnT-Tropomyosin-actin, and this

results in activation of the thin filament

hyperthyroid rats Tnl is upregulated at

a

cross-bridge reaction (Opie 1998a).

In

transcriptional level; thus increasing cardiac

cross-bridge cycling (Dieckman and Solaro 1990).

In the

hyperthyroid heart, the activity of

Ca2+-ATPase is increased. This

causes a

greater build up of calcium in the sarcoplasmic reticulum during diastole, resulting in
an

enhanced relaxation. When,

availability results in
of contraction

In

cross-bridge formation and therefore,

addition, increased levels of T3

sarcolemmal

are

enhanced force

responsible for the upregulation of Na+, K+-

and P-isoforms resulting in

an

increase in the concentration of

Na+, K+-ATPase isozymes (although,

demonstrated in
maintain

an

(Suko 1973).

ATPase a2, a3,

to

more

during systole, this calcium is released, the increased

to date, this has only been

neonates) (Orlowski and Lingrel 1990). One of the actions of this is

Na+ and K+ gradients

across

the plasma membrane, playing

an

essential

35

Chapter 1: General Review

role in the

electroactivity of muscle. Therefore, it is thought that alterations in the

expression of these isoforms

may

play

a

role in modulating myocardial function and

ionotrophy (Dieckman and Solaro 1990).

Expression of the glucose transporter GLUT-4 is promoted by T3 whereas GLUT-1
expression is decreased (Castello 1993). The GLUT-1 receptors
cell surface and
GLUT-4

are

are

the cell surface under the influence of insulin;

in

the

on

the

thought to be responsible for the basal uptake of glucose whereas

intracellular, under basal conditions, and

glucose uptake in

found

are

response to

are

thought to translocate to

being responsible for the increase in

insulin. It is demonstrated that there is

expression of GLUT-4

an

upregulation

ribonucleic acid (mRNA) in the

messenger

hyperthyroid heart (Sugden, et al 1992).

Exposure of ventricular myocytes to T3 has also been shown to increase the number
of

Pi-adrenergic receptors

number of

per

cell (Bahouth 1991).

It is perhaps notable that the

p2 receptors remain unaltered (Bahouth 1991). This increase in pp

receptors may result in tachycardia and an increase in inotropic response.

Thyroid hormone also exerts several extranuclear effects. Examples of these include
an

increase in calcium

uptake (Segal 1990),

an

effect that is

seconds of the addition of T3 to rat heart slices, and is
calcium concentration.
channel

is

It is blocked in vitro

seen

within fifteen

independent of extracellular

by inorganic, but not organic, calcium

blockers, suggesting that it is independent of sarcolemmal depolarisation. It

thought that this is probably associated with

the calcium channels

a

phosphorylation related activation of

(Segal 1990).
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It has also been shown that T3

cardiac myocytes
new

produces

rapid increase in 2-deoxyglucose uptake in

from several species (Segal 1989). This effect is independent of

protein synthesis, but is dependent
This is followed by

1990).

a

on

the uptake of extracellular calcium (Segal

increase in the cellular cyclic adenosine

an

monophosphate (cAMP) concentration, which in turn is thought to increase the
intrinsic

activity of plasma membrane

A consequence

of the influence of T3

adenosine

triphosphate (ATP).

utilised in

contraction, instead

sugar transporters

on

(Segal 1989).

the myocyte is to increase the utilisation of

However, less of the chemical

more

of ATP is

energy

is converted to heat, which leads to

a

decreased

efficiency of contraction in the hyperthyroid heart (Dillmann 1990, Bing 1994, Han
1994).

The

changes noticed in the cardiovascular system in

T3 bear

of the

striking resemblances to those

sympathetic

abolished

by the

use

nervous

system.

seen as a

response to an

result of an increase in the activity

Furthermore,

of P-blocking drugs such

as

increased level of

many

of these effects

can

be

propanolol (Forfar 1982). Evidence

surrounding this issue still provokes controversy. Whilst it has been demonstrated
that T3 up

regulates cardiac Pi receptors, it

interaction between the two systems.
there is
seems

are

an

increase in the

seems

unlikely that this is the only

Some investigators consider it possible that

activity of the sympathoadrenal system. However this

unlikely since the discovery that plasma and urine levels of catecholamines

either low

or

normal in

hyperthyroidism (Dillmann 1983). There is also data to

suggest that the sympathomimetic features of hyperthyroidism may be due to an
altered

affinity of the ligands for their receptors

or to a

modification of

a

post-
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receptor processing (Hammond 1987). Although it appears that there are interactions
between the two systems,

The

increases

in

the precise nature of these relationships remains unclear.

thyroid hormones do not only have

myocardium, but also interact with
an

increase in tissue oxygen

consumption, this leads to

on

direct effect

different systems.

interactions in turn have

together these demand

effect

many

a

the heart.

on

Some of these

Hyperthyroidism results in
a

the

an

peripheral vasodilation, and

increase in circulatory dynamics (Dillmann 1983).

an

However, since the cardiac output is increased in excess of that seen in other

hypermetabolic states, such
above

as

exercise, it is thought that the direct changes listed

play the greater role in altering cardiac output (Dillmann 1983).

Aetiology of Hyperthyroidism

The

aetiology of feline multinodular adenomatous goitre remains unknown. Goitre

arises from

multiplication of follicular epithelial cells to form

new

follicles. Growth-

stimulating immunoglobulins, thyroid stimulating hormone (TSH)
factors

already present at low concentrations

human

beings, it is known that thyrotrophin acts

may

or

other growth

trigger replication of these cells. In
as a

growth stimulator for normal

thyroid cells, acting both directly through the cAMP pathways and indirectly by
increasing the sensitivity of thyrocytes to other growth factors such
growth factor 1 (IGF-1). It has also been hypothesised that there
some

of the

as

may

insulin-like
be

a

loss of

inhibitory effects of growth modulators and that the development of

follicular-cell adenomas may

be the result of preferential growth of cell clones
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(Gerber, et al 1994). Other authors suggest that environmental factors

may

play

a

role in the disease process;

these

1999).

form of hyperthyroidism in human beings is 'Graves

The most

disease',

an

common

may

be toxic, infectious

supported in that if feline goitres

continue to grow,

indicating that if humoral factors

the disorder,

are not necessary

they

anti-nuclear antibodies and

found in affected cats,
been identified

Feline

are
are

thyroid microsomal antibodies have been

serum

immunoglobulins which stimulate thyroid function have not

Hyperthyroidism

now

recognised

(Fox, et al 1999). It is

of T4 and T3. This is

by

a

involved in the initiation of

for maintenance (Gerber, et al 1994). While

as

the most commonly occurring endocrine

disorder in the domestic cat, the incidence of which is

(30%)

transplanted into mice they

(Kennedy and Thoday 1988, Brown, et al 1992).

Hyperthyroidism is

cent

dietary (Kass, et al

immune-mediated disorder, which is not thought to occur in the cat.

Evidence for this is

serum

or

or

a

or

one

to two per

disorder of the thyroid gland leading to overproduction

usually caused by

a

functional thyroid adenoma involving

both thyroid lobes (70%), with less than two

follicular

approximately

per cent

one

of cases being caused

papillary carcinoma (Feldman and Nelson 2004).
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Clinical Features

ofFeline Hyperthyroidism

Hyperthyroidism is

a

20 years

11-12 yrs). The most

(mean

age

disease that generally affects cats between the
common reasons

ages

of six and

for initial presentation

are

polyphagia, weight loss, diarrhoea, intermittent vomiting, hyperactivity, polyuria
and/or

polydipsia. On physical examination

(70-90% of cases), affected cats
short

tempered, often have

have

a

systolic heart

a

are

a

palpable thyroid goitre is often noted

usually thin, with reduced muscle

raised resting heart rate,

murmur

(Fox, et al 1999).

can

be hypertensive and

necessary to

a

resting T4 in the normal

demonstrate the

over

be

may

Diagnosis is usually made by

demonstrating increased circulating levels of total T4.
hyperthyroid cats have

mass, may

range

However, 2-10% of
and in these cats it is

activity of the thyroid gland by

thyrotrophin releasing hormone (TRH) stimulation test

means

of

a

T3 suppression test

or a

(Feldman and Nelson 2004).

It has been

reported that abnormalities of the cardiovascular system

can

be found

on

physical examination, in 95% of hyperthyroid cats (Santilli, et al 2000), and that
most

cats

occasional
said to

examined show

cases

cause

a

changes similar to those

resembling DCM). For this
form of

in HCM (with only

hyperthyroidism is sometimes

secondary cardiomyopathy. The most

within the cardiovascular system are
murmurs

reason

seen

common

alterations

hyperkinetic femoral pulses (91.2%), systolic

(44.7%), gallop sounds (31.5%) and sinus tachycardia (26%) (Santilli, et al

2000).

In

an

attempt to find an accurate non-invasive diagnostic method to evaluate the

cardiovascular status of these

patients,

many

studies have been performed to look at
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the

electrocardiographic, echocardiographic and radiographic changes of affected

individuals.

Electrocardiographic studies have reported

a

sinus tachycardia in 20-34% of cats

(Moise and Dietze 1986, Fox, et al 1993, Santilli, et al 2000). Frequently, (in 7%22% of cats) a

left ventricular (FV) enlargement pattern in noticed (Moise and Dietze

1986, Fox, et al 1993, Santilli, et al 2000). Various arrhythmias and conduction
disturbances such
also been

as

left anterior fasicular block and

reported although with

a

right bundle branch block have

much lower incidence, 8 and 9% respectively

(Fox, et al 1993).

Radiographic assessment often reveals cardiac enlargement (in approximately 60%
of

cases) (Moise and Dietze 1986, Santilli, et al 2000). It will occasionally reveal

other

changes, such

as

pulmonary oedema

or

pleural effusion.

Echocardiographic examinations have revealed that

a

proportion of cats with

hyperthyroidism demonstrate hypertrophy of the FV free wall and/or the
interventricular septum,
diameter
also

reported

an

increase in left atrium to aortic

increase in left ventricular end diastolic diameter (but not left

systolic diameter), and

the percentage

indicates

an

(Moise and Dietze 1986). In addition to these changes, other authors have

ventricular end

as

left atrial dilatation, and

an

increase in the indices of contraction such

change in the ventricular diameter (Bond, et al 1988).

This

that, in patients not in congestive heart failure, hyperthyroidism is

associated with

an

increased

inotropic state (Bond, et al 1988).
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Histological examination of cats with cardiac changes secondary to hyperthyroidism
has revealed

cardiac

myocytes of various sizes (some with enlarged nuclei),

interstitial fibrosis of the

myocardium (predominantly in the left atrium), plus

granulation, coagulation and vacuolisation of the sarcoplasm in the left ventricular
free wall, septum

and right ventricular free wall (Liu, et al 1984). Some cats

found to have fibrosis and

were

degeneration of the atrioventricular node. This

explain the predisposition to arrhythmia

seen

may

in hyperthyroid cats (Liu, et al 1984).

Although, in the majority of cats the cardiac muscle cells of the ventricular septum
and LV free wall have been found to be in normal

parallel alignment,

minority of cases show foci of marked disorganisation. In these

cases

a

small

the ventricular

septum to free wall thickness ratio has been shown to be >1.1 (Liu, et al 1984, Van
Vleet and Ferrans
in

1986). This disorganisation has the

asymmetric HCM. However, it has yet to be

demonstrating these changes have
the

an

same appearance as

proven as

that

seen

to whether individuals

underlying primary cardiomyopathy

or

develop

histological changes secondary to their hyperthyroidism (Liu, et al 1984).

Hyperthyroidism is
cardiac

a

readily treatable disorder. Post-treatment the majority of

signs usually resolve and most cats do not require maintenance

medications

increased

cardiac

(Friedman 1982). Studies have demonstrated that the majority, but not

all, of the cardiac alterations
and Dietze

on

reverse

if a stable euthyroid state is maintained (Moise

1986). The remaining changes

activity that has been imposed

hyperthyroidism is

a

may
on

be due to damage invoked by the
the heart,

disease of older cats and they

cardiac condition that the

may

or

it

have had

may
a

be because

mild underlying

hyperkinetic state has exacerbated (Lewis, et al 1979).
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1.2.4

Diabetic

Evidence

for

Cardiomyopathy

a

Diabetic Cardiomyopathy in Human Beings and Experimental

Models

Diabetes mellitus

(DM) is characterised by

pancreatic insulin production,

or

activity.

a

relative

or

absolute deficiency of

Most of the evidence that DM

can

responsible for cardiac dysfunction arises from the human literature.
demonstration of

an

increased risk of

(even when factors such

hypercholesterolaemia

are

be

The

congestive heart failure in diabetic people

as coronary

artery disease, obesity, hypertension and

taken into consideration), has lead to the conclusion that

a

specific diabetic cardiomyopathy exists in human beings (Kannel, et al 1974,
Annonu, et al 2001).

One of the

leading

causes

of mortality in people with either Type I

myocardial disease (Annonu, et al 2001). There is also
systemic hypertension and

coronary

an

or

II DM is

increased incidence of

atherosclerosis (Mildenberger, et al 1984). In

addition, coronary heart disease is associated with particularly large infarcts and a

high index of mortality (Atkins 1991).

The increased cardiac dysfunction

originally thought to be the result of atherosclerosis.
study demonstrated
even

an

was

However, the Framingham

increased risk of congestive heart failure in diabetic patients,

in the absence of clinical coronary artery

disease (Kannel, et al 1974).

Furthermore, experimental studies of rats with DM and hypertension have revealed

significantly

more post

mortem changes than those with hypertension alone (Factor,
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et

al

1981).

This finding is reflected in clinical DM, where it is recognised that

people with DM and hypertension

are at an

increased risk for cardiovascular disease

(Giles and Sander 1989).

It is

recognised that both macroangiopathy and microangiopathy

occur

in diabetics

(Tahiliani and McNeill 1986). Macroangiopathy is caused by the accumulation of

hyaline substances, cholesterol, calcium and glycoproteins within large blood
vessels.

This results in

thickening of the tunica intima and luminal reduction

(Tahiliani and McNeill 1986).
subendothelial

In microangiopathy there is both endothelial and

proliferation, and accumulation of periodic acid-Schiff (PAS) positive

material within the small blood vessels within the

coronary

The

eye

pathogenesis of these changes remains undetermined.
using diabetic models such

alloxan treated animals. These studies suggest
diastolic

and in the intramural

arteries (Tahiliani and McNeill 1986).

studies have been undertaken

function) is impaired

soon

(Tahiliani and McNeill 1986).

as

However,

a

variety of

streptozotocin (STZ)

or

that myocardial function (particularly

after the onset of diabetes; and show that

supplementing the animals with insulin

and

kidney,

the majority of these changes

can reverse

Changes that

occur

include accumulations of lipids

glycogen, loss of myofilament structure, and interstitial fibrosis (Tahiliani and

McNeill

1986). Furthermore, studies have demonstrated that the hearts of diabetic

animals

are more

McNeill

1986).

susceptible to ischaemia than non-diabetic controls (Tahiliani and
Some of these changes

abnormalities present

are

explained by the biochemical

within the diabetic myocardium.
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It is

recognised that in DM, there is functional disruption of the sarcoplasmic

reticulum. This is
DM

thought to result from the elevated levels of fatty acids present in

(Tahiliani and McNeill 1986).

The long chain acyl carnitines (LCAC)

are

responsible for transport of fatty acids into the mitochondria. In vitro, the LCACs
have been shown to

depress the uptake of calcium by the sarcoplasmic reticulum

(Tahiliani and McNeill 1986). Furthermore, in diabetic rat hearts, the expression of

long-chain fatty-acyl CoA is increased. This

occurs

in parallel with

a

decrease in the

myocardial levels of ATP. It is hypothesised that this decrease in ATP
from

inhibition

of

adenine-nucleotide

translocase,

which

is

may

result

responsible for

transporting ATP from the mitochondrion to the cytoplasm (Tahiliani and McNeill
1986).

However, the myocardial alterations occurring in DM

sarcoplasmic reticulum. In human beings, DM

can

hypothyroidism. It has been demonstrated that there is
level of T3 and

an

increase in

reverse

uncontrolled DM.

These alterations

monodeiodination

pathways of T4.

thyroid-pituitary feedback
response

leads to

may

are

an

alteration in the

not limited to the

induce both hyper- and
decrease in the circulating

(rT3) in diabetic ketoacidosis and

thought to arise from alterations in the

Furthermore, hypothalamic regulation of

be defective and there is thought to be

of the thyroid gland to TSH (Bagchi 1982).

V3 isoform

an

impaired

The resulting decrease in T3

expression of myosin isoforms, with the expression of the

increasing (Tahiliani and McNeill 1986).

isoform and therefore, this alteration in the
in

T3

a

are

Myosin V3 is the slowest

expression of V3 is thought to play

a

role

slowing the velocity of myocardial contraction (Tahiliani and McNeill 1986).
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In addition to the direct effects upon

the myocardium, DM

neuropathy. Typically, this affects the parasympathetic
is

sympathetic dysfunction (Atkins 1991).

control, there is
not

an

autonomic

causes an

nervous system

before there

Due to the loss of parasympathetic

increase in the resting heart rate in diabetic subjects. This does

respond well to vagal

manoeuvres or

pharmacological perturbation (Atkins

1991).

Many of the manifestations of diabetic cardiomyopathy

supplementation. In addition to its effect
have many

on

insulin acts

as

a

vasodilator.

be reversed by insulin

substrate metabolism, insulin

other important roles, including effects of

metabolism and vascular function

can

nerve

function, lipoprotein

(Sundell and Knuuti 2003).

This is mediated

appears to

In normal people

primarily through the endothelin

system with insulin inducing NO formation from endothelial cells (Sundell and
Knuuti

2003).

Furthermore, insulin increases the activity of the sympathetic nervous system.
appears

that inhibiting centrally medicated sympathetic activity

insulin-induced vasodilation within the skeletal muscle of normal
and Knuuti
affected

In

2003). However, the effect of insulin

upon coronary

can

It

abolish the

subjects (Sundell

vasodilation is not

by this mechanism (Sundell and Knuuti 2003).

people with Type II DM, endothelium-dependant vasodilation has been shown to

increase after insulin

studies have

therapy (Sundell and Knuuti 2003).

conclusively demonstrated

a

However, to date,

direct effect of insulin

upon

no

myocardial

perfusion.
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Despite its effects
determined to be
humans

on

an

myocardial perfusion, insulin concentration has not been

independent predictor of left ventricular

(Paternostro, et al 1999). It therefore

witnessed in DM is not

merely due to

a

appears

mass

in non-diabetic

that the cardiac dysfunction

decreased insulin concentration.

Myocardial dynamics have been studied in human beings with DM.
found that

even

in young,

ventricular

dysfunction (Mildenberger, et al 1984).

otherwise healthy diabetic patients, there

abnormalities of the mitral annulus motion
of pre-ejection
E:A ratio

al

be left

be manifest

may

as

period to left ventricular ejection time (Seneviratne 1977), transmitral

(Annonu, et al 2001),

are

may

(MAM) (Sanderson, et al 1979), the ratio

or

peak exercise ejection-fraction (Mildenberger, et

1984). It remains unknown which of the above,

factors

This

It has been

or

perhaps other

as yet

undefined,

responsible for this myocardial impairment.

Diabetes Mellitus in the Cat

After

hyperthyroidism, DM is the most

common

feline endocrine disorder.

prevalence is estimated to be approximately 0.25% (Panciera, et al 1990). Both
and

gender

are

The
age

recognised risk factors; older male cats being particularly predisposed

(Panciera, et al 1990). Other predisposing factors include obesity, and medicating
with

diabetogenic drugs such

as

corticosteroids

Studies in both the UK and Australia have

or

progestogens (Nelson, et al 1999).

suggested that the Burmese breed of cat is

predisposed to DM (Rand, et al 1997, McCann, et al 2005).
classification system,

The human

differentiating DM into Types I and II, has been applied to
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feline diabetics

(Kirk, et al 1993). However, the validity of this system within the

feline diabetic

population is disputed (Rand 2002).

To

are no

date, there

diabetic cats.
be

reports suggesting an increased incidence of cardiomyopathy in

It has been noted that, unlike humans, cats with DM do not appear to

predisposed to hypertension (Sennello, et al 2003), although there is

incidence of renal disease within the feline diabetic
cardiac involvement in feline DM may stem
concurrent disease in this

may

a

high

population. The lack of reported

from the relatively high incidence of

population, masking signs of diabetic cardiomyopathy,

or

it

be that compared to humans, cats show relatively few sign attributable to

cardiomyopathy. It is clear that DM demonstrates
diabetic

cardiomyopathy

may

be

one

many

interspecies disparities and

such variation.
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Section 3

Echocardiography

and

Application

Its

in

the

Assessment of Diastolic Function

1.3.1 Introduction
This section will review the

of diastolic

assessment

application and utility of echocardiography in the

dysfunction.

In HCM, and

many

of the specific

cardiomyopathies, diastolic dysfunction is believed to be the principle derangement.
Therefore, for the
assessment of

of the

function

as

they

1.3.1.1 The

Diastole

systolic function. Furthermore, detail will be given to the application

novel

more

of this review, little attention will be paid to the

purposes

use

Doppler tissue imaging techniques in the assessment of myocardial

are

particularly applicable to this study.

of

Echocardiography in the Assessment of Diastolic Function

is the

period between aortic valve closure and mitral valve closure

(Nishimura, et al 1989a). This

can

be further divided into isovolumic relaxation (the

period between aortic valve closure and mitral valve opening), rapid ventricular

filling, diastasis (the slow filling phase dependent
the

on

the passive filling properties of

heart), and atrial systole (Nishimura, et al 1989b, Appleton, et al 2000).

Historically, diastole
which ventricular

was

largely ignored and thought of simply

filling occurred passively. Gradually, it

ventricular stroke volume

was

dependent

on

the interval in

recognised that left

left ventricular end diastolic volume (the

Frank-Starling mechanism) and that systole and diastole

dynamic continuum.

was

as

were

in fact part of

a

In the last two decades, diastolic dysfunction has been
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recognised
et al

as

playing

a

major role in producing the signs of heart failure (Nishimura,

1989a). Approximately

normal

one

third of people with congestive heart failure have

systolic function, and it is thought that their symptoms

dysfunction (Nishimura, et al 1989b). Furthermore, in
abnormalities have been shown to

many

due to diastolic

are

disease states diastolic

precede systolic dysfunction (Nishimura, et al

1989b).

Diastolic dysfunction acts to increase intraventricular

diastole.

In turn,

pressure

during

this increases the pressure in the left atrium and ultimately in the

pulmonary circulation, leading to signs of congestive heart failure (Nishimura, et al
1989a).

Compensatory mechanisms

leading to
presence

a

may

decrease the volume filling the heart,

decreased cardiac output and signs of forward failure,

even

in the

of normal systolic function (Nishimura, et al 1989a).

Classically, assessment of diastolic function
laboratory.

However,

in

1982,

was

Kitabatake

performed in
first

a

speculated

catheterisation
that

Doppler

echocardiography could be used for the non-invasive assessment of left ventricular
diastolic
validated

filling (Kitabatake, et al 1982). The Doppler indices measured have been
by comparison with invasive measurements.

For this

overview of the invasive measurements, movement and pressure
with

reason, a

brief

changes associated

diastole, is given.

Left ventricular

filling

can

relaxation and ventricular
the rate of pressure

be described in terms of the rate of left ventricular

compliance. Relaxation of the left ventricle is measured

as

decline during isovolumic relaxation. From this the time constant

of isovolumic relaxation, tau

(x),

can

be calculated from the line fitting the

monoexponential equation from the maximal negative change in

pressure over
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change in time (dP/dt), to 5 mmHg above the left ventricular end-diastolic
Furthermore, if left ventricular end-diastolic

(Appleton, et al 2000).

plotted against left ventricular end diastolic volume, the corresponding
used to calculate left ventricular

pressure

pressure

is

curve can

be

compliance (dV/dP) (Appleton, et al 2000). This is

the inverse of ventricular wall stiffness and therefore,

has

an

effect

on

both the left

atrial and left ventricular pressures.

Rushmer and

colleagues first described the functional anatomy of ventricular

contraction in 1952

(Rushmer, et al 1953). In their experiments

a

series of pins

were

placed within the different layers comprising the wall of the canine ventricle.

Changes in orientation of these pins

were

observed using cinefluorography,

angiography and fluoroscopy. They found that the left ventricular free wall tended to
move

a

obliquely toward the

apex

base-apex gradient, with the

cardiac

cycle.

apex

remaining almost stationary throughout the

In addition, these investigators demonstrated that the endocardial

surface of the ventricular
surface

and the interventricular septum. They demonstrated

myocardium moved to

a

greater extent than the epicardial

(the transmural gradient). Other investigators later verified these findings

(LeWinter, et al 1975, Gallagher, et al 1985).

It

was

evidence of these

interventricular

dynamic variations that prompted investigations into the

pressure-volume relationship, which is used to

assess

diastolic

mechanisms.
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Transmural Flow

When

investigators first began to describe echocardiographic methods of assessing

the interventricular
flow

pressure-volume relationship, they studied the velocity of blood

the mitral valve.

across

The measurements obtained

by such

a

technique

are

representative of global ventricular filling and do not require assessment of
ventricular

asynchrony. The rate of flow though the mitral valve is altered by both

changes in ventricular compliance and the rate of ventricular relaxation (Nishimura
and

Appleton 1996).

Transmitral flow

wave,

This

can

normally be divided into early filling flow, the so-called E

followed by flow occurring

can

be measured

as a

by placing

mitral valve leaflets and

a

result of atrial systole, the A

wave

(Figure 1).

small sample volume between the tips of the

measuring the velocity of the blood flow using pulsed

Doppler (Appleton, et al 1988).

In

a

wave

normal subject, the predominant force

controlling filling is the rate of ventricular relaxation. The rate of relaxation is
determinant of the atrioventricular pressure

gradient. Once the mitral valve

a

opens

blood flows

freely from the atrium into the ventricle, along this gradient. Therefore,

the E

is dominant. The contribution of atrial

wave

systole (the A wave) is small

the volume of blood within the left atrium is not substantial
In the initial stages

(Appleton, et al 1988).

of diastolic impairment there is reduced ventricular compliance,

slowing the rate of relaxation. This decreases the atrioventricular
and less blood enters the ventricle

plays

a more

flow pattern

as

during early diastole.

pressure

gradient

Therefore, atrial systole

substantial role in ventricular filling, and the corresponding transmitral

demonstrates

a

small E

wave,

prolonged E

wave

deceleration, and tall A
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wave

(Appleton, et al 1988). As diastolic impairment

increases.

The elevated left atrial pressure restores

gradient and with this early diastolic filling
force involved in ventricular
mirrors

that

of

a

normal

ventricular pressures

filling.

the left atrial

pressure

the atrioventricular

pressure

worsens

becomes the predominant

once more

In this situation the transmitral flow pattern

subject (pseudonormalisation).

and calculation of

Assessment of left

and dP/dt has led to the realisation that

x

patients demonstrating these filling patterns have increased filling
therefore, the resulting pattern is known
et

al

as a

pressures;

pseudonormal filling pattern (Appleton,

1988). Finally, when diastolic function is severely impaired, and the left atrial

pressures are

massively elevated, there is

gradient. This results in

a

tall E

wave

with

an

a

increased atrioventricular

sharp deceleration, and

In this instance the ratio of E to A is at least two to

one

a

pressure

small A

wave.

(Appleton, et al 2000)

(Figure 1).

With the realisation that transmitral flow

assessing diastolic function there began

a

represented

on

these variables.

although transmitral flow generally demonstrated
invasive measurements, these patterns are

Steen

non-invasive method of

flux of studies into the effects of different

physiological conditions and disease states

conditions: These include

a

a

It

was

found that

reasonable correlation with

subject to alteration under

a

variety of

changes in mitral inertance (Thomas, et al 1991, Steen and

1994), alterations in loading conditions (Choong, et al 1987, Choong, et al

1988, Stoddard, et al 1989, Thomas and Weyman 1991), heart rate (Smith, et al

1989, Appleton, et al 1991), body weight (Schober and Luis Fuentes 2001a) and age

(Schirmer, et al 2000).
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It had been

area

presumed that during transmitral flow there

of constant cross-sectional

demonstrated

as

having

Mitral inertance is the

hydro-dynamic force acting

demonstrated both
rate is

is

pressure as

well

as

independent of the

Thomas, et al 1991).
on

influenced

mitral

upon

the acceleration of blood

Therefore, acceleration rate is

mitral inertance. Furthermore, it has been

mathematically and invasively that the waveform deceleration

directly related to the mitral valve

variables

an

during diastole (Nishimura, et al 1989a).

area

through the orifice (Thomas and Weyman 1991).
directly related to atrial

linear flow through

However, the mitral annulus has been

area.

increasing

an

was a

pressure

In

a

gradient

area

and the net atrioventricular stiffness. It

across

the mitral valve (Thomas, et al 1990,

study investigating the effects of various physiological

filling patterns, the deceleration of the E

found to be

wave was

by both heart rate (Smith, et al 1989, Appleton, et al 1991) and body

weight (Schober and Luis Fuentes 2001a).
between acceleration and deceleration and

Peak velocity depends
can

be affected

the balance

on

by the aforementioned

variables.

Studies have been

performed in which left ventricular

pressure

and transmitral flow

patterns were recorded simultaneously. It has been demonstrated that a reduction in

preload results in

a

decreased E velocity and prolongation of the E

time, without corresponding changes in the A
al

wave

wave

deceleration

(Choong, et al 1987, Stoddard, et

1989, Nishimura, et al 1990); whereas, an increase in preload results in

increased E

velocity,

deceleration time

an

increased A velocity, and

a

decrease in the E

(Stoddard, et al 1989, Nishimura, et al 1990).

wave

A decrease in

preload is able to alter the E:A ratio without corresponding alterations in
et al

an

x

(Choong,

1987, Stoddard, et al 1989).
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In human

beings, it has been shown that different diastolic filling patterns

expected for different
elastic recoil is
occurs

in

age groups

(Schirmer, et al 2000). In healthy

young

are

subjects

vigorous and the myocardium relaxes rapidly. The majority of filling

early diastole with only

small volume of blood entering the ventricle

a

during atrial systole. With ageing, the amplitude of blood flow slowly alters and the
velocities achieved

healthy

person

during atrial contraction become

in their seventies will show

recoil and rate of relaxation have
is

responsible for

these age

an

equal

the formation of age-related

and

more

significant. A

impaired relaxation pattern since the

an

naturally slowed to

or greater

related alterations,

more

a state

where atrial contraction

velocity (Schirmer, et al 2000). Recognition of

the 'natural history' of mitral flow velocity, has led to

or

reference values for human beings.

Accepting these limitations, attaining spectral Doppler tracings that
representation of transmitral flow has its

inherent difficulties.

own

through the mitral valve is directed centrally but then changes to
This

orientation.

angle of alteration becomes

enlargement, making accurate alignment

looking for smooth sharp envelopes with
for the best flow
transmitral

E

even

a near

more

harder.

are a

valid

Initially, flow
a

posterolateral

obtuse with ventricular
This is best corrected by

linear downward slope, and listening

signal (Appleton, et al 1997). Additionally, at high heart rates, the

and

A

waves

may

become summated, making interpretation

impossible.

These diastolic
mitral

filling patterns

are not a

direct

velocity and its respective gradients

between

are

measure

of diastolic function. Since

determined by the complex interplay

multiple factors, assumptions made with respect to compliance and
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relaxation should be
modalities

are

interpreted with caution.

considered

now

For this

reason,

other diastolic

alongside mitral inflow in order to gain

a

better

oversight into cardiac dynamics.

Figure 1: Patterns of transmitral flow
E

IVRT

IVRT

IVRT

Adur

Normal Pattern

Impaired Relaxation

IVRT

Pseudonormal Pattern

Restrictive Pattern

E, Early Filling; A, Filling due to atrial systole; Ao, Aortic valve closure;
IVRT, Isovolumic relaxation time; Adur, A

wave

duration; E@A, E velocity at point of (incomplete)

summation.

Trans-tricuspid Flow

Diastolic

dysfunction does not only affect the left side of the heart. In order to

assess

global cardiac function tricuspid flow patterns should also be analysed. The tricuspid
diastolic velocities

are

in other respects are

slightly lower than those associated with transmitral flow, but
similar (Nishimura, et al 1989a).

Trans-tricuspid flow is

however, subject to greater variation with respiration; velocities increasing during

inspiration and deceasing at expiration.
measurements

during

apnoea

over

several cardiac

It is therefore important to

average

cycles and where possible to record velocities

(Appleton, et al 1997).
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Measurement of tricuspid

view

by placing

leaflets

a

flow velocities is undertaken from the four chamber apical

small (l-2mm) sample size between the tips of the tricuspid valve

(Appleton, et al 1997). Problems in achieving optimal recordings

same as

those for

also follows the

variables

can

are

the

recording mitral flow. Interpretation of tricuspid flow velocities
same

principles

likewise be

as

interpretation of transmitral flow, and these

subject to alteration by the

same

physiological determinants

(Nishimura, et al 1989b). However, the number of studies analysing trans-tricuspid
flow is limited.

Pulmonary Venous Flow

The

pulsatile nature of flow through the pulmonary capillary bed has long been

recognised (Appleton 1997).

The physiologic determinants of this pulsatility had

been attributed to various factors,

including transmission of the pulse from right

ventricular contraction, the combination
a

'suction'

that events

of left atrial and ventricular events creating

effect, and to changes in the left atrial

pressure.

It has been demonstrated

affecting the right side of the heart have little influence

on

these flow

patterns which are governed primarily by changes in left atrial pressure, and this in
turn is determined

by relaxation and contraction of the left atrium and ventricle

(Nishimura, et al 1990, Hoit, et al 1992, Appleton 1997). With the growing interest
in

Doppler derived indexes of diastolic function, pulmonary

have been studied

venous

flow patterns

extensively and variables affecting these flow patterns described.
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Normal

pulmonary

forward

flow, followed by

and

a

et al

flow

venous

can

be divided into

one or two

systolic peaks of

diastolic component, also demonstrating forward flow,

a

negative peak representing atrial reversal flow (Smiseth, et al 1999, Appleton,

2000).

Measurement of

pulmonary

flow is not

venous

easy

and

The apical four-chamber view is used.

sampling site.

recommended that

a

small

greatly with

can vary

In human beings, it is

sample size (2- 3mm) is used, with slight anterior

angulation and that this is placed l-2cm into the pulmonary vein (Appleton, et al
1997). Positioning of the

close to the left atrium leads to

cursor too

resembling that of the left atrial

pressures

flow pattern

a

and is subject to wall motion artefact,

positioning further into the pulmonary bed is resemblant of pulmonary arterial
pressures

(Appleton, et al 1997).

Like mitral flow,

example, it is
venous

an

pulmonary

age-dependant measurement. As

flow patterns

increase in the

show

a

2001a).

abnormalities in older

demonstrated in

a

an

factors. For

numerous

individual

ages,

the pulmonary

greater systolic than diastolic flow velocity, and an

velocity of the atrial reversal

and Luis Fuentes

This

patients.

may

wave

(Klein and Tajik 1991, Schober

be due to prolonged relaxation

However, this alteration with

age

or

In the

flow diastolic component was
atrial reversal flows

were

study it

same

was

relaxation

has also been

paediatric population, where relaxation abnormalities

(Abdurrahman 1998).

other

flow is influenced by

venous

are

unlikely

found that the pulmonary

venous

also affected by heart rate, although the systolic and

unaffected

studies, which have reported

a

(Abdurrahman 1998). This is in contrast to the

positive correlation between early,

or

peak, S
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velocity and heart rate, and
venous

atrial reversal flow

a

negative correlation between heart rate and pulmonary

(Appleton 1997, Schober and Luis Fuentes 2001a). It is

because of the variation in the

peak systolic velocity, that the pulmonary

venous

systolic to diastolic ratio increases during sinus tachycardia (Klein and Tajik 1991).
At very

high heart rates the systolic and diastolic

Loading conditions

can

also affect pulmonary

waves may

venous

fuse.

flow velocities. A decrease in

preload has been shown to decrease the height and the duration of the atrial reversal
flow, and increase the deceleration time of diastolic forward flow.
some

In addition, in

individuals, the systolic signal may become biphasic (Nishimura, et al 1990,

Hoit, et al 1992, Appleton 1997). An increase in preload has the opposite effect

on

the atrial reversal flow; both

systolic and diastolic flow velocities increase and their

deceleration times shorten.

An increase in afterload has been shown to have the

same

effects

pulmonary
averaged

as

an

venous
over

increase in

preload (Nishimura, et al 1990).

Importantly,

flow is altered by respiration. Measurements should therefore be

several cardiac cycles and preferably recorded during

apnoea

(Appleton, et al 1997).

It has been demonstrated that in

is still present,

patients with atrial fibrillation, forward systolic flow

although it is of lower amplitude. Therefore, it has been established

that the downward motion of the mitral annulus contributes towards the

systolic flow

(Nishimura, et al 1990). Since this apical motion of the mitral valve is related to
ventricular pressures, a
the

direct correlation

velocity of systolic flow.

can

be

seen

between ventricular output and

When the systolic flow is

seen as a

biphasic

component, which occurs with lower filling pressures, it has been hypothesised that
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the first

peak is caused by the atrial relaxation and the second is dependant

mitral valve motion

early transmitral flow.

The peak pulmonary

venous

diastolic flow

human

beings. Once the mitral valve has opened the left atrium acts

pulmonary

approximately 50msec after peak E

occurs

conduit' and blood from the

the

the

(Keren, et al 1985).

Diastolic forward flow reflects the

Therefore, peak E

upon

wave

venous

velocity In

wave

as

'an

open

pulmonary veins flows directly into the left ventricle.

velocity and duration

are

dependent

upon

the

same

factors

as

flow diastolic component (Keren, et al 1985, Klein and Tajik

1991, Schober, et al 1998).

Atrial contraction increases the pressure

the

pulmonary-atrial

atrium into the

in the left atrium and in doing

so reverses

gradient, the result of which is flow from the left

pressure

pulmonary circulation; termed the atrial reversal flow. This is not

directly comparable to the forward atrial flow (A wave) since there is

a

discrepancy

in the orifice sizes

(Nishimura, et al 1990). However, if left ventricular

raised the pressure

in the left atrium needs to be greater to achieve the

of forward flow.

This is reflected in the

reversal is
the

relatively

more

and mitral A

1993).

wave are

an

increased

venous

wave

atrial reversal

wave

has been

flow. It has been found that if the atrial

exceeds the duration of the mitral A

diastolic pressure

flow and the atrial

(Nishimura, et al 1990, Rossvoll and Hatle

The duration of the pulmonary

wave

velocity

increase in preload both pulmonary atrial reversal

compared with the duration of mitral A
reversal

venous

same

pronounced. An increase in ventricular compliance has

opposite effect. If there is

wave

pulmonary

is

pressure

wave

then left ventricular

is increased (Keren, et al 1985, Rossvoll and Hatle 1993). Since

a
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significant decrease in ventricular compliance is not believed to
ratio may

be less

age

occur

dependent then other indexes of pulmonary

(Appleton 1993, Klein, et al 1998). The ratio of transmitral A
venous

atrial reversal duration has been used to

of cardiac disease

An estimate of the IVRT

closure and mitral valve

opening it is

by placing

a

necessary to

simultaneously record both events.

Doppler sampling gate in the left ventricle between the

the aortic valve click and the

Doppler recordings of this

The transducer is

after initial valve

angled toward the aortic
seen as

the

delay between

beginning of mitral flow (Appleton, et al 1997).
ten to 25msecs longer than phonocardiogram

are

measurements when the end and

the

severity of certain forms

Since this is the time between aortic valve

until the aortic valve 'click' is recorded. The IVRT is

occurs

pulmonary

be measured from the left ventricular five chamber

can

transmitral inflow and aortic outflow.

flow

wave to

mitral flow

(IVRT)

apical view (Appleton, et al 1997).

area

the

or

(Abdalla, et al 1998).

Isovolumic Relaxation Time

This is achieved

assess

with aging this

beginning of flow

are

measured, because mitral

separation. Since the IVRT is determined primarily by

timing of the mitral valve opening and therefore, the atrioventricular

pressure

gradient, its duration is influenced by both left ventricular relaxation and left atrial
pressure

(Appleton, et al 1988, Nishimura, et al 1989b). It has been demonstrated

that IVRT is

a

good reflection of

correlation is lost when there

are

x

during changes in contractility, but this

alterations in

preload (Myreng and Smiseth 1990).

Furthermore, IVRT is heart rate dependant (Schmitz, et al 2003). Notably, it has
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been

seen

that

by correcting for heart rate in normal children, the IVRT is constant

(63±7 msecs) (Schmilz, et al 2003).

Occasionally, flow

may

be recorded during IVRT (Sasson, et al 1987). This is

in individuals with increased

when there is
wall motion,

near

systolic function, and is most

in

common

cases

seen

of HCM

cavity obliteration. This is thought to be caused by asynchronous

leading to the formation of intraventricular flow gradients (Sasson, et al

1987). The movement of these flow gradients could be mistaken for the mitral E
wave

leading to the recording of

an

erroneously short IVRT. For this

advantageous to record both mitral and aortic valve clicks,
is

so as to

be

reason

sure

it is

the IVRT

truly measuring the period between the two (Appleton, et al 2000).

Although these non-invasive
relaxation and

measures can

give

us an

compliance, the number of factors that

difficult to make

diagnoses based

on

can

estimate of ventricular

affect them has made it

these results and investigators have attempted to

identify alternative techniques that will give

a

better estimate of x and dV/dP under

variable conditions.

Colour M-mode Flow
In

Propagation

1992, Brun first described the

use

of colour M-mode flow propagation

of left ventricular relaxation

as an

alternative

measure

records the

propagation of flow through the mitral valve orifice. It is measured from

the

apical four chamber view;

mitral valve and into the left

a

(Brun, et al 1992).

This method

colour-flow Doppler sector is positioned

ventricle, then

a cursor

over

the

is placed through the centre of
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the mitral valve and

a

colour M-mode

recording taken. Early

technique then measured the gradient of the E
E

wave

describing this

front and compared this to mitral

analysis and cardiac catheterisation measurements (Brun, et al 1992). The

slope measured by Brun is not uniformly
different

wave

papers

techniques used to

measure

seen

in all

Today, there

cases.

are

colour M-mode propagation velocity (Vp)

(Stoddard, et al 1994, Takatsuji, et al 1996, Garcia, et al 1998). However,
paper

three

a

recent

comparing these techniques recommended the method of Garcia and

colleagues (Garcia, et al 1998). This technique has been refined
the first

so

that the slope of

aliasing velocity during early filling from the mitral valve plane to four

centimetres

distally into the left ventricular cavity is

1997, Garcia, et al 1998) (Figure 2).

now

measured (Garcia, et al

The advantages of using colour M-mode

analysis is that it is able to provide both good temporal and spatial resolution.

Figure 2: Colour M-mode Propagation Velocity

<>

The

slope of the first aliasing velocity during early

diastolic

filling of the ventricle is measured from the

mjtnl vnlup
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It has been found that colour M-mode flow

good correlation with transmitral E
with heart disease and
al

wave

propagation generally demonstrates

a

velocities in normal patients, but in patients

pseudonormal flow patterns the Vp is decreased (Takatsuji, et

1996). It has also been noticed that in these patients the early flow did not reach

the apex,
DCM

but flow from atrial contraction did, with the exception of patients with

(Vanoverschelde, et al 1990, Stugaard, et al 1994), in whom flow

recorded past

the mid-ventricular level (Brun, et al 1992).

In catheterised

both

was not

patients, it has been found that Vp is inversely related to

beta-blockade

and

During

x.

asynchronous contraction (engendered by large acute

myocardial ischaemia) this correlation remains; suggesting that Vp is independent of
cardiac geometry

1993).

but is in fact responding to changes in wall motion (Stugaard, et al

The asynchronous wall motion observed in

many

disease states, including

myocardial infarction, DCM and HCM, reduces Vp, independent of mitral inflow
(Brun, et al 1992, Stugaard, et al 1993, Moller, et al 2000).

The correlation between

conclusion

that

Vp

Vp and

was

t

during dobutamine infusion, led Brun to the

independent of preload (Brun, et al 1992).

This

independence has since been demonstrated in both animal and human models and it
has been found that ventricular relaxation is the main determinant of
of conditions

The

Vp in

a

variety

(Garcia, et al 1999, Garcia, et al 2000, Moller, et al 2000).

Vp is therefore not the equivalent of the transmitral E velocity. The difference

between these two variables is

the acceleration of flow
vortices that

play

a

thought to be due to the formation of vortices during

through the mitral annulus. It is the propagation of these

major role in determining Vp (Vierendeels, et al 2002).
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Since

Vp does not undergo pseudonormalisation, the ratio of these variables (E/Vp)

corrects for the effect of

an

estimation of

and

capillary wedge

colleagues suggested

pressure

using Vp,

this has yet to

left ventricular relaxation. Therefore,

can

be used

as

(Garcia, et al 1997). Gonzalez-Vilchez

alternative method for the estimation of capillary wedge

an

103/([2-IVRT]

be tested in

pressure

E/Vp

+ Vp) (Gonzalez-Vilchez, et al 1999). However,

a group

other than the study

group

from which it

was

derived.

The results of studies to date indicate that

Vp shows excellent correlation to

x

and

such is the most accurate non-invasive indicator of left ventricular relaxation that
be established

as

can

using conventional echocardiography. Knowledge of the differences

between this variable and other diastolic indexes
about both atrial pressure,

can

enable

and loading conditions, giving

a

us

to draw inferences

better overview into the

diastolic function of the left heart.

1.3.2

Techniques used to

1.3.2.1

Measurement of

It has been demonstrated

are

able to

provide

us

assess

myocardial excursion

Myocardial Excursion and Displacement

that, while analyses of conventional ultrasound techniques

with

an assessment

of diastolic filling, the affect of various

physiological and haemodynamic variables
diastolic

filling and diastolic function.

can

lead to discrepancies between

Several techniques have been developed to

try and better assess myocardial function and advance our understanding of different
diseases.

One such

modality is Doppler tissue imaging (DTI),

a range

of techniques
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that

can

us new

be used to

assess

global and regional myocardial velocity and

insights into myocardial function and disease

1.3.2.2

direction must therefore be

ultrasound

exertion

such, give

processes.

Myocardial Fibre Orientation

When the heart contracts the

an

as

myocardial

mass

remains constant. Thickening in

one

accompanied by shortening in another direction. Since

image has at best only two dimensions, DTI analysis of myocardial

requires knowledge of both the myocardial structure and the morphology of

contraction.

The

myocardium is

a

form of striated muscle only found in the heart (Pederson

1984). The external surface forms the epicardium and the internal surface forms the
endocardium.

divided into
not

The ventricular walls

are

comprised of muscle fibres, which

longitudinal and circumferential layers.

It is suggested that these

are
are

separate layers per se but a continuum of fibres running from the heart base to the

apex

(Streeter, et al 1969).

The endocardium and epicardium

are

longitudinal fibres, while at the mid-wall level the fibres display
orientation.
canine hearts

Early experiments alluding to this relationship

a

were

composed of

circumferential
performed

on

(Rushmer, et al 1953, Streeter, et al 1969).

It has since been

demonstrated that the fibre orientation within the feline heart is

essentially similar to

that found both within the canine and human hearts

(Matre, et al 1986). While fibre

angles show little interspecies variation, there is

slightly wider variation between

the

a

angles of alignment within the feline heart (Matre, et al 1986).
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It

is

well

recognised that the contraction of the cardiac muscle layers is

asynchronous, with

a wave

annulus toward the apex

of contraction extending from the level of the mitral

(Ling, et al 1979).

The circumferential fibres contribute

approximately two thirds of the force responsible for ejection, while the longitudinal
fibres shorten

prior to circumferential contraction, giving the ventricle

a more

spherical form (Gallagher, et al 1985). It is thought that in certain disease states the
sequence

of

and timing of these events

global contraction and

et al

a

may

become altered leading to the asynchrony

decrease in ejection fraction

1997). Notably, it has been shown that

as an

per

unit shortening (Simone,

individual

ages,

the degree of

longitudinal fibre shortening decreases whilst the circumferential component
increases, demonstrating

a

change in myocardial synchrony with

age

(Wandt, et al

1998).

1.3.2.3 Rate of

The

Change of Wall Thickness

potential benefit of measuring myocardial excursion has long been recognised.

Traditionally, this

was

performed using

ventricular endocardial and

gives

a measurement

Sutherland

2000).

an

M-mode recording to trace the left

epicardial borders from end diastole to end systole. This

of the rate of change of wall thickness (RCWT) (Hatle and
Although this technique has

a

good temporal resolution,

perpendicular alignment could only be achieved for the free wall and septum,
therefore

only allowing radial thickening and thinning to be assessed.

Recent

developments in post-processing M-mode applications have improved the ability of
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this

technique by introducing sectors which

can

be placed anywhere within the

myocardium.

1.3.2.4 Mitral Annulus Motion

A similar

principle is used in the assessment of mitral annulus motion (MAM).

Again, this technique is based
chamber

upon

M-mode imaging, but this time from

a

four

apical view. This allows assessment of the mitral annulus displacement and

therefore the overall
relates well to

longitudinal function of the heart. It has been shown that this

global systolic function, being positively correlated with the ejection

fraction

(Gulati, et al 1996, Schober and Luis Fuentes 2001b). The major limitations

of these

techniques

are

the relatively

poor

signal to 'noise' ratio when compared to

DTI modalities.

1.3.2.5

Doppler Tissue Imaging

The idea of

using pulsed-wave Doppler to

myocardial motion

assess

suggested in 1961 (Yoshida, et al 1961). However, it
and

colleagues published the first

paper

was not

was

first

until 1989 that Issaz

describing the pattern of left ventricular

myocardial excursion (Isaaz, et al 1989). The principle behind this technique is the
Doppler shift phenomenon.
Conventional
it flows

Doppler ultrasound

uses

through the heart and vessels.

this principle to
However, the

assess

the velocity of blood

same concept can

as

also be used
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to assess the

velocity of myocardial excursion.

walls generate
the

The movement of the ventricular

Doppler shift frequencies of low velocity and high amplitude, whereas

blood-pool generates signals of high velocity and low amplitude (approximately

40dB

lower) (Sutherland, et al 1999). Therefore, reflected ultrasound signals

divided into these two components,

can

be

which have minimal overlap.

Traditionally, ultrasound machines have filtered out the low velocity signals in order
to

decrease 'noise'.

threshold and
from the

There

are now

machines available, which are able to alter the

filtering algorithms, and therefore filter out the signals originating

blood-pool, allowing the velocities generated by myocardial motion to be

depicted (Sutherland, et al 1999). With such refinements,

more

and

detailed

more

patterns of left ventricular wall motion have become apparent.

There

are

many ways

of these, such as

such,

are

in which DTI

pulsed

wave

useful at investigating abnormal

assessment of

Pulsed-wave

a

assess

as

areas

myocardial motion. Some

a

regional analysis and,

as

of wall motion within the

colour DTI (c-DTI),

are

able to provide

an

global function.

Doppler Tissue Imaging

technique

through

be used to

DTI (pw-DTI), provide

myocardium, whereas others, such

This

can

measures

the instantaneous peak myocardial velocity

pre-selected sample volume.

resolution within

a

selected

as

Although this technique has

it

moves

no

spatial

sample volume, it has excellent temporal resolution (over

300Hz), normally equivalent to three

or

four milliseconds (Sutherland and Hatle
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2002). The data collected typically demonstrate three dominant waveforms, two of
which

during diastole and

occur

timing

of the

waveforms

one,

seen

which

occurs

the

to

during systole. By comparing the

mitral

inflow profiles,

ECG

and

phonocardiogram recordings, investigators have determined that the principle
velocity during systole corresponds to the aortic ejection time (Hatle and Sutherland
2000). This

can

sometimes be divided into S'i and S'2. It is thought that S'i

represent the peak aortic flow velocity (Hatle and Sutherland 2000).

may

The first of the

diastolic

peaks is the E', the second the A'. In normal people E' has been found to

precede

or

1997);

as

The A'

coincide with early mitral flow and mitral valve opening (Sohn, et al

such this velocity is related to the rate of relaxation (Yamanda, et al 1999).

peak correlates with the mitral A

wave

and is therefore the result of the

myocardial motion resulting from atrial systole (Hatle and Sutherland 2000).

In

young,

healthy, individuals the predominant diastolic force is myocardial

relaxation and

therefore, the E'

wave

has

a

greater amplitude than the A' wave

(Rychik and Tian 1996, Yamanda, et al 1999, Kapusta, et al 2000). As
the

myocardial relaxation velocity decreases.

methods of

age,

and

an

Therefore,

assessing diastolic function, there is

a

than

one

depends

upon

with the conventional

progressive decrease in E' with

increase in A' (Yamanda, et al 1999). The

E'/A' becomes greater

as

a person ages,

age at

which the ratio of

which site is being interrogated

(Munagala, et al 2003).

In addition to the three main velocities

sometimes

(S', E' and A'), there

are

short peaks,

bi-directional, occurring at the start of systole and diastole that

correspond to the regional isovolumic contraction and relaxation velocities,
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respectively.

These velocities

are

of short duration, and their timing varies at

different locations within the ventricle
For these

reasons

they

are

(Garcia, et al 1996, Trambaiolo, et al 2001).

believed to represent regional changes in the ventricular

shape during the isovolumic periods and

as

such

are

termed isovolumic contraction'

(IVC'), and isovolumic relaxation' (IVR') (it is thought that peak IVC'
associated with the

Different

be

opening of the aortic valve) (Garcia, et al 1996).

echocardiographic views show different velocity profiles,

sample is placed at the
90

may

same

even

level within the myocardium. Velocities which

degrees to the Doppler beam

are

measured

as zero.

if the

occur at

Therefore, the different fibre

types are analysed from different angles; the longitudinal fibres from the four or fivechamber
views

apical view and circumferential fibres from parasternal short and long axis

(Oki, et al 1997, Oki, et al 1999).

It has been found that the

vary

depending

on

amplitude, duration and timing of myocardial velocities

which wall is being studied and at which point in the wall the

sample volume is placed (Pai and Gill 1998a).

reported to

occur

earlier in the longitudinal fibres than in the circumferential, and

earlier in the lateral wall than in the septum
base to apex
velocities

The onset of diastolic motion is

(Oki, et al 1997, Galiuto, et al 1998). A

velocity gradient has also been noted, with the highest and earliest

occurring at the mitral annulus and decreasing towards the

1997, Oki, et al 1999).
studies of wall motion

These findings

are

apex

(Oki, et al

in agreement with the early invasive

(Rushmer, et al 1953, Streeter, et al 1969).
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Mitral Annulus Velocities:

The

longitudinal epicardial and endocardial fibres have

mitral annulus
determine the
been described

(Streeter, et al 1969).

a common

as

being less dependent

insertion at the

Alterations in the dynamics of these fibres

longitudinal motion of the mitral annulus (MAM).

left ventricular relaxation

are

pw-DTI Analysis

upon

The MAM has

regional abnormalities, reflecting global

(Gulati, et al 1996). The velocities recorded by pw-DTI

relatively load independent, at least within physiological thresholds (Nagueh, et

al 1997, Sohn, et al 1997,

Agmon, et al 1999, Farias, et al 1999). Peak E' represents

myocardial distension during early diastole (E' demonstrates

a

good correlation with

x) (Oki, et al 1997, Sohn, et al 1997, Ommen, et al 2000).

Therefore, pw-DTI

patterns

can

be used to differentiate normal

individuals from those with

pseudonormal filling patterns (Nagueh, et al 1997, Farias, et al 1999).

It is known that both E and E'

are

positively correlated with

x,

and

as

such indicate

myocardial relaxation (Appleton, et al 1988, Oki, et al 1997, Sohn, et al 1997,

This correlation is much stronger for E', because E is also

Ommen, et al 2000).
affected

by left atrial

pressure

al 1989, Thomas and

(Choong, et al 1987, Choong, et al 1988, Stoddard, et

Weyman 1991).

It therefore follows that, by removing the

effect of relaxation from the transmitral E
left atrial pressure.

wave

are

left with

This has been demonstrated by several

correlation between E/E' and left atrial pressure
al 1999b,

velocity, I

a measure

groups;

of

a strong

having been determined (Nagueh, et

Fristenburg, et al 2000, Ommen, et al 2000). Notably, it has been shown

that E/E' is

strongly related to pulmonary capillary wedge

mitral flow patterns are

pressure even

partially summated (Nagueh, et al 1998).

when the

Overall, it has
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been found

that, in human beings,

estimates

a

normal atrial pressure,

increased

filling

and it is not
et al

pressure,

and

a

ratio greater than fifteen indicates

but values between eight and fifteen show

possible to ascertain whether

or not

the atrial

pressure

some

an

overlap

is raised (Nagueh,

1997, Nagueh, et al 1999b, Ommen, et al 2000). It has also been demonstrated

that these values
can occur

are

in HCM.

of less

diagnostic

use

In such cases, E' no

(Nagueh, et al 2001b) and E
value of both variables
one

E/E' ratio of less than eight accurately

an

wave

if there is preserved systolic function,
longer acts

velocities

are

load insensitive variable

less sensitive, thus decreasing the

(Nagueh, et al 1999b, Fristenburg, et al 2000). However, in

study of patients with HCM, E/E' yielded

for A duration to

as a

as

pulmonary

venous

an

r-value of 0.76, compared to 0.53

atrial reversal duration, and 0.33 for E/A

(Nagueh, et al 1999b).

In normal

patients and patients with left ventricular dysfunction, subendocardial

longitudinal systolic pw-DTI velocities at the level of the mitral annulus have been
shown to correlate well with

The

Effects of Disease

peak dP/dt (Yamanda, et al 1998, Sohn, et al 2001).

on pw-DTI Patterns

Changes occurring in the velocity profile

are

generally not disease specific, but

merely result from alterations in the velocity and timing of myocardial motion.
However, in ischaemic heart disease, specific alterations can be seen. The systolic

velocity
known

can

as

be severely depressed, late in onset, and there

post-systolic shortening

or

thickening (PSS

or

may

be

a

phenomenon

PST, respectively); in which
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a

deflection, in the

relaxation

same

orientation

as

the S' peak, is

seen

during the isovolumic

period (Edvardsen, et al 2000, Rambaldi, et al 2003). This

within five seconds of the onset of ischaemia (Derumeaux, et

experimental study, PST

was

can

be detected

al 1998).

In

an

induced in cats and ischaemia maintained until the

disappearance of PST. The myocardium

as

this

happened the PST returned. The time taken for 'reperfusion-PST' to disappear

was

was

then allowed to reperfuse, and

correlated to the duration of occlusion and the extent of
et al

2003). However, identification of PST relies

placed

on or near to

and Sutherland

the ischaemic segment and

myocardial necrosis (Song,

upon

the sample volume being

therefore be problematic (Hatle

can

2000).

In the presence

of chronic myocardial infarction,

very

small excursions

may

be

present, bearing little resemblance to the normal velocity profile; this is due to scar
formation

(Hatle and Sutherland 2000).

shorter duration than normal may
the infarcted
initiated

area

to

be

surrounding

by the infarcted

area

seen.

areas

In sub-acute infarction, velocities of

These

are

a

likely to be due to tethering of

and not actually due to velocities being

(Hatle and Sutherland 2000). Diastolic velocities

be decreased, and E'/A' reversal may occur; even

may

when the systolic velocities

preserved (Trambaiolo, et al 2001). These changes

are seen

are

earliest by placing the

sample volume within the subendocardium, since this layer is the first to be affected

by ischaemic episodes (Rahimtoola 2001). There is
exists between the endocardium and
fastest and

the

a

normal velocity gradient that

epicardium with the endocardium moving the

contributing to 75% of wall thickening and thus having

a

greater effect on

ejection fraction (Rahimtoola 2001). At rest each myocyte within this layer is

supplied by two capillaries within the capillary network and at increased stress,
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exercise
an

or on

exposure to

increased blood

the myocyte

dobutamine,

more

capillaries

open

and each myocyte has

supply (Kaul 2001). If this increase in perfusion does not

will hibernate; if there is

occur

decrease in perfusion to less than 25% of

a

normal the myocyte

will die, and this in turn will affect all myocytes supplied by

affected

It has been demonstrated that E' is dependent

capillaries.

numbers,

well

as

hibernation

can

as

the P-receptor density (Shan, et al 2000).

therefore be observed

ischaemia is removed before necrosis
often after

an

initial

by the

occurs

use

of DTI.

then the myocytes

upon myocyte

Both necrosis and
If the

cause

of the

will return to normal,

hypermotile phase (Bach, et al 1996, Garot, et al 1999). The

ejection fraction (EF) will increase and there is

a

corresponding increase in peak

systolic velocity (Bach, et al 1996).

Pulsed-wave

Doppler techniques have also

human restrictive

successful at differentiating

pericardial disease from RCM. Analysis of the velocity profile of

the lateral mitral annulus taken from the
E' > 8.0 cm/s is 100%

constrictive

proven

apical four-chamber view, has shown that

an

specific and 89% sensitive at differentiating patients with

pericarditis from those with RCM (Rajagopalan, et al 2001).

It has also been demonstrated that both

systolic and diastolic components of the

Doppler profile

of hypertrophy (Oki, et al 1998, Severino,

et

are

altered in the

al 1998, Mishiro, et al

2000)

date, studies have demonstrated
as

well

as

even
a

when global systolic function is preserved. To

decrease in E'

or

both E' and S' velocities in HCM

prolongation of E' deceleration, isovolumic relaxation and the time from

the second heart sound to E'
time

presence

(Severino, et al 1998). A correlation between

x

and the

delay between the second heart sound and E' has been reported. In addition, it
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has been found that the standard deviation of this

people with HCM, it too is correlated to
of relaxation in

x,

delay is not only increased in

suggesting that DTI

can

detect asynchrony

patients with HCM (Pai and Gill 1998b, Oki, et al 2000).

The transmitral E/lateral annular E' has been shown to be correlated

peak
et

al

oxygen

consumption during exercise testing of patients with HCM (Matsumura,

2002).

In addition, this ratio has been shown to be correlated with the New

York Heart Association

Another

(NYHA) class designation (Matsumura, et al 2002).

study has demonstrated

mitral annulus and MAM in
correlation
in

was

poor

significant correlation between pw-DTI from the

people with HCM.

However, in that study, this

Furthermore,

decrease in myocardial systolic velocity along the

a

longitudinal axis, prior to
alluded to,

a

in the un-diseased state (Rodriguez, et al 1996).

people with HCM,

et al

inversely with

a

corresponding decrease in the radial axis, has been

demonstrating asynchrony of contraction in patients with HCM (Mishiro,

2000, Cardim, et al 2003).

demonstrated

impaired

systolic

In addition, these studies, amongst others, have

function

in non-hypertrophied

segments

of

myocardium (Oki, et al 2000, Tabata, et al 2000, Cardim, et al 2003).

A reduction in E' and S' has been demonstrated to

hypertrophy in

a

transgenic model and

encoding for familial HCM.

more

occur

prior to the onset of

recently in people with mutations

Notably, 13 of these 43 people had

no

phenotypic

expression of hypertrophy (Nagueh, et al 2000, Nagueh, et al 2001a). Even though
the decrease in

pw-DTI velocity

was more

marked in individuals with phenotypic

expression of HCM, the technique still demonstrated

a

high sensitivity and

specificity in its ability to differentiate mutation carriers from controls (sensitivity
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90%, specificity 100%). These studies have demonstrated that familial HCM is in
fact

primarily

a

disease of myocardial dysfunction and that the hypertrophy

occurs

secondary to this (Nagueh, et al 2001a). Furthermore, low S' and E' velocities have
been

reported in

a

familial study of myosin binding protein C

gene

(Arg 502 Gin)

mutations, responsible for HCM, even in the absence of hypertrophy (Cardim, et al

2002).

In human

beings, HCM is the most

athletes under 35 years
which

occur

of

age

with endurance

decreased in HCM

of sudden death in competitive

(Cardim, et al 2003). The adaptive cardiac changes

training

pw-DTI E' velocity is normal

common cause

or

can

mimic HCM. It has been demonstrated that

increased in 'athletic hearts' whereas this velocity is

(Caso, et al 2000, Vinereanu, et al 2001, Cardim, et al 2003).

Furthermore, S' has been shown to decrease with pathological forms of hypertrophy,
whereas it remains normal in athleticism

In

people with hypertension changes

increase in left ventricular

mass

(Vinereanu, et al 2001, Cardim, et al 2003).

are,

similar to those reported in HCM.

An

has been correlated to the elevation in blood pressure

(Olsen, et al 2002). Studies investigating the myocardial velocities in hypertension
have demonstrated

a

decrease in S' in

people thought to have isolated diastolic

dysfunction (Poulsen, et al 2003). The E' velocity has been shown to be decreased
and the A' increased

compared to normal subjects (Oki, et al 1998). Furthermore,

the time from the second heart sound to

group

was

increased in the hypertensive

(Oki, et al 1998). In people with hypertension the E' has been shown to be

negatively correlated with
E'

peak E'

was

x,

whereas the time from the second heart sound to peak

positively correlated with

x,

and the A' correlated well with left ventricular
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end-diastolic pressure

in the absence of transmitral pseudonormalisation (Oki, et al

1998).

Pulsed-wave DTI is of
It

also be used to

can

use

when local

assess

areas

mitral annulus

of

myocardial excursion

are

velocity and thus provide

of interest.

a measure

of

mitral annulus motion, which has also been shown to correlate well with left
ventricular
overall

ejection fraction (Rodriguez, et al 1996).

It cannot be used to

myocardial motion (Oki, et al 1997). These profiles have the disadvantage of

being altered by bundle branch blocks (Brodin, et al 1999).

specific (Yamanda, et al 1999),

as are

is

the myocardium contracts with

a

natural alteration in the way

reduction in
heart rates

t.

They

are

wave

a

similar

They

are

also

age

all myocardial imaging modalities; since there
age

and

a

concurrent

also heart rate dependant; the A' to E' ratio increases at high

(Mori, et al 2000). This is due to

velocities when
the A

assess

a

decrease in E'; unlike transmitral flow

change in the A to E ratio is brought about by

an

increase in

amplitude (Mori, et al 2000). It is because of these limitations that

and heart rate must be corrected for when

age

analysing pw-DTI tracings.

Right Ventricular pw-DTI

Recently, the velocity of the tricuspid annulus also has been investigated. It has been
determined that, in
far greater

people without cardiac abnormalities, the S' and A' velocities

are

than those at the mitral annulus (Alam, et al 1999). When heart failure is

present, S' has been found to decrease and a good correlation between right
ventricular

ejection fraction and S' has been determined (Meluzin, et al 2001). In
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addition, in people with or without systolic dysfunction, it has been demonstrated
that
E'

mean

right atrial

pressure can

be estimated by the ratio of tricuspid E to tricuspid

(Nagueh, et al 1999a). Furthermore, tricuspid annulus motion has been shown to

provide

assessment of both right ventricular systolic and diastolic

an accurate

function in chronic

pulmonary hypertension (Moustapha, et al 2001) and inferior

myocardial infarction (Alam, et al 2000).

Overall, the
a

power

of DTI techniques in the assessment of left ventricular function in

variety of normal and diseased states is obvious, and would support its application

in the

investigation of cardiac disease in veterinary species.

Although, pw-DTI is the only DTI technique that will be investigated in this thesis,
there

are

some

pertinent studies which have utilised other DTI techniques to

investigate both HCM and disease states linked to specific cardiomypathies in human

beings. Therefore,
means an

a

brief description of these modalities will follow. This is by

extensive review of these

techniques,

or

no

all of the available applications of

DTI.

Colour

In

Doppler Tissue Imaging

1992, McDicken and colleagues (McDicken, et al 1992) first described the use of

colour

velocity imaging

as a means

of calculating the velocities within

a

rotating

tissue-mimicking phantom. These results have since been validated in the dog and in
human

beings (Fleming, et al 1994a, Fleming, et al 1994b, Miyatake, et al 1995,

Gorscan, et al 1997).

The technique applies the colour Doppler principle to the
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myocardium allowing analysis of the velocity of each
colour codes the
motion

group

of 3x3 pixels, and

resulting velocity in accordance with the direction and velocity of

(Uematsu, et al 1995). Motion towards the transmitter is red,

away

from it

blue; the faster the tissue velocity, the brighter the hue.

The colour
motion
even

Doppler images

can

(Drozdz, et al 2000).

be assessed visually in order to

techniques have been developed

analysis of the information in these images.

processing of the colour M-mode
to

or

analysis of the motion at

These include post¬
a

single point, similar

pulsed-wave Doppler analyses. It should be remembered that c-DTI is

that

analyses the

velocities.

This decreases the accuracy

for

or

technique

of myocardial velocity imaging with

However, c-DTI is particularly useful during stress

comparison to pw-DTI.

chamber,

a

velocities, whereas pw-DTI analyses peak myocardial

mean

echocardiography, since

myocardial

However, visual assessment is relatively inaccurate

with suitable frame rates. Therefore, different

in order to aid

assess

a

DTI cine loop

can

be stored from either the apical four

parasternal long axis view, and the "real time" image subsequently used

post-processing extraction of velocity profiles from different points within the

myocardium (Sutherland and Hatle 2002). This allows analysis of both the systolic
and diastolic velocities of both the circumferential and

longitudinal fibres from the

long axis and four chamber apical view, respectively (Trambaiolo, et al 2001).
Using this technique it is possible to extract velocity information from approximately
90% of wall segments,
free

with the exclusion of the

apex

and anterior septum from the

long-axis view (Bach, et al 1996, Uematsu and Miyatake 1999). Reproducibility

is excellent; however, velocities are
all of which act

as

subject to

age,

heart rate and gender variations,

independent variables (Palka, et al 1996, Fraser, et al 2001,
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The gender variation is not understood but it has been

Wilkenshoff, et al 2001).

noticed that, whilst the same at
stress

Both

under DTI than

women

pw-DTI and c-DTI

can

differences between the

baseline,

men

large

areas

modality
DTI

a

higher

be used to

assess

to dobutamine

myocardial velocities. The principle

techniques being that pw-DTI

a

response

(Fraser, et al 2001).

velocities whereas, c-DTI measures the mean

myocardium; pw-DTI has

have

velocity at

a

measures

instantaneous

selected point within the

superior frame rate, and c-DTI data

can

be collected for

of myocardium, and the points analysed post-collection, making this

more

suited to stress echocardiography. However, during pw-DTI and

sampling the velocity of

any

c-

selected point is affected by the velocity of the

surrounding myocardium (termed tagging). By analysing the displacement between
two selected

points within the myocardium, the effects of tagging and overall cardiac

displacement

are

avoided (Sutherland and Hatle 2002).
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Section 4

Echocardiography in the Cat

1.4 Introduction

It is obvious from the
DTI

previous section that

a

great deal of information is available on

techniques in the assessment of ventricular dysfunction in human beings. It is

only recently that such techniques have been used to

any great extent

in veterinary

species, therefore in comparison to what is known in human beings, there remains
gap

in

our

1.4.1

This

knowledge and understanding.

The Feline

The first

reported

Echocardiogram

use

followed

was

a

of echocardiography in the cat

by

a

series of

papers

was

in 1979 (Pipers, et al 1979).

in the early 1980s describing the

use

of

echocardiography to produce both two-dimensional and M-mode studies of the feline
myocardium (DeMadron, et al 1985, Jacobs and Knight 1985, Fox, et al 1995).
Many of these, and later, studies have used anaesthetised
there

are

or

sedated cats. However,

reports of echocardiographic variables in unsedated cats (Jacobs and

Knight

1985, Sisson, et al 1991).

It has become evident that whilst

hypertrophy is

common

in feline myocardial

disease, the degree of hypertrophy does not always correlate with the clinical signs
disease

course

or

(Bright, et al 1999). Echocardiographic data does however, correlate

well with

pathological studies; usually finding that the interventricular septum and

free wall

are

both

hypertrophied, but also recognising isolated

segmental hypertrophy (Fox 1999).
tract turbulence is also

In

recognised. This

some cases, concurrent,

can

be either left

or

areas

of septal

or

dynamic outflow

right ventricular outflow
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tract turbulence

(LVOT,

or

RVOT respectively) (Fox 1999, Rishniw and Thomas

2002).

When present,

RVOT obstruction

appears to

be

more common

in

an

aged feline

population. An increased incidence has been reported with concurrent non-cardiac
disease, such

as

CRF, with

or

without hypertension, hyperthyroidism, anaemia and

neoplasia (Rishniw and Thomas 2002).

Dynamic LVOT is sometimes associated with mitral regurgitation and SAM (Fox
1999).

The

cause

of this phenomenon has evoked great controversy.

mechanisms include; a
anterior and

Proposed

narrowing of the subaortic outflow tract, abnormally long

posterior mitral valve leaflets, anteriorly displaced papillary muscles,

and increased outflow tract velocities

giving rise to

a

Venturi effect causing the

septal mitral valve leaflet to be dragged towards the interventricular septum during
systole (Fox 1999). Whatever the

cause

of SAM, the

presence

thought to correlate with pathological identification of

an

of this phenomenon is
interventricular mural

plaque and fibrosis of the septal leaflet of the mitral valve apparatus (Liu, et al 1981).
Notably, cats with SAM have been reported to have

an

improved prognosis

compared to those without (Atkins, et al 1992).

In

addition, turbulence at the mid-ventricular level has been identified in

with

hypertrophy. This

this may

can

some cats

also be associated with SAM. It has been suggested that

be caused by hypertrophy of the papillary muscles and hyperdynamic

myocardial contractility (Fox 1999).

83

Chapter 1: General Review
It is

recognised that cardiac hypertrophy, and with this diastolic dysfunction,
in the cat.

common

In

are

1989, Doppler echocardiography was used to investigate

many

indices of diastolic function in healthy cats (Santilli and Bussadori 1998).

These

investigators reported that,

age

dependant;

venous

S

age was

wave

as

positively correlated with A

wave

was

wave

of these indices

were

velocity, peak pulmonary

filling time and the velocity time interval of the

(Santilli and Bussadori 1998). Notably, pulmonary

not correlated with age;

1998).

many

velocity and systolic fraction, and inversely correlated with the

transmitral E to A ratio, the diastolic
E

in human beings,

venous

atrial reversal

this is in contrast to findings in dogs (Schober, et al

The R-R interval (measured from the electrocardiogram)

was

found to be

positively correlated with IVRT and diastolic filling time of transmitral flow, and
negatively correlated with the peak A
and the atrial reversal
Bussadori

wave

velocity time integral of pulmonary

1998). These findings reflect the

that have been

velocity, peak atrial reversal velocity,

same

flow (Santilli and

venous

changes with

age

and heart rate

reported in human beings (Appleton, et al 1991, Klein and Tajik 1991,

Schirmer, et al 2000). Furthermore, comparisons between the non-invasive indices
of diastolic relaxation and invasive measurements in young,
demonstrated

significant correlations between

peak pulmonary
venous

were

D

were

venous

and IVRT, Vp, peak A velocity and

S velocity (Schober, et al 2003).

both found to be affected

2003). In that study it
x.

was

a

pressure was

related to peak E

variety of loading conditions (Schober, et al

found that there

In addition, there was a

Peak E and pulmonary

by relaxation, but both of these indices

preload sensitive. Left ventricular end diastolic

velocity and the ratio of E to Vp, under

and

x,

healthy, cats, have

was

only

a

weak correlation between E'

moderate correlation between

x

and pulmonary
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venous

S, S' and transmitral A (Schober, et al 2003). These investigators found no

significant relationship between E' to E

or

A duration to pulmonary

reversal duration, and left ventricular end diastolic pressure
The load

atrial

(Schober, et al 2003).

sensitivity of E and E' has also been reported in human beings, where it has

been demonstrated that when
sensitive to
et al

venous

systolic function is preserved, both E and E'

are

loading conditions (Nagueh, et al 1999b, Fristenburg, et al 2000, Nagueh,

2001a).

The transmitral flow patterns
EICM.

It

was

and the IVRTs have also been studied in cats with

reported that affected cats showed significantly lower E velocities,

reduced E deceleration, an increased A

normal cats

a

velocity and prolonged IVRT compared to

(Bright, et al 1999).

It has been found

that,

as

in human beings, pw-DTI indices

can

be used to

assess

the

velocity within the feline myocardium. The pw-DTI velocities have been reported in
cats with HCM and

decrease in both

compared to unaffected cats.

These investigators reported

peak systolic and peak diastolic velocities recorded from the mitral

annulus of affected cats

Recently, MVG and

(Gavaghan, et al 1999).

mean

myocardial velocity (MMV) data have been published,

using colour M-mode DTI, in normal cats (Koffas, et al 2003).
demonstrated that the

were

between age

correlated

In that study

early diastolic myocardial motion is biphasic and

divided into El and E2.
MMV

a

In

addition,

positively with

we

age,

can

we

be

found that E2 of the MVG and A of the

and that there

was a

negative correlation

and the MMV, E2 and S phases (Koffas, et al 2003).
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While there is

some

information available

assessing the echocardiography changes

in feline

myocardial disease, this information is somewhat limited. With the advent

of

sophisticated echocardiographic techniques and greater accumulative

more

for data collection and post
these

techniques to

power

collection analysis, the opportunity is available to

elucidate the pathophysiological

mechanisms

use

of feline

myocardial disease.
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Hypothesis
Diastolic

dyfunction is thought to be

disease.

Typically, this dysfunction is recognised in association with hypertrophic

a common

abnormality in cats with cardiac

cardiomyopathy (HCM). However, it is also known that
impart affects

and

loading alterations and that diastolic impairment

disorders.

To

the myocardium via

a

non-cardiac diseases

combination of direct, neuroendocrine

can

on

many

can occur as a

result of these

date, little is known about the affects of these diseases

on

the

myocardial dynamics. However, the recent advent of pulsed-wave Doppler tissue
imaging (pw-DTI) techniques offers
many

I

a new

non-invasive tool for the investigation of

different aspects of myocardial motion.

hypothesised that with different forms of naturally occurring hypertrophic and

specific feline cardiomyopathies, the myocardial dynamics would be altered and that
pw-DTI techniques would be able to differentiate between these disease processes.

Aim
The aim of this

study

was to assess

the pw-DTI velocities in

a range

of primary

cardiomyopathies and disease states linked to specific cardiomypathies in human
beings in order to ascertain whether
abnormalities in

or

not there are any disease specific

myocardial function. In doing

into the main functional

derangements in

a range

so

I hoped to gain

a greater

incite

of feline disorders.
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Chapter 2
Measurement of
assessment

variability in feline echocardiography: An

of traditional

and

pulse-wave Doppler tissue

imaging techniques

In order to

comprehend the clinical significance of changes within the feline

echocardiogram,

it

is

first

necessary

to

understand

the

repeatability

and

reproducibility of the measured variables.

The aim of this
standard
wave

study

was to assess

the repeatability and reproducibility of both

(2-dimensional, M-mode and spectral Doppler) and

more

advanced (pulsed-

Doppler tissue imaging, and colour M-mode propagation velocity) feline

echocardiographic measurements in order to further validate the

use

of this

new

methodology for the investigation of myocardial function (and dysfunction) in cats.
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Abstract

The

objective of this study

was to

determine the intraoperator, interobserver, and

intraobserver

variability in both

and in

some

of the

mode

flow

propagation velocity, isovolumic relaxation time and pulsed-wave

a

series of conventional echocardiography variables

newer measurements

of diastolic function,

Doppler tissue imaging (pw-DTI) velocities. Four cats
over a

each scanned five times

three-day period. The repeatability of these echocardiographic analyses

compared (intraoperator repeatability). One

scan

selected and two observers, with similar levels of
scans

were

including colour M-

(interobserver repeatability). After

randomly selected from each cat, and

a

was

from each cat

was

was

then randomly

experience, measured each of these

minimum of five weeks,

one scan was

re-measured by the original observer

(intraobserver variation).

The standard

their

echocardiographic measurements

acquisition and measurement by

a

were

relatively repeatable in both

single investigator; there

was a greater

degree of variation between the two observers. The predominant (S\ E' and A')
DTI velocities from the left

apical four-chambered view, generally demonstrated

coefficient of variation -20%.
the isovolumic

a

However, with pw-DTI, velocities recorded during

phases, the velocity of the tricuspid annulus, and the radial fibre

velocity within the interventricular septum,
therefore be

pw-

are

poorly repeatable and should

interpreted with caution.
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Introduction

Echocardiography is widely used for the diagnosis and assessment of many cardiac
conditions

(Moise and Fox 1999). Both two-dimensional and Doppler techniques

routinely applied to

sequential cardiac changes.

assess

Furthermore, advances in

sonographics (Isaaz, et al 1989, McDicken, et al 1992) have lead to
information that

can

be

gained by the

use

these

can

be

an

increase in the

of tissue Doppler techniques.

Doppler tissue imaging (DTI) modalities
which

are

are a range

of relatively

new

techniques,

applied to record myocardial velocity (Sutherland, et al 1999). All of

techniques exploit the principle of the Doppler shift phenomenon.

conventional ultrasound

uses

this

principle to

through the heart and vessels, the

assess

the velocity of blood

same concept can

as

also be used to

While
it travels

assess

the

velocity of myocardial excursion. Using these techniques detailed patterns of left
ventricular wall motion have become apparent

Pulsed-wave

(Figure 3).

Doppler tissue imaging (pw-DTI) has received recent attention from

veterinary cardiologists (Gavaghan, et al 1999, Schober, et al 2003). It is
that

measures

selected

the instantaneous

sample volume.

peak myocardial velocity

as

it

moves

In order to

technique

through

a pre¬

This technique has excellent temporal resolution (over

300Hz) (Sutherland and Hatle 2002) and has therefore been used to
velocities within the feline

a

assess

the

myocardium (Gavaghan, et al 1999).

comprehend the clinical significance of changes within the feline

echocardiogram,

it

is

first

necessary

to

understand

the

repeatability

and

reproducibility of the measured variables. Whilst the reproducibility of conventional
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M-mode

echocardiography variables have been reported in the cat (DeMadron, et al

1985, Chetboul, et al 2003a), these reports have not investigated the repeatability of

spectral Doppler analyses.

In addition, whilst there have been reports of the

reproducibility of other forms of Doppler tissue analysis in the cat (Koffas, et al
2003,

Chetboul, et al

2004), these studies have not investigated pw-DTI.

Furthermore, studies within the human literature, reporting the variability of various

pw-DTI variables, have only assessed

a

limited number of measurements

(Vinereanu, et al 1999, Khan, et al 2004). A study of
variables is necessary to
to

assess

feline

new

the

a

large number of pw-DTI

validate this technique. Therefore, the aim of this study

repeatability and reproducibility of both standard and

more

echocardiographic measurements in order to further validate the

was

advanced

use

of this

methodology for the investigation of myocardial function (and dysfunction) in

cats.
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Materials and Methods

Population Characteristics

Four domestic short-haired

the

(DSH) cats

were

studied. All the cats

were

University of Edinburgh, Small Animal Hospital for routine health assessment.

The group

comprised two male and two female cats; both females and

neutered.

The ages

The

presented to

of the cats

were one year,

weights ranged from 3.2kg to 4.6kg.

echocardiographic examinations. These
undergoing three examinations
the other two

on one

five

eight

years,

one

years

male

and 14

were

years.

Each cat underwent five full Doppler

were

divided

three days with each cat

over

of these days, and

one

examination

days. A total of 20 echocardiographic examinations

were

on

each of

performed.

Echocardiographic procedure

Echocardiographic examination
ultrasound machine

performed using

with built-in DTI

Norway) equipped with
Medical

was

a

a

Vingmed Vivid FiVe

capacity (GE Medical Systems-Horten,

five MegaHertz flat phased

Systems-Horten, Norway). All images

were

array

stored digitally

(Verbatim Optical-Japan) and analysed retrospectively.

electrocardiogram trace (lead II)

was

gain settings

to the

were

were

optical discs

Whilst scanning,
were

an

in sinus

adjusted to maximise the cardiac image.

optimised for each individual

depth of interest.

on

recorded simultaneously. All cats

rhythm. The sector width and depth
The

(FPA) probe (GE

case.

All pulsed Doppler tracings

The focus

were

was

adjusted

made using the high

pulsed-repetition frequency (HPRF) Doppler modality. For each variable the

mean
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of five measurements

was

recorded. These measurements

were

made from

adequate,

consecutive waveforms, which were all recorded from the same trace.

All of the cats
instead

same

one

range

examined in lateral

assistant

assistant

In order to

were

was

assess

recumbency. No sedation

was

administered;

gently restrained each of the cats in lateral recumbency. The

present for all examinations.

the

reproducibility of both standard and pw-DTI techniques,

of echocardiographic variables

were

measured (Table 1).

wide

a

Images

were

analysed using the 'Echopac' software (GE Medical Systems for Mackintosh).
Diastolic events
the

were

analysed at end-diastole, which

QRS complex (Moise and Fox 1999).

proximity to the P
end-systole, this

wave

was

each measurement

identified by the start of

Atrial systole

was

(Appleton, et al 1997). Systolic events

defined by the end of the T

wave

identified by its
were

measured at

(Moise and Fox 1999). For

(other than the 2-dimensional measurements) the R-R interval

was

recorded and the

was

calculated.

accuracy

was

mean

R-R interval for the

The horizontal axis of the

complexes, which

tracings

was

were

measured,

magnified to increase the

of the timing and duration measurements.

Two-Dimensional and M-mode Evaluation

From the

right parasternal long-axis view the interventricular septal diameter was

measured

just below the level of the mitral valve.

perpendicular to the long axis of the heart. It

was

This measurement

was

made

measured at end-diastole using the

leading edge-to-leading edge technique (Henry, et al 1980, Peterson, et al 1993).
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The M-mode
was

used to

recording taken from the right parasternal short-axis, at chordae level,

measure

the left ventricular chamber dimensions.

leading edge technique
the

maximal

A

used (Sahn, et al 1978). End-diastole

was

beginning of the Q

The

wave on

the ECG; systole

was

leading edge-to-

was

identified by

measured at the point of

septal excursion (Moise and Fox 1999).

two-dimensional, short-axis right-sided parasternal image of the aorta and left

atrium

was

used to

measure

(Thomas, et al 1993).

These

technique. The aortic diameter
cusp to

the aortic and left atrial diameters at end diastole

were

measured using

an

inner-edge, to inner-edge

measured from the mid-part of the right

was

the commissures of the left and

non-coronary cusps.

The left atrial diameter

was

measured in the

care

being taken to avoid the pulmonary vein (Haggstrom, et al 1994).

same

coronary

frame, by extending the line used to

measure

the aorta;

Spectral Doppler Evaluation

The

pulmonary artery velocity

heart base view. A

The left

apical five-chamber view
mm was

was

mm was

used.

used to record the aortic velocity. Again

a

used.

apical four-chamber view

tricuspid flow patterns.
cursor

recorded from the short axis right parasternal

sampling gate of 1.9

sampling gate of 1.9

The left

was

was

used to

Colour flow Doppler

in line with the mitral inflow.

A

assess

was

the transmitral and trans-

used to aid the placement of

sampling gate of 1.9mm

was

a

placed in line
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with this

flow, at the level of the mitral valve tips (Appleton, et al 1997). A pulsed

Doppler trace of transmitral flow

was

recorded. Every effort

The transducer

tracings that demonstrated minimal summation.

made to record

was

then angled

could be placed in line with trans-tricuspid flow, and the

cranially until

a cursor

procedure

was

repeated. The peak velocity of the E and A

there

complete summation of the E and A

was

was

waves

waves were

measured. If

the peak E+A velocity

was

recorded.

The duration of the mitral A
frozen

image

was

wave was

measured.

In order to

magnified along the x-axis. The A

from either the start of the A wave, or from a

wave

optimise this, the

duration

was

measured

perpendicular line dropped from the

point where E and A summated to baseline, to the end of the A

wave

(Appleton, et al

1997).

In order to

the

measure

the

pulmonary

venous

flow

a

colour flow sector

was

positioned

The left apical four-chamber view

was

then rotated

slightly until alignment with flow from the lateral pulmonary vein

was

achieved. A

over

Doppler

pulmonary veins.

cursor,

with

a

sampling gate of 1,9mm,

three millimetres into the

technique
a

was

was

recorded. This

modified from the human guidelines, in which it is recommended that
one

centimetre into the pulmonary

(Appleton, et al 1997).

From the

pulmonary

diastolic flow

was

placed approximately two to

pulmonary vein, and the spectral trace

larger sample volume is placed approximately

vein

was

venous

flow recordings the velocity of systolic flow (S),

(D) and atrial reversal flow (Ar)

magnified and the duration of Ar

was

were

measured.

The x-axis (time)

measured.
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The isovolumic relaxation time

closure
valve

was

was

measured

(identified by the aortic valve click)

opening

as

or

the interval between aortic valve

cessation of aortic flow and mitral

of transmitral flow (Appleton, et al 1997). This

or, commencement

imaged by simultaneously positioning

a

colour Doppler sector

mitral inflow and the left ventricular outflow tract of the left
view. A

pulsed Doppler sampling gate of 1.9mm

flow maps

and

clicks

evident

were

trace recorded.

a

on

this trace

Every effort

was

was

over

both the

apical five-chamber

placed between the two colour

made to

ensure

the aortic valve

(Appleton, et al 1997).

Colour M-mode Evaluation

The

propagation velocity (Vp)

positioning

a

was

measured from the apical four-chamber view, by

colour Doppler sample

over

the mitral inflow. A

through the centre of the mitral inflow and
image

was

aliasing

approximately

an

aliasing

was

core

one

tracing. The image

within the E

wave was

was

placed

recorded.

core was

through the mitral valve (Garcia, et al 1998).

calculated from the colour M-mode

to

colour M-mode

frozen and the colour baseline shifted until

the blood flowed

of the first

a

cursor was

The

evident

The Vp

as

was

magnified. The gradient

measured from mitral valve opening

centimetre into the left ventricle (adapted from Garcia, et al

1998).
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Pulsed-wave

Doppler Tissue Imaging

The

myocardial velocity

radial

interventricular septum

sample gate
The

of the right parasternal long and short axis views. A pw-DTI

placed

was

measured from both the free wall and

was

over

the free wall at the mid-ventricular level (Figure 4).

right parasternal long axis four-chamber view

longitudinal axis
at 3.9mm.

This

was at
was

approximately 90° to the

considered to be the

accurately be placed

over

the selected

area

the level of the mid-interventricular septum.

tracings

were

that the

The sampling gate

was set

of myocardium,

as

is recommended

then repeated, sampling

was

an area at

From the right parasternal short axis

obtained from the free wall and the interventricular septum at the

level of the chordae tendinae; the same
the

cursor.

ensure

largest possible sampling gate that could

(Sutherland and Hatle 2002). This procedure

view

optimised to

was

procedure

was

used

as

had been applied to

long-axis view.

Longitudinal myocardial motion

was

assessed from the left apical four-chamber

view. Velocities from the

septal and lateral aspects of the mitral annulus, mid-septal

and mid-lateral wall level

were

the

recorded in

right parasternal views (Figure 4).

angle of incidence

For all the

definitions,
were

similar

manner

Every effort

minimised when recording

any

was

to those recorded from

made to

ensure

that the

Doppler variable.

pw-DTI recordings the velocities of S', A', E', IVR', and IVC' (for
see

measured

towards

was

a

the

Figure 3)
as

were

measured. The biphasic IVR' and IVC' waveforms

IVRr and IVRb, IVCr and IVCb, the suffix r

transducer

and

b

representing flow

away

representing flow

from the transducer.
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Occasionally the E' and A'

waves were

fused; in these

cases

E'+A'

measured

was

(Sutherland and Hatle 2002),

Statistical

Analysis

The results of the 20

scans

recorded

by

one

echocardiographer

on

five different

occasions, in each of the four cats (intraoperator variability), were compared.
order to

assess

the interobserver

variability,

one scan

from each of the four cats,

selected. Two different observers, with similar levels of
of these

intraobserver
cat after

Each observer

scans.

a

analysis.

variability

was

was

unaware

was

experience, measured each

of the

calculated by re-analysing

In

one

previous results.

of these

scans

The

from each

period of at least five weeks and the results compared to the original

The

scans

random number

selected for the intraobserver repeatability

generation.

All

scans were

were

chosen by

measured without reference to the

previous results.

For the intraobserver

data since the
was

same

compared to

a

variability the statistical analysis

was

performed using the

complexes could be measured. The first set of measurements

second set of measurements and

a

standard paired t-test

performed to analyse the data for statistically significant differences. A
<0.01

was

taken

as

raw

demonstrating statistical significance. This level

reduce the chances of

Bonferroni correction

a

was

Type I

error;

not suitable

since the

p

values

were

was

p

was

value of

chosen to

often related,

a

(Bland 2000).
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In order to compare

the results for intraoperator variability, the

calculated for each of the 20

measurements

was

examination to

examination, the heart rate

rate corrected

analysis

was

using the

VRR method.

performed using the

interobserver data, a one-way
the

From

scans.

of the five

day to day and

the intraoperator data

were

heart

For the interobserver analysis, the statistical

data. For both the intraoperator data and the

analysis of variance (ANOVA)

analysis of variance table the

calculated
a

raw

can vary;

mean

square root

was

of the residual

(sw) and from this the coefficient of variation

was

performed. From
mean square was

calculated and quoted

as

percentage (Bland 2000). The 95% confidence intervals were calculated using the

equation:

V

SEV« —==-t

V2 • n

Where S EV is the

sample variance, V is the coefficient of variation,

of observations and t the t-value for

n

is the number

(n-1) degrees of freedom at the p=0.05 level

(Sokal and Rohlif 1995). For both analyses, when summation of diastolic flow

velocity patterns occurred, the summated data
Although

every

effort

was

excluded from the analysis.

made to capture adequate images

occasionally the data

were

waveforms)

visible, therefore these

were not

were

un-interpretable

or

on every

rapid movements (such

were not

as

occasion,

isovolumic

measured in the analysis. The

frequency of acquisition (k) is reported in each of the results tables. Traces (such
those for the interventricular septum
results

were

or

as

from the short axis view) in which too few

obtained to fulfil the criteria for statistical

analysis

were

excluded.
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Results

Intraoperator Repeatability-see Table 1.

All cats

the

were

scanned

on

five occasions

majority of the data from

and therefore,

only four

D measurements which

one

study

scans were
were

not

over a

was

three-day period (n=20). However,

corrupted, by

a

computer malfunction,

analysed for this cat (with the exception of the 2-

affected).

The coefficient of variation

was

the 2-dimensional variables

demonstrating coefficients of variation under 10% and

many

less than 20% for all conventional

of the M-mode and spectral Doppler variables demonstrating

a

variables, with

variation of less

than 15%.

The DTI results

generally demonstrated higher coefficients of variation for the

velocity of IVC' and IVR', particularly IVCb.
measurements recorded from the

In addition, the pw-DTI

long axis, both at the level of the interventricular

septum and free wall were highly variable, as were those recorded from the tricuspid
annulus

(Table 1). The remaining systolic and diastolic excursions demonstrated

coefficient of variation of less than 20%, with the
the

the

exception of the A' measured from

apical lateral wall and the S' at the apical mid septum. There

numbers of measurable

a

were

insufficient

complexes recorded from the short axis to allow analysis of

repeatability of measuring radial fibre excursion within the interventricular

septum.
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Intraobserver

The

intraobserver

measurement

reversal
from

Repeatability-see Table 2

repeatability

of the

pulmonary

velocity (p<0.001).

the

demonstrated
venous

significant

flow diastolic

wave

differences

in

the

(p=0.007) and atrial

In addition, the velocity of the IVCr

wave

recorded

long axis interventricular septum demonstrated significant variation

(p=0.004). None of the remaining variables demonstrated
between the first and second set of measurements.

each measurement is

a

significant difference

The observational

reported in Table 2: Unfortunately, the selected

frequency for
scans

did not

demonstrate measurable IVCb from either the short axis interventricular septum or
the lateral aspect

variable

was

not

Interobserver

of the tricuspid annulus and therefore, the variability of this

investigated.

Repeatability-see Table 3

The data from

one

scan

of each of the four cats

observers blinded to the any

variation
mode

was

previous results. It

was

was

analysed by two different

found that the coefficient of

generally less than 20% for the measurements obtained from the M-

analysis, with the exception of the colour M-mode propagation velocity,

demonstrated
demonstrated

a

variability of 45.69±15.12%.

The spectral Doppler analysis

high coefficient of variability for measurements of pulmonic velocity,

22.41±7.42%, transmitral A

wave,

32.34±10.70%, and pulmonary

venous

29.52±9.77%, isovolumic relaxation time,

S

wave

velocity, 37.70±12.48%.

101

Chapter 2: Measurement of variability in feline echocardiography

The

repeatability of the pw-DTI velocities

was

lower for the long and short axis

views,

as was

the acquisitional frequency (see Table 3). The coefficients of variation

of the

principle pw-DTI velocities recorded from the longitudinal fibres within the

left ventricular wall

were

generally less than 20%, with the exception of the A'

velocity from the apical lateral wall, 22.90±8.97%, and at the level of the midinterventricular septum,
the mitral

contraction

22.89±7.57%, and the E' measured at the lateral aspect of

annulus, 28.24±9.35%.

phases

were

isovolumic relaxation
measured from

The velocities recorded during the isovolumic

poorly repeatable at multiple sites.

velocity toward the transducer

were

Both the A' and

poorly repeatable when

right ventricular lateral wall at the level of the tricuspid annulus

(36.17± 11.97% and 25.29± 12.79%, respectively).
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Discussion

To my

knowledge, this is the first study to examine the variability and repeatability

of such

an

extensive range

there have been studies
in both

of echocardiographic measurements in the cat. Previously

addressing the repeatability of echocardioagraphic variables

dogs and cats (Santilli and Bussadori 1998, Dukes McEwan, et al 2002,

Chetboul, et al 2003a, Koffas, et al 2003, Chetboul, et al 2004). However, in these
papers

either

a

limited number of variables

were

investigated

or,

in the wider studies,

investigated (Santilli and Bussadori 1998, Dukes McEwan, et al

pw-DTI

was not

2002).

The repeatability of

variables have been

a range

of colour Doppler tissue imaging (c-DTI)

reported previously (Koffas, et al 2003, Chetboul, et al 2004).

However, the c-DTI technique allows analysis of the velocity of each group of 3x3

pixels by colour coding the resulting velocity in accordance with the direction and

velocity of motion (Uematsu, et al 1995).
analyses

mean

Therefore, c-DTI is

a

technique that

velocity, whereas pw-DTI analyses peak myocardial velocity.

In

addition, the c-DTI samples myocardial velocities at a lower frame rate than pw-DTI,

thereby increasing the
chose to

assess

the

accuracy

of pw-DTI (Sutherland, et al 1999). For this

variability in

a

wide

range

reason

I

of echocardiographic variables,

including pw-DTI variables. The repeatability of a number of pw-DTI variables has
been

investigated in humans (Vinereanu, et al 1999), where it

reproducibility of measurements from the long axis

was

was

found that the

greater than that from the

short axis, and that the

highest repeatability could be obtained from the lateral aspect

of the mitral annulus.

The

the

tricuspid annulus produced reproducible results, whereas

right ventricular lateral wall demonstrated

study, there

was no

a

high degree of variability. In that

analysis of isovolumic velocities. The reported coefficients of
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variation

were

generally between ten and 20%, with

poor

reproducibility being

reported when the coefficient of variation exceeded 20% (Vinereanu, et al 1999).

In the current

as

the

study the acquisition of isovolumic complexes

frequency of acquisition),

as were

was

variable (reported

the velocities measured from these

complexes, particularly the velocity of isovolumic contractile motion.
velocities

typically of a

are

It is

DTI traces.

very

short duration and

seen as

sharp spikes

on

the

pw-

possible that the event resolution of pw-DTI (typically six to eight

milliseconds) (Sutherland and Hatle 2002) is inadequate to accurately
short duration

These

measure

these

'spikes'.

Intraoperator Variability

The

intraoperator analysis demonstrated that, with

ultrasound examination and

variables

are

one

investigator performing the

analysing the results, the standard echocardiographic

relatively repeatable,

even

when the

scans are

performed

on

different

days. The analysis demonstrated that the velocities recorded from the long axis free
wall

and

interventricular

septum

demonstrated

a

high degree of variability.

However, in contrast to previous reports in human beings, the repeatability of the
free wall velocities

was

better from the short axis. Since both the

long and short axis

views

interrogate radial motion, these views should provide comparable results. In

human

beings and cats, the velocities recorded by DTI analysis have been shown to

vary

throughout the ventricle, with the apical velocities being lower than those

recorded at the level of the mitral annulus

(Oki, et al 1997, Oki, et al 1999, Chetboul,
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et al

2004). Therefore, variations in the level at which the sample volume

was

may

have resulted in

cursor was

a poor

repeatability. From the long axis view the

placed at the mid-ventricular level; which

was

short axis

were

plane the chordae tendinae

placement. This

may

have resulted in

more

placed

assessed manually. In contrast, in the

used

as

landmarks to

ease cursor

repeatable measurements being acquired

from the short axis views.

Insufficient data

were

collected from the interventricular septum

view to allow evaluation of these results.

of the short axis

Acquisition of data from this

area was

highly inconsistent with uninterpretable traces often being attained. A total of six
traces

cat,

measured from this

were

they

were not

area.

attainability from this

problem is unknown. However, there
or

difficulties in

were no

were

from the

same

area.

The underlying

reason

for this

problems with two-dimensional image
was

thought that the

interpreting the traces might result from the super-imposition of right
on

the traces

(Sutherland and Hatle 2002).

longitudinal fibre E' and A' waveforms (assessed from the apical four-chamber

view)

were

summated in all five tracings obtained from

therefore excluded from the
transmitral E and A

in human

one

of the cats, and

were

analysis. This cat also demonstrated summation of the

waveforms, but not the radial fibre waveforms. It is known that

beings, early longitudinal diastolic motion precedes motion within the

radial fibres
the

five of them

alignment with the interventricular septum and it

ventricular circumferential fibre motion

The

as

suitable for analysis by the described method. The long axis view

also demonstrated poor

acquisition

However,

(Oki, et al 1997, Galiuto, et al 1998). Whether

or not

this difference in

timing of events is adequate to allow separation of the radial traces,

or

whether
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this

was

phenomenon

a

only this

common to

one

cat cannot be assessed by this

study.

The A'

velocity recorded from the lateral wall of

the velocities recorded from the

variability. This
these sites.
to the

In

apical four chamber view and

tricuspid annulus demonstrated

have been in part due to

an

a

wide degree of

increased angle of incidence at

addition, variations in the site of measurement may have contributed

variability of the apical lateral wall A' and mid-septal S' velocities.

Intraobserver

The

may

an

Analysis

intraobserver data

reported in this study represent the variability of the

measuring technique, and the clinical significance of this
intraoperator analysis. Therefore,

a t-test was

statistically significant difference.

as part

of the

performed to investigate if there

was a

was

Overall, the measurements

highly repeatable. However, there

was a

This difference could

of the pulmonary

were

not of

optimal quality, they

of those obtained from normal cats, and therefore, I believe

it is my

venous

flow velocities

may

experience that the pulmonary

cats with cardiac disease.

easier in cats with

an

found to be

venous

only be corrected for by excluding the results of

50% of the traces. Whilst these traces

pulmonary

were

significant variation in the measurements

recorded from the atrial reversal and diastolic components

flow traces.

assessed

were

typical

that the measurement of

be problematic in normal cats. Subjectively,
venous

flow traces

are

of superior quality in

Typically, acquisition of a pulmonary

venous

flow trace is

enlarged left atrium, probably due to dilation of the pulmonary
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veins. Therefore, these results should be
the entire feline

interpreted with caution, and not applied to

population. Furthermore, the IVCr phase recorded from the long

axis view of the interventricular septum

demonstrated

a

high degree of variability.

Again, the traces analysing the radial motion of the interventricular septum
frequently suboptimal and interpretation of the waveforms

can

are

be problematic. The

significant variation of this measurement could be corrected by removing the results
from

The

one

cat, in which the

intraobserver

tracing

was

particularly unclear.

repeatability should be considered when interpreting the

intraoperator variability. In order to analyse each of the echocardiographic analyses,
it is necessary to measure
sets from different

inherent

the stored images. Therefore, when comparing the data

echocardiographic analyses, the results

encompass not

only the

variability of data acquisition, but also measurement and inter-day

physiological variations.

In this study the intraobserver variability

Therefore, the intraoperator variability reported, is in the main,

a

was

minimal.

result of the

variability in data acquisition. This in turn will be affected not only by the operator,
but also

by physiological variation.

Interobserver Analysis

I have demonstrated

that, between the two observers used, there

level

(<20%) in the majority of two-dimensional and M-mode

of variation

measurements.

colour-M-mode

The IVSd demonstrated

velocity

was

slightly

highly variable.

more

was an

acceptable

than 20% variability, but the

The spectral Doppler analyses
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demonstrated
transmitral A

sub-optimal variation in the measurement of pulmonic velocity,
wave

velocity, pulmonary

venous

S

wave

velocity and IVRT.

The

repeatability of pw-DTI measurements obtained from the long and short axis walls
was

the acquisitional frequency, with comparisons of measurements

poor, as was

within the radial fibres of the interventricular septum,

consisting of only the S' and

E' from the short axis views.

good agreement between the

Generally there

observers for the results obtained from the

slightly
the E'

than 20% variation in

more

of the measurements of A' velocity, and in

an

unacceptable degree of variation between the two observers,

repeatability

may

did

decided that the first

should

five, adequate, consecutive traces would be measured, the
an

adequate trace

may

have negatively affected the

The increased variability demonstrated between different

repeatability results.
observers

reported in the analysis of interobserver

have occurred from measuring of different spectral traces. Whilst

subjective assessment of

be

considered

when

longitudinal

analysis

echocardiographic changes is performed, and where possible to
should repeat

The

as

velocity and IVRr recorded from the right ventricular lateral wall at the level

of the mitral annulus. Some of the variation

was

was

phases recorded from the longitudinal fibre velocities frequently

demonstrated

it

longitudinal fibre analysis. There

velocity recorded from the lateral aspect of the mitral annulus. The isovolumic

contraction

the A'

some

was

of

same

feline

observer

the analysis.

logistics of storing measurements within the 'Echo-pac' biased the results of this

study. Unfortunately, measurements
the variables measured in this

are

stored to only two decimal places. Many of

study produce

very

low measurements and therefore

recording these to only two decimal places increases measurement

error

and with this
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decreases the
20%

was

repeatability. It

felt to be

was

acceptable,

primarily for this

as

reason

that

a

variability of up to

has been reported previously in human beings

(Vinereanu, et al 1999).

These results demonstrate that whilst the conventional
and the

majority of pw-DTI variables demonstrate

pw-DTI

measures

phases

are

an

Furthermore, data acquisition

interrogating the radial movement of the free wall
a

acceptable degree of variation;

of tricuspid annular motion, and movement during the isovolumic

relatively unreliable in the cat.

measured from

echocardiographic variables

appears more

right parasternal short axis view.

repeatable when

Analysis of the velocity of

circumferential fibre motion within the interventricular septum
While it appears

relatively unreliable from the right parasternal long axis view, the

frequency of acquisition is
these measurements may

the septum,
from the

is problematic.

poor

be

a

from the short axis view. The

poor

repeatability of

result of the circumferential fibre orientation within

since approximately

a

third of these fibres

are

continuous with those

right ventricle. Therefore, if the pw-DTI sampling gate does not remain

within the two-thirds of the interventricular septum nearest
effects of these fibres

are

superimposed

on

the left ventricle, the

the velocity trace.

Conclusion

In

conclusion,

the

standard echocardiographic

measurements

repeatable in both their acquisition and measurement by
although there

was a greater

a

were

relatively

single investigator,

degree of variation between the two observers. The

pw-
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DTI velocities recorded

during the isovolumic phases, the velocity of the tricuspid

annulus, and radial fibre velocity within the interventricular septum,

repeatable and should therefore be interpreted with caution.

are

poorly

However, the

predominant (S', E' and A') pw-DTI velocities from the left apical four-chambered
view, generally demonstrated

a

coefficient of variation -20%, which I felt to

represent an acceptable level of repeatability.
recorded from the left ventricular

relatively repeatable.

The predominant pw-DTI velocities

longitudinal fibres

were

therefore found to be

The significance of clinical and biological alterations in the

pw-DTI velocities in cats

can now

be interpreted in light of the repeatability of this

technique.
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Chapter 3: Age related variation in pw-DTI velocities

Chapter 3: Age related variation in pulsed-wave Doppler
tissue

imaging velocities in normal geriatric cats and geriatric

cats with

primary cardiomyopathies

or

disease states linked to

specific cardiomypathies in human beings

In human

beings, it has been demonstrated that these DTI derived variables correlate

well with invasive

although there
deteriorating

upon

appears

as an

The aim of this

measures

to

individual

study

was

of

systolic and diastolic function (Yamanda, et al 1998),

be
ages

an

age-related affect, with diastolic function

(Yamanda, et al 1999, Munagala, et al 2003).

to determine whether or not age has a significant affect

pw-DTI velocities in aged cats, and whether

cardiomyopathies

or

or not any

of the primary

disease states linked to specific cardiomypathies in human

beings identified in the cat, alter the relationship between pw-DTI velocities and

age.
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Abstract

Doppler tissue imaging (DTI) techniques
invasive

can

provide

an

alternative tool for the

quantification of regional and global myocardial function. In human beings,

it has been demonstrated that DTI variables correlate well with invasive

systolic and diastolic function, although there
with diastolic
been

dysfunction occurring

appears to

as a person ages.

reported in the cats from 10 months to twelve

The aim of this

study

confounding affect
cats

or

non¬

on

years

determine whether

was to

be

measures

of

related affect,

an age

Similar findings have also
of age.

or not age

has

significant

a

pulsed-wave DTI velocities recorded from normal geriatric

geriatric cats with primary cardiomyopathies

or

disease states linked to

specific cardiomypathies in human beings.

Ninety cats
classified

as

over

eight

(HCM),

hypertension. The

included in this study. These cats

age were

or

having

a

hyperthyroidism,

chronic

renal

failure

s.d 2.7 years). Pulsed-wave DTI S', E' and A' velocities

was

difference in the

years

were

(CRF),

or

(mean 11.8

assessed from

myocardium.

No found evidence that

population

were

basilar septal bulge (BSB), hypertrophic

of the cats varied from eight to eighteen

age

various sites within the

cat

of

being unaffected,

cardiomyopathy

years,

years

pw-DTI velocities

found. Furthermore, I

are

was

affected by

age

in

a

normal geriatric

unable to demonstrate

relationship between pw-DTI velocities and

age

any

significant

in the cats with

any

of the diseases studied.
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When all of the cats

were

analysed (both unaffected and diseased), it

was

found that

only the A' velocity recorded from the interventricular septum, at the level of the
mitral annulus, was
was

significantly associated with the

found to account for

of the cat. However,

age

only 3.5% of the variation in this velocity. None of the

other seventeen velocities examined demonstrated

This

age

study suggests that, in geriatric cats, it is not

a

significant relationship with

necessary to correct

for

age

age.

when

using pulsed-wave DTI to study myocardial function.
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Introduction

Cardiac

hypertrophy is not infrequently identified in cats (Atkins, et al 1992, Fox

1999).

It

be

may

seen

as

a

manifestation of primary myocardial disease

(hypertrophic cardiomyopathy [HCM])
disorders, such
Diastolic

or

be secondary to various systemic

hyperthyroidism, acromegaly

as

or

hypertension (Fox 1999).

dysfunction is believed to be the principle functional abnormality in cats

with HCM, and

is also documented in other

and Dietze 1986,

causes

of cardiac hypertrophy (Moise

Bond, et al 1988, Bright, et al 1999, Fox 1999, Kittleson, et al

1999).

Doppler Tissue Imaging (DTI) techniques have recently been developed to provide
an

alternative tool for the non-invasive

quantification of regional and global

myocardial function (McDicken, et al 1992, Yamanda, et al 1998). In human beings,
it has been demonstrated that these DTI derived variables correlate well with

invasive

measures

there appears to
individual ages

of

be

systolic and diastolic function (Yamanda, et al 1998), although

an

age-related affect, with diastolic function deteriorating

as an

(Yamanda, et al 1999, Munagala, et al 2003). Pulsed-wave DTI (pw-

DTI) variables have been shown to demonstrate

a

significant correlation with

invasive

measures

2003).

Furthermore, it has been demonstrated that cats with HCM demonstrate

of diastolic function in normal anaesthetised cats

decreased indices of diastolic function, as assessed

1999).

(Schober, et al

by pw-DTI (Gavaghan, et al

Previously, it has been reported that there is

a

weak, but significant,
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relationship between pw-DTI velocities and
mean

al 2001,
mean

of which

age

6±3.5

Koffas 2003).

age

Koffas

was

of which

years

of age,

This relationship

was

6.9±3

age

in

range

10 months to 14

of one

years, range one to

velocities and age

it is unclear whether

year,

or

with little clinical relevance in the mature feline.

in

or

aged cats, and whether

states linked to

the

12

or not

is continuous throughout life,

to determine whether

not age

has

or not any

a

years

(Koffas, et

lost in cats with HCM (n=23), the

was

years

(Koffas, et al 2001,

2003). However, since that study included, in the normal

under the age

was

of 25 normal cats, the

a group

group,

three cats

the relationship between DTI

if this is

a

developmental change

Therefore, the aim of this study

significant affect

upon

pw-DTI velocities

of the primary cardiomyopathies

or

disease

specific cardiomypathies in human beings identified in the cat, alter

relationship between pw-DTI velocities and

age.
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Materials and Methods

Selection

of cases

A total of 248 cats

the

study. All of the cats

either the first

opinion

Small Animals, and

study

All

of eight

were

owners

gave

current

or

were

or

over a

three-year period for possible inclusion in

privately owned animals, selected from

of age

or

older; there

area.

paid to

any

full history

was

taken.

history of cardiac disease, duration of illness, and

of blood pressure

Once admitted to the

acclimatise.
recorded

They

hospital, the cats

were

using

an

then taken to

a

were

quiet

allowed approximately

room

one

hour to

and their systolic blood

pressure

indirect Doppler flow-meter (Parks Electronic; model B-811,

Perimed, Bury St Edmunds, UK). The systemic blood
a

a

limit.

previous medications.

Measurement

using

All cats examined in this

was no upper age

informed written consent. In addition,
was

cases seen at

referral clinics of the University of Edinburgh, Hospital for

they lived within the Edinburgh

years

Particular attention

was

assessed

were

pressure was

then measured

technique consistant with the guidelines set out by with the hypertension

consensus

panel (Stepien 2004).
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Once the blood pressure

performed.
presence

the

had been recorded,

Particular attention

a

full physical examination

paid to the hydration status of the cats, the

was

of thyroid nodules, renal size and shape, the

pulse quality.

was

The respiratory and heart rate

presence
were

of hepatomegaly and

recorded,

as were

any

auscultatory abnormalities.

Identification of Systemic Disease

Routine

serum

biochemistry and haematology profiles (Appendix 1), including total

thyroxine (tT4),
the

were

assessed for all cats (unless they had already been performed in

preceding fortnight). Cats with

a

blood glucose concentration of 8 mmol/1,

or

greater, had a serum fructosamine level measured. Routine laboratory analysis was

performed at The Royal (Dick) School of Veterinary Studies (R(D)SVS) Laboratory.

Any cats that

were

found to be azotaemic at the time of sampling and had not

previously been diagnosed with renal insufficiency, had

a repeat

blood sample taken

approximately two weeks later for re-assessment of

serum urea

and creatinine

concentrations.

The cats

were

placed in right lateral recumbency and

(ECG) (Cardiovit AT-60, Schiller AG, Switzerland)
duration and

values

timing of complexes

(Tilley 1992). A note

was

was

a

six-lead electocardiogram

was

recorded. The amplitude,

measured, and compared with reference

made of any rhythm

Any cat found to be in atrial fibrillation

was

or

conduction abnormalities.

excluded from the study,

have abnormal diastolic function due to the absence of atrial

as

these cats

systole.
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Echocardiographic Examination

Echocardiographic examination
ultrasound machine

with built-in DTI

Norway) equipped with
Medical

performed using

was

a

a

capacity (GE Medical Systems-Horten,

five MegaHertz flat phased

Systems-Horten, Norway). All images

were

array

depth

pulsed Doppler tracings

The focus

case.
were

was

which

All

These measurements
all recorded

were

images

were

on a

optical discs

Whilst scanning,

an

The gain settings

were

adjusted to the depth of interest.

made using the high pulsed-repetition frequency

(HPRF) Doppler modality. For each variable the
recorded.

on

recorded simultaneously. The sector width and

adjusted to maximise the cardiac image.

were

optimised for each individual
All

was

(FPA) probe (GE

stored digitally

(Verbatim Optical-Japan) and analysed retrospectively.

electrocardiogram trace (lead II)

Vingmed Vivid FiVe

were

made from

mean

of five measurements

was

adequate, consecutive, waveforms

single trace.

acquired with the cats in lateral recumbency, scanning through the

dependent chest wall. All cats

were

scanned un-sedated.

Long-axis Radial Myocardial Velocity

A

pw-DTI sample gate

(Figure 4a).
ensure

was

placed

over

the free wall at the mid-ventricular level

The right parasternal long axis four-chamber view

that the

longitudinal axis

was at

was

approximately 90° (±5°) to the

optimised to
cursor.

The
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sampling gate

was set at

This

3.9mm.

sampling gate that could accurately be placed
as

is advised

over

the selected

area

of myocardium,

(Sutherland and Hatle 2002).

Short-axis Radial

The DTI mode

Myocardial Velocities

was

chordae tendinae

the

considered to be the largest possible

was

used to obtain

(Figure 4b); the

tracings from the free wall at the level of the

same

procedure

was

used

as

had been applied to

long-axis view.

Longitudinal Myocardial Velocities

The

apical four-chamber view

that the interventricular septum
DTI cursor,

with

a

was

optimised. The positioning

was

sampling gate of 3.9mm,

The

was

so

pw-

then placed within the left two-

the level of the mitral annulus (Figure 4c);

felt to be the largest sampling gate that could accurately be placed at

this site, as is advised
Hatle

manipulated

bisected the centre of the scanning vector. The

thirds of the interventricular septum, at

again this

was

by those who developed these techniques (Sutherland and

2002). The baseline and velocity scales

corresponding trace

was

recorded and the

were

adjusted to optimise the tracing.

cursor was

then moved to record the

pw-DTI velocities from the mid-septal level (Figure 4c). When imaging the septum
attempts were made to ensure the cursor was placed over the two-thirds of the
septum closest to the left ventricle. This was done in order to minimise any

effect of
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the

right ventricle

was

the

on

these tracings (Sutherland and Hatle 2002). The cardiac image

then rotated until the left ventricular lateral wall

in line with the

was

procedure repeated at the level of the mitral annulus and

the apex

a

cursor

and

point midway between

and mitral annulus (Figure 4c).

Echocardiographic Post-Processing and Data Analysis

Images

were

analysed using the Echopac software (GE Medical Systems for
analysed at end-diastole, which

was

identified by

QRS complex (Moise and Fox 1999). Atrial systole

was

identified by

Macintosh). Diastolic events
the start of the

its association with the P
measured at
Fox

wave

end-systole, which

(Appleton, et al 1997).

was

beats

(Moise and Fox 1999).

were

complexes

not

were

was

was

taken

Events associated with

any

as

wave

were

(Moise and

the nadir of septal

premature or ectopic

measured; the complexes immediately prior to, and after, any ectopic

also ignored. For each measurement, the associated R-R interval

measured and the

tracings

Systolic events

defined by the end of the T

1999). For the M-mode measurements systole

motion

was

were

mean

R-R interval

was

magnified to increase the

calculated.

accuracy

The horizontal axis of the

of the timing and duration

measurements.
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Myocardial Excursion Patterns

For all the

pw-DTI recordings the principle velocity during systole (S'), and the two

principle velocities during diastole (E' and A')
and A'

waves were

fused; in these

cases

were

measured.

Occasionally the E'

the E'+A' velocity was measured.

Grouping ofthe Cats

Cats

were

normal

on

classified

as

unaffected cats if

they

were

clinically healthy and

were

physical examination, including auscultation. In addition, routine blood

sampling revealed

significant abnormalities and the systolic blood

no

between 120 and 160
dimensional

and

mmHg.

M-mode

Auscultation,

a

pressure was

six-lead ECG and standard two-

echocardiographic

examinations

revealed

no

abnormalities.

Cats

were

serum

grouped according to their systolic blood

pressure,

biochemistry results, and echocardiography findings. Cats

hyperthyroid if their
13-48nmol/l).

serum

tT4

A diagnosis of CRF

pmol/1 (reference

range

mmol/1

(reference

(reference

systolic blood

range

range

pressure

equal to
was

30-177 pmol/l)

days apart. Diabetes mellitus
8mmol/l

was

was

or

were

classified

exceeded 48 nmol/1 (reference

made if the

serum

on two separate

3.3-5.0mmol/l) and

a serum

range

creatinine exceeded 177

a

blood glucose exceeding
fructosamine above 3.5

1.0-3.5mmol/l). Systemic hypertension
was

as

occasions approximately 14

diagnosed in cats with

exceeded 200 mmHg,

haematology and

was

diagnosed if the

between 170 mmHg and 200
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mmHg with concomitant ocular lesions,

subsequent visits. Cats
above groups,
and

or was over

diastole,

diagnosed with HCM if they did not fall into

were

the packed cell volume

or

on

interventricular septum

was

cardiac disease.

measuring six millimetres

or

A separate group

identified: These cats

a

cat to be classified

demonstrate any

classified

were

as

Cats

evidence of other forms of

of the

having

a

as

having

BSB, the

a

no

acquired
a

pressure

or

congenital

localised

other cardiac signs,

area

was

of

also

lone basilar septal bulge (BSB).

serum

biochemistry results could not
range,

had to be below 170 mmHg, and the M-mode

measurements had to be within normal limits

(Sisson, et al 1991). However, the two-

dimensional measurement of the basilar interventricular

right parasternal long axis view,

was

of the diseases outlined above

were

end-

excluded if they

of the above changes, the PCV had to be within the normal

systolic blood

systemic disease

or greater at

were

of cats demonstrating

hypertrophy affecting only the basilar septum, with

one

any

within normal limits (PCV 0.24-0.45 1/1),

standard M-mode (Sisson, et al 1991)).

demonstrated chamber dilation

the

on two or more

they had M-mode evidence of concentric hypertrophy (either the left ventricular

free wall

For

170 mmHg

six millimetres

septal thickness, from the

or greater.

Cats with

(ie: hypertension and CRF),

or any

more

other

than

severe

excluded from the analysis.

Statistical Analysis

The statistical

analysis

was

carried out using S-Plus (version 6.2.1, 1988, 2003

Insightful Corp. S: Copyright Lucent Technologies Inc.). The
deviation of the ages

in each of the disease

groups was

mean

and standard

calculated.

The

age
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distribution between groups was

analysis techniques

were

compared using

was

performed to determine whether

pw-DTI variables correlated with

In

cats.

age

in normal geriatric cats

addition, multiple linear regression techniques

whether there

was a

Multiple

ANOVA.

then applied (Tukey).

Multiple linear regression analysis
various

a one-way

difference in the

were

or

not the

or

in diseased

performed to

assess

relationship between pw-DTI velocities and

age

in the normal and diseased groups

and whether

from any

demonstrated

a

significant variation with

normally distributed,

a

logarithmic transformation (logio)

particular disease

the event that the data

was

were

group

or not

the pw-DTI velocities recorded
age.

In

applied, and the distribution of the data reassessed for normality. A p-value of

<0.05

was

taken

as

demonstrating statistical significance.
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Results

Overall, ninety cats
of reasons,

including the

data acquisition,

poor
DM

were

addition,

compliance,

with

more

classified

eight

having

as

than

a

one

18

mean

age

All the cats

were

gender bias in
age

age

any

of the

groups.

failed to demonstrate

The

group

a

were

was

excluded from the study.

was

were

hyperthyroid

hypertensive (HiBP).

11.8

yrs,

standard deviation 2.7

yrs

years, mean

(range 810.0

40 female cats and 50 males, and there

Overall, there
groups

was a

yrs.

was no

significant difference in the

(p=0.02). However, multivariate analyses

significantly different

age

in

any

of the

groups

when

individually.

myocardial velocities measured in the unaffected cats demonstrated

significant relationship with
5-8).

masses,

excluded from the analysis. In

disease identified

were

of the cats between disease

compared to each

group was

of the unaffected cats ranging from 8-14

neutered; there

multitude

a

arrhythmias. Only four cats with

BSB, sixteen had HCM, twenty-two

of the included cats

years), with the

excluded for

judged to be free of disease (unaffected), nineteen

were

(HiT4), nineteen had CRF and six

The

or severe

identified, and therefore, this

any cat

were

of atrial fibrillation, anaemia, myocardial

presence

poor

Of these cats included,
were

included in the study. Cats

were

When all of the cats

age at any
were

no

of the sites measured (Tables 4-5 & Figures

studied, only the A' velocity measured from the

apical view (at the septal aspect of the mitral annulus) demonstrated

a

significant
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relationship with

age

(p=0.042,

R2=0.0348). Of the

cats with diseases, only the E'

velocity measured from the apical view (at the septal aspect of the mitral annulus)
demonstrated

relationship with

a

seventeen sites

age

(p=0.0117,

investigated demonstrated

a

R2=0.6807), but

none

significant relationship with

comparison between the diseased and unaffected cats demonstrated
differences, whilst the different disease
age,

of the other

groups

did not

vary

no

The

age.

significant

in their association with

with the exception of the S' velocity from the free wall, measured from the short

axis view

(SFWSV) (p=0.0044,

but measured from the
diseased groups
the cats with
influenced

R2=0.270), and the

S' velocity at the

long-axis view (LFWSV) (p=0.016,

the SFWSV only demonstrated

hyperthyroidism, (p=0.023,

by the hypertensive

group

a

same

location

R2=0.213). Within the

significant association with

R2=0.232),

of cats (p=0.008,

age

whereas the LFWSV

in

was

R2=854).
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Discussion

The current

age

study generally found

in either

a

normal

or

no

evidence that pw-DTI velocities

pw-DTI velocities varied with

demonstrated
and age

in

no

any

age

in this

group,

affected by

Although there

diseased geriatric cat population.

relatively few unaffected cats within the sample population, there
that

are

aged 8-14

was no

years.

were

evidence

Furthermore, I

significant difference in the relationship between pw-DTI velocities

of the disease

When all of the cats

were

groups

studied.

analysed (both unaffected and diseased), it

was

found that

only the A' velocity recorded from the interventricular septum, at the level of the
mitral annulus, was
was

significantly associated with the

found to account for

between age

groups

a

significant relationship with

of cats demonstrated

a

age.

significant relationship

Both of these

imaging planes

can

be used to

assess

velocity of the circumferential myocardial fibres. Therefore, it is perhaps not

surprising that the S' velocity from both of these views demonstrated
relationship with

age.

a

However, sub-group analysis demonstrated that there

significant relationship between the long-axis S' velocity and
cats

age

and pw-DTI velocities recorded from the free wall of the long and

short-axis four-chamber view.
the

of the cat. However,

only 3.5% of the variation in this velocity. None of the

other seventeen velocities examined demonstrated

Analysis of the diseased

age

and the short-axis S'

velocity and

age

from the short-axis view did demonstrate

a

age

similar
was a

in the hypertensive

in the hyperthyroid cats. Whilst the S'
trend toward

an

age

association in the
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hypertensive cats, this failed to reach statistical significance (p=0.08). Since these
views should both be

measuring the

sub-group analysis raises

same

concerns over

fibres and therefore, should be related, the

the

accuracy

of this aspect of the technique.

Indeed, I have previously demonstrated that the repeatability of measurements
recorded from the short axis view

may

therefore result from this

small
six

poor

highly variable (Chapter 2). Such variations

repeatability and

sample size, particularly in the hypertensive

may

group

be compounded by the

of cats, which included only

cases.

In human

beings, it has been shown that

function is
to

are

as

individuals

age

left ventricular diastolic

impaired (Yamanda, et al 1999). It is believed that this

occurs

in part, due

impaired myocardial relaxation and in part due to increased myocardial stiffness

(myocardial fibrosis and collagen deposition increasing with age) (Yamanda, et al
1999). In this species, it has been demonstrated that there is
correlation between E' and age

and

a

significant negative

positive correlation between A' and

a

age

(Yamanda, et al 1999, Munagala, et al 2003). However, in children, the relationship
between
adult

pulse-wave DTI velocities and

age appears to

population, with studies suggesting

the first few years

of life, followed by

an

differ from that within the

increase in early diastolic velocities in

a

positive correlation with

a

significant association between pw-DTI E'

age

(Kapusta, et al

2000, Eidem, et al 2004).

In cats, we

have previously reported

velocities and age
6±3.5
there

in

a group

of 25 normal cats aged 10 months to 14

years) (Koffas, et al 2001, Koffas, et al 2005). In that study
was no

such

relationship between

age

we

years

(mean

reported that

and pw-DTI E' velocities in cats with
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HCM.

The HCM group

of cats comprised 23 cats aged 1-12

years). Notably, the current study identified

pw-DTI E' velocity and

age at most

Whilst the

diseased cats.

sites in either the unaffected geriatric cats,

previous study

less, and only three cats

investigated the effect of
Therefore, there

The current
true

was

study

was

Furthermore, there
'essential'
to

the

were

over

any age,

aged

one year,

eight (8-18)

years.

was

especially

seen

at

or

cardiac disease

the Hospital

were not

for Small

readily

Animals.

only six hypertensive cats included in the study. Primary
rare

it

of cats, which comprised only eight individuals.

population

hypertension is

hypertension.

the

distributions studied.

in the cat and hypertensive cats
(such

presence

as

CRF

or

However,

even

are

or

frequently found

hyperthyroidism). To negate

of interacting disease

with multiple diseases from the analysis. This led to

cats with

of

or

The current study

limited primarily by the small sample size; this

confusion generated by the

any cats

age

were

of age).

pw-DTI velocities in cats

have other concomitant diseases

any

on cats

(three cats

years

Unfortunately, geriatric cats without systemic
within

age

minimal overlap between the

for the unaffected group

identified

performed

was

nine

were over

age on

(mean 6.9±3

significant association between the

no

predominantly included cats of young to middle
or

years

processes,
a very

I excluded

small

group

of

in light of these limitations, the reported

findings suggest that in geriatric cats, irrespective of disease status, pw-DTI
velocities

are

generally not related to

age,

with the exception of the longitudinal fibre

velocity at the septal aspect of the mitral annulus during atrial systole; where only
3% of the

variability could be attributed to the

age

of the cat. This study suggests

that, in geriatric cats, it is not necessary to correct for age when using pulsed-wave
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DTI to

study myocardial function, and it allows normal values to be established

without the inclusion of age as a

possible confounding factor.
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Table 4: Linear

regression analysis assessing the relationship between
imaging (pw-DTI) velocities

All

Int/num.df

log 10
SFWSV

loglO
SFWEV

log 10
SFWAV

loglO
LFWSV

log 10
LFWEV

log 10
LFWAV

log 10
ALWSV

log 10
ALWEV

log 10
ALWAV

age

and pulsed-wave Doppler tissue

Unaffected Diseased Dis.vs.Unaff Dis.diff CRF

-1.2490 -1.2247

BSB

HCM

HiT4

HiBP

-1.5341

1

4

-1.3370 -1.0098 -1.2399 -1.4436 -0.8703

Slope/den.df 0.0031

0.0014

0.0264

121

69

0.0118

-0.0164 -0.0006 0.0214

-0.0277

t/F

0.9156

0.4085

1.4268

1.3005

4.1685

1.6989

-1.8511 -0.0611 2.4570

-2.5413

pval

0.3617

0.6837

0.2035

0.2564

0.0044 0.1076

0.0839 0.9521

0.0233 0.0846

Rsqu

0.0068

0.0014

0.2533

0.0329

0.2704

0.1451

0.1860 0.0003

0.2319 0.6828

Int/num.df

-1.2607 -1.2844

-1.3140

1

4

-1.2510 -1.2646 -1.2680 -1.2320 -0.8552

0.0040

0.0180

115

65

0.0058 -0.0015 -0.0032 0.0001

-0.0312

t/F

0.5594 0.8302

0.5976

0.1828

0.5844 0.6593

-0.1211 -0.1949 0.0135

-1.3227

pval
Rsqu

0.5769 0.4082

0.5761

0.6698

0.6750 0.5185

0.9052 0.8487

0.9894 0.2777

0.0062

0.0667

0.0356

0.1404

0.0249

0.0010 0.0032

0.000

Int/num.df

-1.2126 -1.1956

-1.3851

1

4

-1.3230 -1.2634 -1.1299 -1.2494 -1.1728

Slope/den.df 0.0026

0.0027

0.3684

Slope/den.df 0.0059

0.0048

0.0177

115

65

0.0173

0.0108 -0.0016 0.0122

-0.0027

t/F

1.6247

1.2828

0.6987

0.2607

0.5111

1.8546

1.2353

-0.1177 1.3103

-0.2604

pval
Rsqu

0.1069

0.2023

0.5159

0.6106

0.7277

0.0811

0.2357 0.9082

0.0221

0.0147

0.0890

0.0370

0.1493

0.1683

0.0923

Int/num.df

-1.1774 -1.1628

-1.2253

1

4

-1.2860 -1.0015 -1.0757 -1.2978 -0.6700

0.2066

0.8114

0.0012 0.0871

0.0221

-0.0042

-0.0030

126

70

0.0064

-0.0169 -0.0124 0.0087

t/F

-0.9866 -1.2054

-0.1963

0.0025

3.6934

0.7546

-1.7992 -1.5074 1.1890 -4.8925

pval
Rsqu

0.3257

0.2304

0.8508

0.9598

0.0087 0.4608 0.0921

0.1539

0.0075

0.0120

0.0064

0.0196

0.2311

0.0324 0.1775

0.1396 0.0660 0.8568

Int/num.df

-1.1855 -1.2140

Slope/den.df -0.0032

0.2484

-0.0410

0.0081

-1.0934

1

4

-1.4409 -1.2415 -0.9693 -1.2776 -0.9050

-0.0017

-0.0013

122

67

0.0229

-0.0003 -0.0258 0.0012

t/F

-0.8105 -0.3965

-0.0570

0.0002

1.6980

1.4430

-0.0292 -1.7710 0.1304 -0.8714

pval
Rsqu

0.4192

0.6925

0.9567

0.9895

0.1608 0.1672

0.9771

0.1000

0.8977 0.4327

0.0053

0.0013

0.0006

0.0456

0.1431

0.1091

0.0001

0.1944

0.0009 0.1595

Int/num.df

-1.1203 -1.1131

-1.1690

1

4

-1.0634 -1.2102 -0.9718 -1.2190 -0.8351

Slope/den.df -0.0035

-0.0200

-0.0016

0.0010

122

67

-0.0085 0.0099 -0.0173 0.0118

-0.3106 -0.4169

0.0353

0.0092

2.2496

-0.7500 1.3724 -2.3589 1.1737 -1.3044

pval

0.7567

0.6775

0.9732

0.9238

0.0729 0.4635 0.1901

0.0346

0.2558

0.2621

Rsqu

0.0008

0.0015

0.0002

0.0036

0.2384

0.0320 0.1116 0.2997

0.0711

0.2984

Int/num.df

-1.3809 -1.4014

-1.1796

1

4

-1.1451 -1.5050 -1.4623 -1.4053 -1.0909

Slope/den.df -0.0012
t/F

-0.0206

Slope/den.df 0.0013

0.0028

-0.0154

100

57

-0.0186 0.0098 0.0027

0.0085

-0.0128

t/F

0.2431

0.4635

-1.1519

0.2908

0.3353

-0.7716 0.8439 0.1703

0.4328

-0.3333

pval
Rsqu

0.8084

0.6440

0.3014

0.5909

0.8531

0.4523 0.4140 0.8676

0.6713 0.7706

0.0006

0.0023

0.2097

0.0073

0.1179 0.0382

Int/num.df

-1.1890 -1.2341

-1.0573

1

4

-1.0752 -1.4263 -1.6050 -0.9778 -0.8955

0.0519 0.0024

0.0123

0.0526

-0.0025

-0.0060

95

55

-0.0118 0.0110 0.0256

-0.0216 -0.0283

t/F

-1.0039 -0.4471

-0.2556

0.0120

1.4078

-0.4738 0.7160

-1.6962 -8.7407

pval

0.3179

0.6559

0.8108

0.9130

0.2435 0.6424

Rsqu

0.0103

0.0022

0.0161

0.0558

Int/num.df

-1.2821 -1.2889

Slope/den.df -0.0054

1.6037

0.4866 0.1399

0.1105

0.0128

0.1491

0.0147 0.0379 0.2046

0.1609

0.9745

-0.9388 -1.3770 -1.0254 -1.3560 -0.8653

-1.2337

1

4

0.0049

0.0008

96

55

-0.0267 0.0086 -0.0187 0.0102

t/F

0.9662 0.9831

0.0643

0.0219

1.1483

-1.2343 1.1442 -1.1989 0.7046 -0.4089

pval
Rsqu

0.3363

0.3281

0.9512

0.8827

0.3437

0.2361

0.0094 0.0105

0.0008

0.0104

0.1365

0.0922 0.0915

Slope/den.df 0.0045

-0.0176

0.2732 0.2582 0.4919 0.7223
0.1257

0.0320

0.0771

(Continued overleaf)
Where SFW, free wall

imaged from the right parasternal short-axis view; SV, systolic velocity; EV, early diastolic velocity; AV, atrial systolic velocity;
LFW, free wall imaged from the right parasternal long-axis view; ALW, mid-lateral wall imaged from the left apical four chamber view; Dis, diseased;
Unaff, unaffected; Diff, different; CRF, chronic renal failure; HCM, hypertrophic cardiomyopathy; BSB, basilar septal bulge; HiT4, hyperthyroid; FfiBP,
hypertensive; Int, intercept; num df, numerator degrees of freedom; den df, denominator degrees of freedom; t, t-statistic; F, F-statistic; pval, p-value;
Rsqu, R squared value; red-type face, significant data points (p<0.05).
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Table 5: Linear

regression analysis assessing the relationship between
imaging (pw-DTI) velocities (continued)

log 10
AMaSV

log 10
AMaEV

loglO
AMaAV

ASepSV

ASepEV

ASepAV

log 10
ASepASV

log 10
ASepAEV

log 10

ASepAA

age

and pulsed-wave Doppler tissue

All

Unaffected

Diseased

Dis.vs.Unaff

Dis.diff CRF

Int/num.df

-1.1824

-1.1879

-1.2097

1

4

-1.4538

BSB

HCM

HiT4

-0.9562

-1.1918

-1.1417 -1.1300

-0.0122

-0.0119 -0.0171

HiBP

Slope/den.df

-0.0099

-0.0096

-0.0052

117

64

0.0156

-0.0281

t/F

-1.9685

-1.7906

-0.2279

0.0184

0.9537

0.8388

-2.7939 -0.6734

-0.7630 -1.5000

pval

0.0513

0.0761

0.8273

0.8924

0.4391

0.4132

0.0136

0.5117

0.4566

0.2724

Rsqu

0.0315

0.0281

0.0086

0.0328

0.1186

0.0397

0.3423

0.0314

0.0351

0.5294

Int/num.df

-1.1471

-1.1820

-1.0239

1

4

-0.9508

-0.9903

-1.4295

-1.0476 -1.5041

Slope/den.df

-0.0053

-0.0031

-0.0084

110

60

-0.0253

-0.0215

0.0111

-0.0099 0.0179

t/F

-1.1370

-0.6295

-0.6335

0.0329

1.1353

-1.5093

-1.3482

1.0439

-0.8437 0.5359

pval
Rsqu

0.2580

0.5304

0.5498

0.8564

0.3486

0.1520

0.1990

0.3155

0.4113

0.6457

0.0114

0.0038

0.0627

0.0434

0.1767

0.1318

0.1149

0.0773

0.0426

0.1255

Int/num.df

-1.2213

-1.2119

-1.4733

1

4

-1.3556 -1.2718 -0.9707 -0.9789 -1.3592

Slope/den.df

0.0042

0.0035

0.0293

110

60

0.0175

0.0061

-0.0156

t/F

1.1179

0.8685

1,8493

1.1798

1.4372

0.9757

0.6032

-1.9527

-0.0147 0.0197
-1.4177 0.6677

pval

0.2660

0.3871

0.1139

0.2798

0.2328

0.3447

0.5560

0.0727

0.1755

0.5730

Rsqu

0.0110

0.0072

0.3630

0.0215

0.1522

0.0597

0.0253

0.2268

0.1116

0.1823

Int/num.df

0.0800

0.0801

0.0597

1

4

0.0554

0.1057

0.0886

0.1035

0.0825

Slope/den.df

-0.0011

-0.0011

0.0012

121

66

0.0002

-0.0035

-0.0017 -0.0019 -0.0008

t/F

-1.6125

-1.5328

0.4441

0.2718

0.4308

0.0885

-1.6551

-1.1010 -0.9066 -0.2526

pval
Rsqu

0.1094

0.1281

0.6725

0.6031

0.7859

0.9305

0.1187

0.2895

0.3773

0.0207

0.0200

0.0318

0.0236

0.1863

0.0005

0.1544

0.0797

0.0461

0.0208

Int/num.df

0.0653

0.0587

0.0802

1

4

0.0586

0.0750

0.0384

0.0843

0.1453

0.0004

-0.0019 -0.0061

0.8169

Slope/den.df

-0.0010

-0.0005

-0.0008

111

59

-0.0002

-0.0023

t/F

-1.8292

-1.0226

-0.2453

0.0060

1.1010

-0.1313

-1.9679 0.3694

-1.0819 -2.7892

pval
Rsqu

0.0700

0.3089

0.8144

0.9386

0.3646

0.8971

0.0726

0.7183

0.2953

0.1081

0.0288

0.0099

0.0099

0.1164

0.2554

0.0010

0.2440

0.0112

0.0682

0.7955

Int/num.df

0.0666

0.0681

0.0662

1

4

0.0467

0.0502

0.0731

0.0996

0.2005

Slope/den.df

0.0008

0.0007

0.0004

111

59

0.0027

0.0020

0.0007

-0.0018

-0.0071

t/F

1.2201

0.9879

0.3430

0.0054

1.8937

1.3286

1.1453

0.3787

-1.3968

-1.2075

pval
Rsqu

0.2250

0.3255

0.7433

0.9415

0.1235

0.2015

0.2744

0.7115

0.1815

0.3507

0.0130

0.0092

0.0192

0.0170

0.2014

0.0941

0.0985

0.0118

0.1087

0.4216

Int/num.df

-1.1494

-1.1513

-1.1882

1

4

-1.3211

-0.9352

-1.3268

-1.0475

-0.7916

Slope/den.df

-0.0027

-0.0026

0.0022

124

67

0.0120

-0.0237 0.0114

-0.0038

-0.0269

t/F

-0.6194

-0.5602

0.1813

0.0273

2.2211

0.9208

-2.0141

0.9466

-0.4372 -6.0124

pval

0.5368

0.5764

0.8621

0.8690

0.0760

0.3700

0.0623

0.3599

0.6675

0.0039

Rsqu

0.0030

0.0027

0.0054

0.0036

0.2261

0.0475

0.2129

0.0602

0.0111

0.9004

Int/num.df

-1.2608

-1.3068

-0.9216

1

4

-1.5102 -1.2669 -1.2351

-1.0682

-0.7151

Slope/den.df

-0.0034

-0.0004

-0.0269

116

62

0.0200

-0.0056 -0.0103

-0.0166

-0.0395

t/F

-0.8216

-0.0841

-3.5769

1.0494

1.3385

1.2328

-0.5196 -0.7882

-1.6863

-0.9409

pval
Rsqu

0.4130

0.9332

0.0117

0.3078

0.2658

0.2344

0.6115

0.4472

0.1100

0.4162

0.0057

0.0001

0.6807

0.0604

0.1260

0.0821

0.0189

0.0535

0.1433

0.2279

Int/num.df

-1.2272

-1.2101

-1.1801

1

4

-1.1358

-1.2702 -1.2255

-1.0462 -0.6897
-0.0044 -0.0243

Slope/den.df

0.0075

0.0064

-0.0029

116

62

-0.0025

0.0097

0.0098

t/F

2.0627

1.6837

-0.1932

0.1626

0.9769

-0.3234

1.0034

0.8926

-0.4988

-1.4439

pval

0.0413

0.0951

0.8532

0.6875

0.4267

0.7503

0.3327

0.3912

0.6243

0.2445

Rsqu

0.0348

0.0251

0.0062

0.0536

0.1623

0.0061

0.0671

0.0675

0.0144

0.4100

Where AMa, Posterior wall at the level of the mitral annulus (imaged from the left apical four-chamber view); SV, systolic velocity; EV, early diastolic
velocity; AV, atrial systolic velocity; ASep, mid-interventricular septum (imaged from the left apical four chamber view); ASepA, interventricular septum
at the level of the mitral annulus (imaged from the left apical four chamber view); Dis, diseased; Unaff, unaffected; Diff, different; CRF, chronic renal
failure; HCM, hypertrophic cardiomyopathy; BSB, basilar septal bulge; HiT4, hyperthyroid; HiBP, hypertensive; Int, intercept; num df, numerator degrees
of freedom; den df, denominator degrees of freedom; t, t-statistic; F, F-statistic; pval, p-value; Rsqu, R; squared value; red-type face, significant data points
(p<0.05).
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Chapter 4: Heart rate-related variation in pulsed-wave
Doppler tissue imaging velocities in normal geriatric cats and

geriatric cats with primary cardiomyopathies
linked to

or

disease states

specific cardiomypathies in human beings

Pulsed-wave DTI

(pw-DTI) variables have been shown to demonstrate

correlation with invasive

measures

a

significant

of diastolic function in normal anaesthetised cats

(Schober, et al 2003). However, it is reported that these velocities

are

infuenced by

heart rate.

To

date,

no

studies have assessed the affect of R-R interval (as measured

electrocardiogram)

on

cardiomyopathy.

The objective of this study

on

the

pw-DTI indices recorded in cats with various forms of specific
was

to further investigate the

relationship between heart rate (assessed by R-R interval) and pw-DTI velocities
within the feline
and

myocardium, and to

assess

the affect of heart rate in various primary

specific forms of cardiomyopathy.
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Abstract

Doppler tissue imaging (DTI) techniques provide
invasive

an

alternative tool for the

non¬

quantification of regional and global myocardial function. Assessment of

pulsed-wave (pw)-DTI variables in cats with hypertrophic cardiomyopathy (HCM)
has

previously shown that there is

movement

not

a

significant decrease in the velocity of myocardial

during diastole. However, it has been suggested that these velocities

truly represent diastolic function, and that they

confounding factors such

The aim of this

study

confounding affect

on

as age

was to

may

may

be influenced by

and heart rate.

determine whether

or

not heart rate has a significant

pw-DTI velocities recorded from normal geriatric cats

geriatric cats with primary cardiomyopathies

or

or

disease states linked to specific

cardiomypathies in human beings.

Ninety cats of eight
were

classified

as

years

of

age or

being unaffected,

above
or

were

having

included in this study. These cats
a

lone basilar septal bulge (BSB),

HCM, hyperthyroidism, chronic renal failure, or hypertension.
initial

presentation did not

and A' velocities

Overall, it

was

were

vary

between the

groups

The heart rate at

of cats. Pulsed-wave DTI S', E'

assessed from various sites within the

myocardium.

demonstrated that, in healthy animals, heart rate significantly

influenced the S', E' and A' velocities of radial motion and the A'

velocities of

longitudinal motion. In light of these findings, in healthy animals, the influence of
heart rate upon

pw-DTI velocities should always be considered in the interpretation

of these velocities.
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Introduction

Diastolic

with
et

dysfunction is believed to be the principle functional abnormality in cats

hypertrophic cardiomyopathy (HCM) (Bright, et al 1999, Fox 1999, Kittleson,

al

1999).

It is also documented in other

causes

(Moise and Dietze 1986, Bond, et al 1988).
provide

an accurate assessment

available,

nor are

of cardiac hypertrophy in cats

Whilst invasive measurements

of diastolic function, these techniques

they applicable to clinical

are not

can

widely

cases.

Doppler tissue imaging (DTI) techniques have been developed to provide
alternative tool for the non-invasive
function

an

quantification of regional and global myocardial

(McDicken, et al 1992, Yamanda, et al 1998). In human beings, it has been

demonstrated that DTI derived variables correlate well with invasive

measures

of

systolic and diastolic function (Yamanda, et al 1998). However, in this species, these
variables

are

increases,

so

affected

by several factors, including heart rate;

(pw-DTI) variables have previously been shown to demonstrate

significant correlation with invasive
anaesthetised cats
as an

measures

was

independent variable, affecting the pulmonary

reported that heart rate

venous

colleagues, assessing colour DTI velocities in
a

flow patterns, the

pw-DTI derived A' velocities and with this the

ratio of E':A' derived from these velocities. However, in a recent

investigators reported

a

of diastolic function in normal

(Schober, et al 2003). In that study it

isovolumetric relaxation time, the

and

the heart rate

does the A' to E' ratio (Mori, et al 2000).

Pulsed-wave DTI

acted

as

a group

study by Chetboul

of healthy cats, the

positive correlation between S' and E' (or summated E'+A')
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velocities and heart rate, at the basal and mid-lateral wall

four-chamber
short-axis

the

view) and within the free wall (assessed from the right parasternal

view) (Chetboul, et al 2004).

have arisen

(assessed from the apical

result of the different

as a

These somewhat conflicting results

techniques used. This is because pw-DTI has

advantage of a high frame rate, and E' and A' summation is therefore less likely.

Summation of

images at high heart rate

velocities

by Chetboul and colleagues (Chetboul, et al 2004).

To

may

date,

seen

no

may

have been responsible for the increased

studies have assessed the affect of R-R interval (as measured

simultaneously recorded electrocardiogram)
various forms of

on

on

pw-DTI indices recorded in cats with

specific cardiomyopathy. The objective of this study

was to

further

investigate the relationship between heart rate (assessed by R-R interval) and
DTI velocities within the feline

various

myocardium, and to

assess

pw-

the affect of heart rate in

primary and specific forms of cardiomyopathy. Since

states linked to

the

many

of the disease

specific cardiomypathies in human beings, affect primarily geriatric

cats, the cats studied

ranged in

age

from 8-18

years

and had

a

variety of primary

conditions, including hyperthyroidism, hypertension, primary HCM, or a localised
area

of septal

hypertrophy (lone basilar septal bulge [BSB]).
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Materials and Methods

The selection of cases,

identification of systemic disease, grouping of cats and

echocardiographic examination protocol used in this study

were

identical to the

procedures outlined in Chapter 3.

Statistical

Analysis

The statistical

analysis

was

carried out using S-Plus (version 6.2.1, 1988, 2003

Insightful Corp. S: Copyright Lucent Technologies Inc.). The

mean

deviation of the R-R interval in each of the disease groups was
difference in heart rate at initial
ANOVA.

In

When

comparisons

were

difference in the

significant difference

a

a one-way

a one-way

was

was

analysis of variance

identified multiple analysis

performed to

were

assess

whether there

was a

relationship between pw-DTI velocities and R-R interval in the

particular disease

and whether

group

the event that the data

was

compared using

The

performed (Tukey).

normal and diseased groups

(logio)

using

groups

Multiple linear regression techniques

any

was

calculated.

addition, the R-R interval of each of the variables studied

compared for differences between
(ANOVA).

presentation

and standard

were

or

demonstrated
not

not the pw-DTI velocities recorded from

a

significant variation with heart rate. In

normally distributed,

a

logarithmic transformation

applied, and the distribution of the data reassessed for normality. A

value of <0.05

was

taken

as

p-

demonstrating statistical significance.
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Results

Overall, ninety cats
of reasons,

including the

data acquisition,

poor
DM

were

were

presence

poor

classified

as

eight

compliance,

having

a

were

mean

was not

measured

examination
between

were

groups.

of the

compared, there
This

interventricular septum

was

was a

excluded from the analysis.

hyperthyroid

were

183±26 bpm. The heart rate at initial

was

groups.

The

165±22.2 bpm.

variables

mean

heart rate of

When the R-R

during the echocardiographic

significant difference in the R-R interval

(assessed from the right parasternal long-axis view) (F=3.27,
was

significantly longer in the cats with CRF

hyperthyroidism.

Multiple linear regression analysis
analysis demonstrated

a

was

performed (Tables 6-7 & Figures 9-11). This

significant relationship between all of the measurements

recorded from the radial fibres

and

masses,

evident in the measurements recorded from the

P=0.02). At this point the R-R interval
than in the cats with

was

was

presentation

each

multitude

arrhythmias. Only four cats with

significantly different between

for

a

hypertensive (HiBP).

were

presentation

the unaffected cats at initial

intervals

or severe

BSB, sixteen had HCM, twenty-two

heart rate at initial

presentation

excluded for

judged to be free of disease (unaffected), nineteen

(HiT4), nineteen had CRF, and six

The

were

of atrial fibrillation, anaemia, myocardial

identified, and therefore, this group

Of the cats included,
were

included in the study. Cats

(right parasternal long and short axis views, S', E'

A') and the R-R interval. When the relationship between R-R interval and the

radial variables

was

assessed in

variation with heart rate

only the unaffected cats, there remained

(Table 6). Flowever, if only the diseased cats

a

significant

were

assessed
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the

relationship between R-R interval and radial velocity

was no

longer significant.

Furthermore, the disease being studied did not affect the relationship.

The

analysis of longitudinal fibre velocity (assessed from the left apical four-

chamber

view) demonstrated

a

significant relationship between R-R interval and A'

velocity at each of the points studied. At each of these points the unaffected cats
demonstrated
not.

There

a

significant relationship with R-R interval, whist the diseased cats did

was no

significant difference in the relationship between A' velocity and

R-R interval between disease groups.

measured at the

demonstrated

a

mid-lateral

wall

In addition to the relationship with A', the S'
(from the left apical four-chambered view)

significant variation with R-R interval.

Whilst there

was

no

significant relationship between the R-R interval and S' velocity in the diseased cats,
this

velocity varied significantly with R-R interval in the unaffected cats, and when

all cats

were

analysed together. The E' velocity at the septal aspect of the mitral

annulus

(assessed from the left apical four-chambered view)

affected

by R-R interval in the diseased cats, but not when all cats

together,

nor

when just the unaffected cats

were

assessed.

was

also significantly
were

analysed

However, there

was a

significant difference in the relationship between R-R interval and disease, with the
hypertensive cats demonstrating

a

significant relationship with R-R interval.
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Discussion
A

significant relationship between
The strongest

observed.

from the

pw-DTI variables and R-R interval

many

association

was

was

observed in the measurements obtained

right parasternal long and short axis views (assessing the radial myocardial
All of the variables measured from these views demonstrated

velocities).

a

-y

significant variation with R-R interval, although the R values
with heart rate

accounting for

recorded from the

only the diseased cats

function

cats

were

maximum of 20% of the variability in the E' velocity

only the unaffected cats

or

were

studied, there

pw-DTI velocity.

only the A' velocities

relationship

was

were

were

was

observed

assessed. However, when

evidence of a relationship between

In comparison, when assessing the longitudinal

consistently affected by heart rate.

evident when all the cats

When all the diseased cats

were

assessed

or

assessed

as a

single

group,

Again, this

when only the unaffected

there

were

was no

assessed.

relationship

of the pw-DTI variables and heart rate (assessed by R-R interval). The

affect of heart rate
been assessed

on

pw-DTI variables in cats with primary cardiomyopathy has

previously (Gavaghan, et al 1999).

study, the authors of that study reported
and

was no

were

assessed, but did not hold true when only the diseased cats

between any

relatively low,

right parasternal long-axis view. This relationship

when either all the cats

heart rate and

a

were

no

In agreement with the current

significant association between heart rate

pw-DTI velocities in the diseased state.

The S' at the mid-lateral wall

(assessed from the left apical four chamber view)

significantly influenced by heart rate, when either all of the cats
when

only the unaffected cats

were

were

was

analysed,

analysed (but not when the diseased cats

or

were
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assessed).

In addition, the E' velocity at the septal aspect of the mitral annulus

(assessed from the left apical four chamber view)
rate in

significantly related to heart

only the unaffected cats. However, the relationship did differ with disease

state at this

were

was

site, when only the hypertensive cats

were

assessed the pw-DTI variables

significantly affected by R-R interval. It is unclear why these variables might

be heart rate

dependent when the S' and E' velocities at the remaining sites assessing

longitudinal fibre motion
variations may represent

were not

significantly related to heart rate.

regional variations in beta-receptor activity,

These

or may

be

spurious results.

Previously, the affect of heart rate
number of

upon

DTI variables has been assessed in

a

small

healthy cats (Gavaghan, et al 1999, Schober, et al 2003, Chetboul, et al

2004) (n=20, n=7 and n=6, respectively). Invasive studies have demonstrated that
the A'

velocity of longitudinal motion

In the current
to other

study I report

studies,

a

a

related to heart rate (Schober, et al 2003).

was

similar finding when all cats

are

assessed. In contrast,

study using colour DTI techniques in healthy cats reported

a

significant relationship between heart rate and both S' and E' along the longitudinal
axis

(Chetboul, et al 2004). However, in that study 67% of the diastolic velocities

(assessed from the apical four chamber view)
not assessed.

Instead, the summated E' and A'

affected the results of their E'

analysis.

were
were

summated and therefore A'
measured

appears to

that only

one cat

had

a

E'. This may have

Furthermore, that study assessed the

myocardial velocities in six cats, each cat being scanned
results it appears

as

on

six occasions. From the

heart rate below 170bpm. Since that cat

have shown much lower DTI velocities than the other five cats it

have influenced the results of that

was

may

study (Chetboul, et al 2004).
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The

relationship between radial fibre velocity and heart rate

was

previously assessed

using both colour and pw-DTI (Gavaghan, et al 1999, Chetboul, et al 2004). Using
colour DTI,

it

was

reported that (when assessed from the right parasternal short axis

view) both the S' and E' velocities
endocardial segments were
A'

related to heart rate, at least when the

were

assessed. Once again, the high number of fused E' and

complexes in that study precluded the relationship between A' and heart rate from

being studied (Chetboul, et al 2004). In the other study, pw-DTI
the

peak diastolic velocity (PDV) (either E'

short axis view and left

or

was

used to

assess

E'+A') from both the right parasternal

apical long-axis view in normal cats and cats with HCM

(Gavaghan, et al 1999).

These investigators reported that there

positive

was a

correlation between heart rate and PDV in the normal cats, but

that the correlation

strong for cats with HCM (Gavaghan, et al 1999).

The results of the

was

not

current

as

study

are

previous studies.

generally in agreement with the cumulative results of these
Overall,

a

significant relationship

interval and all of the measurements of radial fibre

addition, there

was

a

true

study

was

identified between R-R

velocity in the unaffected cats. In

significant relationship between

velocities and the R-R interval in the unaffected group

The current

was

many

of the longitudinal

of cats.

limited primarily by the small sample size; this

for the unaffected group

or

identified

Furthermore, there

the

population studied.

hypertensive cats included in the study. Primary
cats and

(such

as

hypertensive cats
CRF

or

are

especially

of cats, which comprised only eight individuals.

Unfortunately, geriatric cats without systemic
within

was

or

cardiac disease

were not
were

readily

only six

'essential' hypertension is

rare

in

frequently found to have other concomitant diseases

hyperthyroidism).

To negate

any

confusion generated by the
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presence

of interacting disease

from the

analysis. This led to

Overall, I

was

several of the
these

processes,

a very

small

I excluded
group

any

cats with multiple diseases

of cats with hypertension.

able to demonstrate that, in cats, heart rate significantly influenced

pw-DTI velocities, especially those assessing radial motion. In light of

findings, in healthy animals, the influence of heart rate

should

Doppler variables

always be considered in the interpretation of pw-DTI variables.

correction

divided

upon

technique widely used is the root RR method, by which variables

by the

square root

One
are

of the R-R interval (Yoshikawa, et al 1993, Akasaka, et al

1994, Dukes McEwan, et al 2002).

The heart rate dependence of pw-DTI in cats

suggests that when pw-DTI variables are being compared that a correction term is
included in the

analysis.
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Table 6: Linear

regression analysis assessing the relationship between R-R interval and pulsed-wave
Doppler tissue imaging (pw-DTI) velocities
All

loglO SFWSV

log 10 SFWEV

log 10 SFWAV

log 10 LFWSV

-1.0458

-1.0996

Slope/den.df -0.5077

log 10 LFWAV

log 10 ALWSV

log 10 ALWEV

log 10 ALWAV

1

CRF

BSB

HCM

HiT4

HiBP

4

-1.1268 -1.1351 -0.9346 -0.8762 -0.7761

69

-0.2391 -0.1673 -0.9001 -0.8667 -1.5297

-0.4738

-0.4387

121

t/F

-3.0491

-2.7113

-0.5346

0.0017

1.0146 -0.5521 -0.4472 -1.7185 -1.8836 -2.7056

pval
Rsqu

0.0028

0.0077

0.6121

0.9670

0.4060 0.5881

0.1077 0.0742

0.0734

0.0703

0.0601

0.0455

0.0779

0.2198 0.0176 0.0132 0.1742 0.1507

0.7093

Int/num.df -1.0473

-1.0245

-0.4822

1

Slope/den.df -0.5245

0.6611

4

-0.9412 -1.1378 -0.8622 -1.3111 -0.8814

65

-0.7288 -0.3922 -1.2685 0.2434 -1.3098

-0.6145

-1.6324

115

t/F

-2.2669

-2.5719

-1.6401

0.6491

0.9536 -1.5176 -0.8201 -1.5867 0.4454 -0.9214

pval
Rsqu

0.0252

0.0114

0.1619

0.4221

0.4390 0.1475 0.4250 0.1386

0.0421

0.0567

0.3498

0.0938

0.1856 0.1193

0.6613

0.4248

0.0429 0.1734 0.0109 0.2206

Int/num.df -0.9289

-0.9333

-1.1171

1

4

-1.1850 -0.8758 -0.7370 -0.7620 -0.9695

Slope/den.df -0.6120

-0.5932

-0.2179

115

65

0.1476 -0.7172 -1.1791 -0.9882 -0.7571
0.2502 -2.3848 -1.8184 -2.3202 -2.1129

t/F

-3.5198

-3.2652

-0.2084

0.1488

0.7095

pval
Rsqu

0.0006

0.0015

0.8431

0.7004

0.5884 0.8054 0.0307 0.0940 0.0323 0.1250
0.2648 0.0037 0.2749 0.2160 0.2302 0.5981

0.0957

0.0884

0.0086

0.1020

Int/num.df -1.0449

-1.0376

-1.3422

1

4

-1.0675 -1.0376 -0.9544 -1.0771 -0.7763

Slope/den.df

-0.5051

-0.5233

0.2252

126

70

-0.4397 -0.4263 -0.7460 -0.3238 -1.5072

t/F

-3.3708

-3.3197

0.4056

0.9395

0.3890 -0.9917 -1.0299 -1.5769 -0.8019 -1.2364

pval
Rsqu

0.0010

0.0012

0.6991

0.3343

0.8158 0.3352

0.3194 0.1371

0.4321

0.2839

0.0815

0.0841

0.0267

0.0899

0.1276 0.0547 0.0660 0.1508

0.0311

0.2765

-0.8967

-0.5555

1

Int/num.df -0.9245

log 10 LFWEV

Unaffected Diseased Dis. vs.Unaff Dis.diff

Int/num.df -1.0367

4

-0.6022 -0.8459 -0.4545 -1.2277 -0.4244

67

-1.7372 -1.0894 -2.2871 -0.1048 -2.4272

Slope/den.df

-0.8865

-0.9968

-1.4077

122

t/F

-4.8284

-5.4078

-2.4990

0.1752

2.2915 -2.2035 -2.9111 -3.3290 -0.2239 -2.2617

pval
Rsqu

0

0

0.0546

0.6763

0.0686 0.0416 0.0108 0.0054

0.1583

0.2000

0.5554

0.2439

0.3426 0.2222

Int/num.df -1.0100

-1.0022

-1.3082

1

0.8254

0.0865

0.3610 0.4602 0.0028

0.5612

4

-1.0495 -0.9221 -0.8220 -0.9186 -0.4691

67

-0.3139 -0.4766 -0.9787 -0.4488 -2.0909

Slope/den.df

-0.3644

-0.3862

0.3813

122

t/F

-2.0906

-2.1306

0.3791

0.6122

0.8330 -0.5178 -1.6233 -2.3077 -0.8537 -3.3131

pval

0.0386

0.0352

0.7202

0.4355

0.5090 0.6113 0.1253 0.0381

Rsqu

0.0340

0.0374

0.0279

0.0390

0.2596 0.0155

0.4045 0.0296

0.1494 0.2906 0.0389 0.7329

Int/num.df -1.1495

-1.1185

-1.2916

1

4

-1.3014 -1.1922 -1.2159 -0.7270 -0.6290

Slope/den.df

-0.6227

-0.7281

-0.0989

100

57

-0.1283 -0.5381 -0.6094 -1.8077 -2.0028

t/F

-2.7128

-2.9259

-0.2305

0.4430

0.5591 -0.1173 -1.3514 -0.7839 -1.6960 -1.2984

pval
Rsqu

0.0078

0.0043

0.8268

0.5072

0.6933 0.9082 0.1996 0.4483 0.1105 0.3237

0.0673

0.0827

0.0105

0.0846

0.1850 0.0009 0.1232 0.0487 0.1609 0.4574

Int/num.df -1.1799

-1.1337

-1.1047

1

4

Slope/den.df

-0.2232

-0.3877

-0.0274

95

55

-0.4300 -1.0709 0.0157

1.0867 -1.0928

t/F

-0.9772

-1.6260

-0.0388

0.1440

1.2539 -0.3888 -2.2600 0.0191

1.4214 -1.4605

pval
Rsqu

0.3309

0.1074

0.9709

0.7052

0.2992 0.7029 0.0416 0.9852 0.1756 0.2816

0.1628 0.0100 0.2821

-1.0540 -0.9033 -1.3094 -1.6089 -0.9522

0.0097

0.0282

0.0004

0.0795

Int/num.df -0.9744

-0.9510

-1.1345

1

Slope/den.df

-0.7277

-0.8050

-0.2267

96

t/F

-3.9816

-4.0533

-0.6244

0.5994

0.7920 -0.2053 -2.0824 -1.3001 -2.2194 -1.3930

pval
Rsqu

0.0001

0.0001

0.5598

0.4407

0.5354 0.8401

0.1392

0.1529

0.0723

0.1520

0.2055 0.0028 0.2501

0

0.1187 0.5161

4

-1.1550 -1.0892 -0.9177 -0.6981 -0.3557

55

-0.2069 -0.5080 -0.9256 -1.6676 -2.3680
0.0576 0.2227 0.0423

0.1446 0.2472

0.2983
0.4924

(Continued overleaf)
Where SFW,

free wall imaged from the right parasternal short-axis view; SV, systolic velocity; EV, early diastolic velocity; AV, atrial
systolic velocity; LFW, free wall imaged from the right parasternal long-axis view; ALW, mid-lateral wall imaged from the left apical
four chamber view; Dis, diseased; Unaff, unaffected; Diff, different; CRF, chronic renal failure; HCM, hypertrophic cardiomyopathy;
BSB, basilar septal bulge; HiT4, hypothyroid; HiBP, hypertensive; Int, intercept; num df, numerator degrees of freedom; den df,
denominator degrees of freedom; t, t-statistic; F, F-statistic; pval, p-value; Rsqu, R squared value; red-type face, significant data points

(p<0.05).
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Table 7: Linear

regression analysis assessing the relationship between R-R interval and pulsed-wave
Doppler tissue imaging (pw-DTI) velocities (continued)
All
Int/num.df

log 10
AMaSV

log 10
AMaEV

log 10
AMaAV

log 10
ASepSV

log 10
ASepEV

log 10
ASepAV

log 10
ASepAS

log 10
ASepAE

log 10
ASepAA

Unaffected Diseased Dis.vs.Unaff Dis.diff

-1.3012

-1.2921

-1.2018

1

Slope/den.df

-0.0165

-0.0528

-0.1539

117

t/F

-0.0679

-0.2045

-0.1847

0.0069

pval
Rsqu

0.9460

0.8383

0.8595

0.9338

0

0.0004

0.0057

0.0059

Int/num.df

-1.1249

-1.0927

-1.1118

1

Slope/den.df -0.2555

4

CRF

BSB

HCM

HiT4

HiBP

-1.1730 -1.2528

-1.3254 -1.3671

-0.8152

64

0.1198

0.2426

-1.4880

-0.4056 -0.3833

0.8339

0.1211

0.4605

-1.7818

-0.6024 -0.1939

0.5086

0.9051

0.6518

0.0965

0.5554

0.8641

0.0855

0.0009

0.0139

0.1849

0.0222

0.0185

4

-1.6052

-1.1020

-1.0724

-1.3759 -3.0642

-0.3752

0.0102

110

60

1.1202

-0.3358 -0.6646

0.5876

5.7530

t/F

-1.1507

-1.6127

0.0205

0.1324

1.4187

1.4558

-0.4567 -1.2832

1.1938

4.2648

pval
Rsqu

0.2523

0.1098

0.9843

0.7167

0.2387

0.1661

0.6549

0.2218

0.2499

0.0508

0.0117

0.0244

0.0001

0.0622

0.1680

0.1238

0.0147

0.1124

0.0818

0.9009

Int/num.df

-0.9782

-0.9585

-1.3576

1

4

-1.1057

-0.9034

-0.8022

-1.1810 -0.3327

Slope/den.df

-0.5499

-0.6098

0.4561

110

60

-0.1890

-0.7888

-0.9929

0.0015

-2.3639

t/F

-3.1785

-3.3489

0.6516

1.6077

0.7514

-0.2237

-2.0069 -2.7727

0.0031

-0.6678

pval
Rsqu

0.0019

0.0011

0.5388

0.2075

0.5610

0.8260

0.0645

0.0158

0.9975

0.5730

0.0827

0.0973

0.0661

0.0968

0.1637

0.0033

0.2234

0.3716

0

0.1823

Int/num.df

-1.1069

-1.0804

-0.9794

1

4

-1.5250

-1.2832

-0.7430

-1.3153

-0.6827

Slope/den.df

-0.2766

-0.3697

-0.4105

121

66

0.7773

0.1928

-1.2559

0.5940

-1.4526

t/F

-1.4132

-1.6340

-1.4431

0.0046

1.8234

1.1012

0.3604

-3.6747

1.0594

-0.9463

pval

0.1601

0.1050

0.1991

0.9461

0.1348

0.2861

0.7236

0.0025

0.3042

0.4138

Rsqu

0.0160

0.0227

0.2576

0.0338

0.2078

0.0666

0.0086

0.4910

0.0619

0.2299

Int/num.df

-1.2666

-1.1881

-1.1320

1

4

-1.3012

-1.2787 -1.2686 -1.3328 -0.6236

Slope/dcn.df

-0.0713

-0.3334

-0.0381

111

59

0.1089

-0.1365

-0.3114

0.2595

-1.9262

t/F

-0.3885

-1.6562

-0.0989

0.3330

0.3325

0.1632

-0.3071

-0.4789

0.4572

-0.8450

pval
Rsqu

0.6984

0.1007

0.9244

0.5651

0.8550

0.8723

0.7641

0.6406

0.6537

0.4871

0.0013

0.0255

0.0016

0.1155

0.1733

0.0016

0.0078

0.0188

0.0129

0.2631

Int/num.df

-0.9370

-0.9058

-1.0678

1

4

-0.6966 -0.9450 -0.7341

-1.1864

0.0474

Slope/den.df

-0.5606

-0.6556

-0.2081

111

59

-1.2733

-0.5484 -1.0253

0.1679

-3.2719

t/F

-3.8493

-3.8235

-1.9005

1.0886

2.3119

-2.4457

-1.5380 -1.9132

0.4581

-2.8916

pval
Rsqu

0.0002

0.0002

0.1061

0.2991

0.0681

0.0256

0.1500

0.0799

0.6530

0.1017

0.1159

0.1222

0.3758

0.1269

0.2863

0.2603

0.1647

0.2337

0.0129

0.8070

Int/num.df

-1.0783

-1.0439

-1.2147

1

4

Slope/den.df

-0.3067

-0.4158

0.1188

124

t/F

-1.6446

-1.9655

0.5292

0.8760

pval
Rsqu

0.1025

0.0517

0.6157

0.3511

0.0210

0.0317

0.0446

Int/num.df

-1.2187

-1.1687

Slope/den.df

-0.2441

-1.2259 -1.1189 -0.8444

-1.2510 -0.5966

67

0.1070

-0.2444 -1.0443

0.4787

-1.7876

1.4726

0.1784

-0.4141

-2.1081

1.2152

-2.5818

0.2203

0.8605

0.6847

0.0535

0.2409

0.0612

0.0327

0.1887

0.0019

0.0113

0.2409

0.0799

0.6250

-1.1412

1

4

-1.1743

-1.2101

-1.0122

-1.5663

0.2205

-0.4171

-0.1214

116

62

-0.3531

-0.3342

-0.9720

0.8567

-4.6717

t/F

-1.3866

-2.1506

-0.4991

0.3413

3.1943

-0.4688

-0.6384

-1.4005

1.8847

-3.7526

pval
Rsqu

0.1682

0.0337

0.6355

0.5602

0.0189

0.6452

0.5335

0.1889

0.0767

0.0331

0.0160

0.0403

0.0399

0.0897

0.2016

0.0128

0.0283

0.1513

0.1728

0.8244

Int/num.df

-0.9761

-0.9504

-1.3269

1

4

-1.0493

-0.9577 -0.5970

-1.2294 -0.5106

Slope/den.df

-0.4537

-0.5191

0.2866

116

62

-0.3404

-0.5534 -1.4655

0.3903

-1.6605

t/F

-2.9770

-3.0447

1.1160

3.2580

2.4853

-0.9931

-1.1907 -3.2102

0.9671

-1.7209

pval
Rsqu

0.0035

0.0029

0.3071

0.0737

0.0526

0.3346

0.2536

0.0083

0.3470

0.1837

0.0699

0.0777

0.1719

0.1070

0.2655

0.0548

0.0920

0.4837

0.0522

0.4968

Where AMa, Posterior wall at the level of the mitral annulus

(imaged from the left apical four-chamber view); SV, systolic velocity; EV,
early diastolic velocity; AV, atrial systolic velocity; ASep, mid-interventricular septum (imaged from the left apical four chamber view);
ASepA, interventricular septum at the level of the mitral annulus (imaged from the left apical four chamber view); Dis, diseased; Unaff,
unaffected; Diff, different; CRF, chronic renal failure; HCM, hypertrophic cardiomyopathy; BSB, basilar septal bulge; HiT4,
hyperthyroid; HiBP, hypertensive; Int, intercept; num df, numerator degrees of freedom; den df, denominator degrees of freedom; t, tstatistic; F, F-statistic; pval, p-value; Rsqu, R; squared value; red-type face, significant data points (p<0.05).
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Chapter 5: Feline Primary and Specific Echocardiography

Chapter 5
The

application of pulsed

conventional

wave

Doppler tissue imaging and

echocardiographic techniques, in the evaluation of

cardiac function in normal

primary cardiomyopathies

geriatric cats and aged cats with

or

disease states linked to specific

cardiomypathies in human beings.

In human

beings with myocardial disease, pw-DTI techniques

determine

a

diastolic
used to

non-invasive estimation of diastolic function.

For

can

be applied to

example, the early

velocity is decreased in people with HCM. These techniques

assess

the

are

also be

velocity of myocardial motion in the cat. It has previously been

demonstrated that the

mitral annulus

can

peak systolic and peak diastolic velocities recorded from the

decreased in cats with HCM, when

compared to normal cats.

However, to date, the velocity of myocardial motion has not been reported in any of
the

specific cardiomyopathies in cats,

the

echocardiographic features demonstrated in the disease states linked to specific

nor

have there been

any

comparisons between

cardiomypathies in human beings.

The aim of this

normal

study

was to compare

the echocardiographic measurements from

geriatric cats, aged cats with BSB

or

with HCM, to

one

another and to
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measurements from

geriatric cats with various forms of specific cardiomyopathy

(hyperthyroidism and CRF) in order to determine whether

or

not there are group-

specific abnormalities in the velocity of myocardial motion.
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Abstract

Cardiac

dysfunction is commonly identified in geriatric cats.

primary, typically hypertrophic cardiomyopathy (HCM),
with

a

Disease

or may occur

may

be

in association

specific disease.

Doppler tissue imaging (DTI) techniques allow for the non-invasive assessment of
These techniques have demonstrated regional and global

myocardial dynamics.
diastolic

impairment in various forms of human cardiomyopathy and in cats with

HCM.

The aim of this

study

was to compare

from normal cats, cats with basilar

the echocardiographic measurements recorded

septal bulge (BSB) and cats with HCM to

another and to cats with various forms of
determine whether

or

not any

of these

one

specific cardiomyopathy, in order to

groups

demonstrate abnormalities in the

velocity of myocardial motion.

According to the inclusion criteria,
conventional

a

compared using

The cats

were

divided into the following

Unaffected (n=8), BSB (n=17), HCM (n=14), hyperthyroid (HiT4)(n=12)

and chronic renal failure

In this group

identified

were

echocardiographic (2-dimensional, M-mode and Spectral Doppler

measurements) and pw-DTI techniques.
groups:

total of 66 cats

as

(CRF)(n=15).

of geriatric cats, hypertrophy of the basilar septum

the sole

abnormality.

was

frequently

The lack of dynamic impairment in these cats
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might suggest that this is in fact

a

form of normal senile remodelling rather than

a

localised form of HCM.

In the cats with

HCM, I demonstrated

DTI at the interventricular septum,

a

and

decrease in the E' velocity recorded by pwa

tendency towards

aspect of the mitral annulus, recorded from the

The

decrease at the lateral

a

left apical four-chamber view.

hyperthyroid cats demonstrated increased S' velocities, suggesting

dysfunction

or

cause

of which is undetermined, but which

may suggest

an

increased thickness of the basilar interventricular

septum (as was found in the majority of cats studied) and some

Since

The

pw-DTI analysis did not reveal

abnormalities in this

spectral Doppler measurements, these findings

abnormalities witnessed in the cats with CRF

conditions rather than

as a

result of

were

due to

an

are

group.

known to

may suggest

that the

alteration in the

loading

myocardial dysfunction. In such

cases

pw-DTI

in differentiating between loading alterations and diastolic

be useful

may

any

mild spectral Doppler

pw-DTI is relatively load independent whilst loading conditions

influence

mild diastolic

increased atrial systolic function.

The cats with CRF demonstrated

abnormalities.

increased

In addition, the hyperthyroid cats demonstrated increased A'

inotropic state.
velocities, the

an

dysfunction.

This

study demonstrates that pw-DTI techniques

abnormalities in
detect

a

a

can

be used to

assess

wall motion

variety of diseases and that whilst in HCM these techniques

decrease in the

velocity of the early diastolic wall motion, there is

decrease detectable in cats with

BSB, CRF

or

no

can

such

hyperthyroidism.
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Introduction

The

World

Health

Organisation defines cardiomyopathies

diseases of the

as

myocardium associated with cardiac dysfunction (Richardson, et al 1996).

In

addition, it states that hypertrophic cardiomyopathy (HCM) is characterized by left
and/or

right ventricular hypertrophy, which is usually asymmetric and involves the

interventricular septum
reduced

and that the left ventricular volume is typically normal

(Richardson, et al 1996).

familial disease, transmitted as an
mutations within the genes

In human beings, HCM is predominantly

a

autosomal dominant trait, typically caused by

encoding for the sarcomeric proteins (Richardson, et al

1996). Pathological changes include myocyte hypertrophy and disarray, with
of increased loose connective tissue

classification system

or

(Richardson, et al 1996).

areas

However, this

also distinguishes between 'primary' cardiac hypertrophy

(HCM) and cardiac dysfunction occurring secondary to systemic disease, for which
the term

'specific cardiomyopathy' is ascribed. The specific cardiomyopathies

are

further divided

according to the underlying aetiology, giving rise to terms such

hypertensive

cardiomyopathy,

thyrotoxic

cardiomyopathy

and

as

ureamic

cardiomyopathy (Richardson, et al 1996).

Whilst the exact mechanisms
in

by which the various specific cardiomyopathies result

myocardial dysfunction is still subject to debate, it

appears

that the signalling

pathways (Bahouth 1991, Kent, et al 1991), neurohumoral activity (Slatopolsky, et al
1980, Dillmann 1983, Yamazaki, et al 1999b) and therefore, myocardial alterations
are, to some

extent disease

specific.
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This

human

classification

system

has been broadly

applied to the feline

cardiomyopathies, with all of the principle 'primary' cardiomyopathies that have
in humans

been

seen

some

of the

having been demonstrated in cats (Fox 1999). Furthermore,

specific cardiomyopathies that have been reported in human beings,

also documented in cats,

are

namely thyrotoxic cardiomyopathy and hypertensive

cardiomyopathy (Moise and Dietze 1986, Bond, et al 1988, Nelson, et al 2002,
Chetboul, et al 2003b).

To date, in the cat, the existence of

cardiomyopathy has not been reported.

a

specific uraemic

However, there have been

number of

a

reports of specific cardiac abnormalities occurring in cats with chronic renal failure

(CRF) (Rush, et al 1990, Taugner, et al 1996, Adin, et al 2000, Rishniw and Thomas
2002, Rishniw, et al 2004).

In addition to the classical

exists

a

causes

group

of

seen

in primary myocardial disease, there

of aged cats with neither generalised hypertrophy,

secondary hypertrophy; in these cats,

of the septum,

the position of the heart

It could therefore be

thickening is identified at the base

on

may

alter (as is typically identified

lateral thoracic

increasing

may

lead to

a

angulation, consequent alteration in the geometry of the aortic

root, and with this the interventricular septum.
localised pattern

as

as

radiography (Burk and Ackerman 1996).

hypothesised that this alteration in the cardiac axis

deviation in the aortic

a

identifiable

right parasternal long axis view (Figure 12). It is recognised that

sternal contact identified

beings,

a

nor

with the end diastolic thickness being greater than 0.6cm, when

viewed from the
cats age

hypertrophy

However, the significance of this

of hypertrophy has not yet been determined. Notably, in human

localised form of cardiac hypertrophy, affecting only the basilar septum has

also been identified

(Lewis and Maron 1994). This

occurs

in

an

aged population,
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and

can

be

seen as

thought to be

a

dysfunction has
when stress

some

the sole

abnormality. This pattern of hypertrophy

was

initially

normal aging change (Lewis and Maron 1994). However, diastolic
now

been identified in

echocardiography

was

some

affected individuals either at rest

or

performed (Henein, et al 1997). In addition, in

people mutations of the cardiac sarcomeric proteins (beta-myosin heavy chain)

have been

identified, with other family members often being affected by HCM

Therefore, at present, it is unclear whether

(Solomon, et al 1993).
septal bulge (BSB) is

a

form of senile remodelling

or a

or not

basilar

localised form of HCM.

Doppler tissue imaging

The
1961

use

of pulsed-wave

Doppler to

assess

(Yoshida, et al 1961). However, it

published the first
excursion

paper

myocardial motion

was

was

first suggested in

not until 1989 that Issaz and colleagues

describing the pattern of left ventricular myocardial

(Isaaz, et al 1989). The principle behind this technique is the Doppler shift

phenomenon.

Whilst conventional ultrasound
travels

uses

this

through the heart and vessels, the

principle to

assess

same concept can

the velocity of blood
also be used to

as

assess

it

the

velocity of myocardial excursion. The movement of the ventricular walls generate
Doppler shift frequencies of low velocity and high amplitude, whereas the bloodpool generates signals of high velocity and low amplitude (approximately 40dB
lower) (Sutherland, et al 1999).
divided into these two components,

Therefore, reflected ultrasound signals

can

be

which have minimal overlap.
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Traditionally, ultrasound machines have filtered out the low velocity signals in order
to decrease 'noise'.

threshold and
from the

There

are now

machines available, which are able to alter the

filtering algorithms, and therefore filter out the signals originating

blood-pool, allowing the velocities generated by myocardial motion to be

depicted (Sutherland, et al 1999). With such refinements,

more

and

more

detailed

patterns of left ventricular wall motion have become apparent.

There

are

many ways

of these, such as

such,
such

are

as

can

be used to

assess

pulsed-wave DTI (pw-DTI), provide

a

myocardial motion. Some

regional analysis and,

as

useful at investigating localised myocardial abnormalitites, whereas others,

colour DTI

(c-DTI),

Pulsed-wave DTI is

velocity

in which DTI

as

it

moves

a

are

able to provide

technique that

through

a

an assessment

measures

of global function.

the instantaneous peak myocardial

pre-selected sampling gate. In people with myocardial

disease, it has been shown to be

a

relatively load insensitive technique (Nagueh, et al

1997, Sohn, et al 1997, Agmon, et al 1999, Farias, et al 1999).

Previously, it has

been demonstrated that the

early diastolic velocity is decreased in people with HCM

(Matsumura, et al 2002).

In addition, it has been shown in human beings and in

genetically altered rabbits (with
can

detect diastolic

can

discriminating for HCM) that pw-DTI

dysfunction prior to the onset of hypertrophy (Nagueh, et al

2000, Nagueh, et al 2001a).
DTI indices

a genotype

be used to

Furthermore, it has been found that,
assess

the

as

in humans,

pw-

velocity of myocardial motion in the cat

(Gavaghan, et al 1999, Schober, et al 2003). This technique has already been used to
show that the

annulus

are

peak systolic and peak diastolic velocities recorded from the mitral

decreased in cats with HCM, when

compared to normal cats (Gavaghan,
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et al

However, to date, the velocity of myocardial motion has not been

1999).

reported in

of the feline specific cardiomyopathies,

any

nor

have there been

any

comparisons between the echocardiographic features demonstrated in the disease
states linked to

I

specific cardiomypathies in human beings.

hypothesised that if BSB is

a

form of localised HCM, then the segmental

hypertrophy should be accompanied by diastolic dysfunction. Based
that

pw-DTI

can

would expect
detect

myocardial dysfunction,

cats with

the evidence

detect myocardial dysfunction prior to the onset of hypertrophy,

that if BSB truly represents

The aim of this

on

study

HCM, to

even

form of cardiomyopathy, pw-DTI should

in non-hypertrophied segments.

was to compare

one

a

normal geriatric cats, aged cats with BSB, and

another and to geriatric cats with various forms of specific

cardiomyopathy (hyperthyroidism and CRF) in order to determine whether
there

were

any group

one

or not

specific abnormalities in the velocity of myocardial motion.
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Materials and Methods

The selection of cases,
examination

identification of systemic disease and echocardiographic

protocol used in this study

were

identical to the procedures outlined in

Chapter 3.

Grouping of the Cats

Cats

were

normal

on

classified

as

unaffected cats if

they

were

clinically healthy and

were

physical examination, including auscultation. In addition, routine blood

sampling revealed

no

significant abnormalities and the systolic blood

between 120 and 160
dimensional

and

mmHg.

M-mode

Auscultation,

a

pressure was

six-lead ECG and standard two-

echocardiographic

examinations

revealed

no

abnormalities.

Cats

were

serum

grouped according to their systolic blood

pressure,

biochemistry results, and echocardiography findings. Cats

hyperthyroid if their
13-48nmol/l).

serum

tT4

range

30-177 pmol/1)

days apart. Diabetes mellitus

mmol/1

(reference

(reference

systolic blood

equal to

or

were

classified

exceeded 48 nmol/1 (reference

as

range

A diagnosis of CRF was made if the serum creatinine exceeded 177

pmol/1 (reference

8mmol/l

was

haematology and

range

range

pressure

was

on

two separate occasions approximately 14

diagnosed in cats with

3.3-5.0mmol/l) and

a

a serum

blood glucose exceeding
fructosamine above 3.5

1.0-3.5mmol/l). Systemic hypertension

exceeded 200 mmHg,

mmHg with concomitant ocular lesions,

was

was

diagnosed if the

between 170 mmHg and 200

or was over

170 mmHg

on two or more
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subsequent visits. Cats
above groups,

and

diagnosed with HCM if they did not fall into

were

the packed cell volume

was

diastole,

or

on

interventricular septum

within normal limits (PCV 0.24-0.45 1/1),

measuring six millimetres

standard M-mode (Sisson, et al 1991)).

demonstrated chamber dilation
cardiac disease.

A

or

cat to

were

be classified

demonstrate any

systolic blood

as

classified

having

a

as

having

BSB, the

a

no

pressure

within normal limits

was

of the diseases outlined above

Statistical

acquired

or

congenital

was

also

lone basilar septal bulge (BSB).

serum

biochemistry results could not
range,

had to be below 170 mmHg, and the M-mode

right parasternal long axis view,

or

excluded if they

other cardiac signs,

(Sisson, et al 1991). However, the two-

dimensional measurement of the basilar interventricular

medication

were

at end-

of the above changes, the PCV had to be within the normal

measurements had to be

one

or greater

separate group of cats demonstrating a localised area of

identified: These cats

a

Cats

evidence of other forms of

hypertrophy affecting only the basilar septum, with

the

of the

they had M-mode evidence of concentric hypertrophy (either the left ventricular

free wall

For

any

cats with any severe

six millimetres

septal thickness, from the

or greater.

Cats with

more

than

(ie: hypertension and CRF), cats receiving

systemic disease

were

any

excluded from the analysis.

Analysis

The statistical

analysis

was

carried out using S-Plus (version 6.2.1, 1988, 2003

Insightful Corp.

S: Copyright Lucent Technologies Inc.).

characteristics

analysed using

were

the binomial data, a

a one-way

The population

analysis of variance (ANOVA),

or

for

Fishers exact test. The results of the echocardiographic analysis
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were

adjusted to account for heart rate, using the

measurements

were

compared using

comparisons being performed using

a

a one-way

homoscedasticity of the residuals

of the

residuals

techniques (logio)
was

taken

as

the

were

variance

R-R method, then the

analysis of variance with multiple

Tukey analysis. The distribution of the

and the

or

square root

was

were

means

tested. When either the distribution

unsatisfactory, standard transformation

applied to normalise the distributions. A

p

value of <0.05

demonstrating statistical significance.
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Results
A total of

sixty-six cats

multitude of reasons,

were

included in the study.

including the

anaemia, myocardial masses,

presence

poor

Cats

were

excluded for

a

of atrial fibrillation, multiple diseases,

data acquisition,

poor

compliance,

or severe

arrhythmias.

Of the 66 cats included, there were
with HCM, twelve with
were

eight 'unaffected', seventeen with BSB, fourteen

hyperthyroidism (HiT4) and fifteen with CRF. Whilst there

six cats with 'essential'

hypertension, and

mellitus identified, all but one of these cats were
these groups were
There

were

pressure

further four cats with diabetes

receiving medication and therefore

excluded from the current study. All of the cats

30 female cats and 36 male cats.

The age,

(BP), heart rate at initial examination,

concentration

were

recorded in all of the cats.

in all but two of the cats, and the

systolic blood

pressure

was

gender, systolic blood

serum

tT4 and creatinine

recorded

respiratory rate at initial examination

was

recorded

of the cats

was

was

was

11.7

years

ranged from 20-80 bpm,

(range 8-18 years). The

145mmHg (range 101-160mmHg). The

recorded; this ranged from 140 bpm to 220 bpm

(mean 177bpm). The respiratory rate at initial examination
cats; this

neutered.

was

of the cats

heart rate at initial examination

In

were

addition, the weight

in 49 of the cats. The median age
mean

a

mean

36bpm. The

mean

was

recorded in 49 of the

weight of 64 of the cats

4.75kg (range 2.15-6.60 kg).

Analysis of the population characteristics demonstrated that there
difference between the groups

examination,

or

was no

significant

with regard to the gender, BP, heart rate at initial

respiratory rate at initial examination.

The tT4 concentration
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demonstrated

a

significant difference between the

of cats (F=41.379,

groups

PO.OOl). However, multiple comparisons established that it
with

hyperthyroidism that the tT4

groups

significantly higher than in

only in the cats
any

of the other

of cats (as had been dictated by the inclusion criteria). A similar finding

demonstrated in the
with

was

was

was

analysis of serum creatinine concentration (F=14.350, PO.OOl)

only the cats diagnosed

as

having CRF demonstrating

creatinine concentration than all the other groups

by the inclusion criteria).

The

age

a

significantly higher

of cats (as had also been dictated

of the cats varied significantly between

groups

(F=4.279, P=0.004); multiple comparison techniques (Tukey) demonstrated that the
cats with

hyperthyroidism

were

older than the unaffected cats, the cats with BSB,

or

the cats with HCM.

Similarly, the weight of the cats demonstrated
groups

significant difference between

a

(F=3.079, P=0.023), with the hyperthyroid cats being significantly lighter

than the cats with HCM.

The results of the

analysis of variance in the echocardiographic measurements

presented in Table 8.
demonstrated

a

2-Dimensional

Multiple comparisons

significant difference between

were

groups

on any

variable that

(Figure 13).

Analysis

The aortic and left atrial diameter demonstrated

groups.

performed

are

no

significant difference between the

However, the thickness of the interventricular septum, assessed from the

two-dimensional

image, demonstrated

a

significant variation (F=12.92, PO.OOl).
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Multiple comparisons demonstrated that the cats with HCM had
interventricular septum
the

unaffected cats

than those with BSB, CRF

demonstrated

decreased

a

or

a

thicker

the unaffected cats, whereas

interventricular

septal thickness

compared to the cats with BSB (as dictated by the inclusion criteria), the cats with
CRF and the cats with

hyperthyroidism.

M-mode measurements

The M-mode measurements demonstrated

significant variation between

the measurement of left ventricular free wall thickness, in both

PO.OOl)

and

diastole

interventricular septum,

(F=7.809,

PO.OOl),

and

in

systole (F=5.324,
thickness

of the

in both systole (F=3.740, P=0.009) and diastole (F=5.219,

PO.OOl). Multiple comparisons demonstrated that, in all
had

the

in

groups,

higher values than the

groups

HCM cats also demonstrated

an

of cats with either BSB

cases,

or

the cats with HCM

the unaffected cats. The

increased thickness in the free wall

(both during

systole and diastole), than the cats with CRF.

Spectral Doppler Analysis

The velocities of aortic and

between the groups
group

pulmonic flow demonstrated significant differences

(F=l3.728, PO.OOl and F=7.077, PO.OOl, respectively). Inter-

analysis demonstrated that these variations

were

produced by increased
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velocities in the cats with HCM
unaffected

or

BSB groups,

The transmitral

or

and in the

hyperthyroidism, when compared to either the
case

of the aortic velocity, the CRF

group.

velocity demonstrated significant variations in the E velocity

(F=2.699, P=0.042), the A velocity (F=4.616, P=0.003) and the ratio of E:A
(F=3.108, P=0.011).

However, multiple comparisons failed to demonstrate

significant variation in the E velocity between
was

increased in cats with HCM and

any two groups,

any

whilst the A velocity

hyperthyroidism, when compared to unaffected

cats, and the E:A ratio was decreased in the cats with HCM

compared to the

unaffected cats.

The

trans-tricuspid flow demonstrated

(F=2.777, P=0.038); this

arose

from

a

significant variation in only the E velocity

a

lower E velocity in the cats with CRF

compared to those with hyperthyroidism.

When the
there

pulmonary

were

venous

flow patterns

were

compared, it

(F=3.468, P=0.013).

significant variations between

Pulsed-wave

The

demonstrated that

significant variations in both the duration of the atrial reversal

(F=2.881, P=0.030) and the ratio of transmitral A
duration

was

wave

wave

duration to atrial reversal

However, inter-group analysis demonstrated

no

groups.

Doppler tissue imaging (pw-DTI) measurements

pw-DTI analysis demonstrated significant variations in the S' velocities

measured from the

right parasternal long and short axis views (F=2.560, P=0.048 and
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F=3.499, P=0.012, respectively). Multiple comparisons demonstrated, in both cases,
that this effect
to the

was

caused

unaffected cats.

by

In

a

higher S' velocity in the hyperthyroid cats compared

addition, the S' measured from the short axis view

was

higher in the hyperthyroid cats than in the cats with BSB. The A' velocity measured
from the

right parasternal long axis view also demonstrated significant variations
Multiple comparisons demonstrated that the velocity

(F=4.662, P=0.002).
increased in

was

hyperthyroid cats when compared to unaffected cats, cats with BSB

or

cats with F1CM.

The velocities measured from the left

demonstrated

no

apical view at the level of the mid-lateral wall

significant variation between

groups.

Whereas those measured at

the level of the mitral annulus demonstrated

a

(F=2.658, P=0.042): Although there

trend toward

with

cats

when

F1CM

was a

compared to

significant variation in the E' velocity
a

decreased E' velocity in

either unaffected cats,

or

with

cats

hyperthyroidism, this failed to reach significance. The E' velocity also demonstrated
significant variation between
at the

mid-interventricular

groups

when it

was

assessed from the left apical view

septal sight. Tukey analysis demonstrated that there

significant decrease in the cats with F1CM compared to those with either BSB
unaffected cats.

In

with

brought about by
either

CRF

or

the

addition, at this sight, comparisons of the summated E'+A'

velocity (when present) demonstrated
was

was a

an

or

significant variation between

groups,

which

increased velocity in the cats with HCM compared to cats

hyperthyroidism.

interventricular septum at
differences in the S'

a

The

velocities

recorded from

the

the level of the mitral annulus demonstrated significant

(F=3.348, P=0.015) and A' (F=3.289, P=0.017) velocities.

Multiple comparison analysis demonstrated that the S' velocity

was

increased in
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hyperthyroid cats when compared to cats with CRF
in unaffected cats and cats with BSB,
at this

site, the A' velocity

was

although this

or

HCM and tended to be higher

was not

significant. Furthermore,

increased in cats with hyperthyroidism when

compared to the unaffected cats.
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Discussion

This is the first

study to

linked to

states

assess

the myocardial dynamics in

a range

of feline disease

specific cardiomypathies in human beings, and compared these

findings to normal cats and cats with HCM.

This

were

study demonstrates
classed

as

no

significant variation between cats with BSB and cats that

unaffected; other than the thickness of the interventricular septum at

its basilar aspect

(as dictated by the classification critera). Furthermore, significant

variations between these groups

of cats and the cats with HCM

These observations lend credence to the
form of senile

remodelling, rather than

An increase in the

was

demonstrated.

a

may

be

a

form of localised HCM.

systolic and late diastolic velocities in cats with hyperthyroidism
The increase in S'

associated with either

wave

velocity is suggestive of an increase in

loading alterations

or

wave

velocity

may

be

impairment of relaxation during diastole.

addition, in cats with HCM I demonstrated

a

decrease in the E' velocity recorded

by pw-DTI at the interventricular septum, and tendency towards
lateral aspect

demonstrated.

hypothesis that, in the cat BSB

systolic function in this disease, whereas the increase in A'

In

were

a

decrease at the

of the mitral annulus, recorded from the left apical four-chamber view.

Population Characteristics

In this

study there

the cats;

were

significant differences in the

age

and weight distribution of

with the hyperthyroid cats being both older and weighing less than the other
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groups

of cats. Whilst these findings

previously that within
affect

on

may

population of cats

a

be of some
over

eight,

concern,

age

I have demonstrated

does not have

a

significant

of the variables measured, with the exception of the left apical A'

any

velocity recorded from the interventricular septum (at the level of the mitral
annulus); where

age was

found to account for 3.5% of the variation in this variable

(Chapter 3). However, in the current study, there
A'

was no

significant difference in the

velocity at this point. The weight of the hyperthyroid

than the

weights of the other

features

of

groups

of cats.

of cats

group

However, since

one

was

lower

of the salient

hyperthyroidism is weight loss, this is perhaps not surprising.

Furthermore, the lower body weight in this group is not reflective of the size of these
cats, since it is reasonable to presume
Had

body condition

condition

score

were no

cats in

a

more

a

poor

body condition

scores.

comparison of body weight corrected for

appropriate.

Analysis

significant differences in either the left atrial diameter,

diameter between any

recruitment of

been recorded,

would have been

Two-Dimensional

There

scores

that these cats had

of the

groups

only those cats that

congestive heart failure

relatively mild disease

group;

in this study.

were

were

or

the aortic

The inclusion criteria allowed

not receiving medication. Therefore, many

excluded, making, the HCM

with only

one cat

demonstrating

group

a

in particular,

left atrial diameter

greater than 1.5cm (reference range, 1.17±0.17 cm (Sisson, et al 1991)).
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The thickness of the basilar interventricular septum was
to

an

a

increased in cats with HCM

greater extent than it was increased in the BSB group. However, I demonstrated

increase in the thickness of this

diseased groups,
included in the

area

of the interventricular septum

compared to the unaffected cats.

Interestingly, of the 66 cats

study only 13 failed to demonstrate hypertrophy of the basilar septum

(data not shown). This finding would suggest that BSB, with
disease, is

M-mode

The

a common

or

without concurrent

finding in aged cats.

Analysis

comparison of M-mode variables demonstrated

the interventricular septum
cats

in all the

and

to

cats

with

interventricular septum

would suggest

increase in the thickness of

and free wall in cats with HCM compared to unaffected

BSB.

The

mean

measurements

in both systole and diastole

reference range, as were

an

were

obtained

from

outside of the published

those obtained during diastole, from the free wall.

that the majority of cats in the HCM

group

This

demonstrated symmetric

myocardial hypertrophy. The diastolic thicknesses recorded from the free wall
increased in the

were

hyperthyroid cats compared to the unaffected cats. The M-mode

variables measured from the interventricular septum, were not
in the cats with CRF

or

significantly different

hyperthyroidism compared to the cats with HCM,

nor were

they significantly different to the measurements obtained from the unaffected
of cats. However,

groups

compared to the unaffected cats, they did tend to demonstrate mild

increases in these M-mode variables; this was

hyperthyroidism.

the

particularly true of the cats with

This would suggest that the cats with hyperthyroidism tend to
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demonstrate

predominantly asymmetric hypertrophy affecting mainly the free wall.

This agrees

other reports of M-mode changes in hyperthyroid cats, where it has

previously been reported that free wall hypertrophy
cases

whereas

39.8% of cases

identified in 30-71.9% of

was

hypertrophy of the interventricular septum

was

identified in only 10-

(Moise and Dietze 1986, Bond, et al 1988).

Spectral Doppler Analysis

The

velocity of aortic and pulmonic outflow

was

increased in the cats with

hyperthyroidism and HCM compared to either the unaffected
Increased outflow velocities

or

can

outflow tract obstruction.

HCM demonstrated
which could

an

be caused

Both the

hyperthyroid

The

of cats.

group

of cats and the cats with

may

demonstrate

However, it has been
an

increased systolic

(Bond, et al 1988), which could in turn increase outflow velocities.

transmitral

early diastolic velocity tended to be higher in cats with

of the other

any

significant difference between

groups,

finding

was not

the wide

groups
range

of cats. Whilst there

significant when the Tukey analysis

alteration in the diastolic function, alteration in

in the duration of diastole in this group.

was a

of values measured meant that
was

performed. This

significant increase in the E velocity within the hyperthyroid cats
an

groups

increase in systolic function

conceivably lead to outflow tract obstruction.

hyperthyroidism compared to

this

an

BSB

increased thickness at the basilar interventricular septum,

suggested that cats with hyperthyroidism
function

by either

or

may occur

loading conditions

or a

non¬

due to

reduction

Notably, the hyperthyroid cats demonstrated
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a

significantly higher transmitral A

wave

velocity, when compared to the unaffected

cats.

An increased A

wave

velocity, this change resulting from impaired relaxation (Appleton, et al 1988).

wave

velocity is normally associated with

a

decrease in the E

However, in the hyperthyroid cats, there was no alteration in the E:A ratio, and a
concomitant

(non-significant) increase in the E velocity.

demonstrated

a

than any

This

group

shorter R-R interval, whilst the transmitral flow was

of the other

groups

corrected for heart rate

of cats (data not shown).

of cats

being assessed,

Whilst the variables

were

using standard methods, it has previously been demonstrated

that, at high heart rates, diastole is shortened to a greater extent than systole (Hamlin

1999).

Shortening the duration of diastole, and therefore, the time for ventricular

filling, in theory, could result in
in the

hyperthyroid cats.

more

rapid ventricular filling,

Similarly, in humans,

a

increase in the A

amplitude, but not the E

It has also been

demonstrated

However, the equation applied does not differentiate

systolic from diastolic events, and therefore this correction

wave

as was

may not

have been ideal.

decrease in R-R interval has been shown to reduce the
wave

amplitude (Mori, et al 2000).

reported previously that, in the cat, the R-R interval is negatively

correlated with the

peak A

the increase in the A

wave

wave

velocity (Santilli and Bussadori 1998). Therefore,

velocity in the hyperthyroid cats,

by the increased heart rate within this

group.

may

have been caused

Alternatively the increased A

wave

velocity might merely represent increased atrial systolic function (Appleton, et al
1988).

The transmitral atrial

systolic velocity

was

also increased in cats with CRF

compared to the unaffected cats; however, the R-R interval
different in these groups

was not

or

HCM

significantly

of cats. In addition, the ratio of early transmitral flow, to
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atrial

systolic flow,

unaffected cats,

was

decreased in all of the diseased

groups

compared to the

although, this only reached significance in the cats with HCM. The

alteration in the transmitral E:A ratio suggests

that

as a group,

these cats demonstrate

impaired relaxation.

Whilst the

pulmonary

venous

flow patterns demonstrated

some

variation in the

duration of atrial reversal flow and the ratio of the duration of transmitral A to the
duration of the atrial reversal flow
variation. However,

(A:Ar), there

the duration of pulmonary

be increased in cats with CRF when

they

were

venous

atrial reversal flow tended to

compared to normal cats, and the ratio

of A:Ar tended to be decreased in either cats with HCM
the other groups
atrial pressure

size

was

this

was

HCM

or

CRF

or

CRF when

compared to

of cats. A decreased A:Ar ratio is suggestive of an increase in left

(Keren 1986, Rossvoll and Hatle 1993). Notably, the

higher in these two
not

significant inter-group

was no

groups

compared with the other

statistically significant. This

may suggest

groups

that

some

mean

left atrial

of cats, although
of the cats with

displayed pseudonormal relaxation.

Doppler Tissue Imaging

The

pulsed-wave DTI analysis demonstrated

velocities in the
this group

an

increase in both the S' and A'

hyperthyroid cats. These velocities

were

significantly higher within

(compared to unaffected cats) at multiple sites, including the free wall

assessed from the

right parasternal short and long axis views and the septal aspect of

the mitral annulus, assessed from the left

apical four-chamber view. Whilst the right

180

Chapter 5: Feline Primary and Specific Echocardiography

parasternal views
fibre velocities
in

assess

radial fibre velocities, the apical views

are

function in both the radial and

demonstrated that

al

1988). There

DTI

localised

was no

may

demonstrating increased systolic
Previously, it has been

increased fractional shortening and it
an

increased inotropic state (Bond, et

increase in the fractional shortening of the hyperthyroid cats

study, although relatively few cats
a

were

included. However, the

state, these include

pw-

similar increase in systolic function. There

why hyperthyroid cats might demonstrate

reasons

demonstrated

an

be caused by

analysis provided evidence for

several

areas

longitudinal fibres.

hyperthyroid cats have

suggested that this

in the current

longitudinal

(Sutherland, et al 1999). These findings would therefore suggest that

hyperthyroid cats there

has been

assess

upregulation of the sympathetic

an

are

increase in inotropic

nervous system, as

has been

by increased numbers of beta-1 adrenoreceptors in hyperthyroidism

(Bahouth 1991),

or an

increased metabolic demand (Dillmann 1983).

In human

beings, it has previously been reported that pw-DTI S' and E' velocities

are

positively correlated with the beta-adrenoceptor density, and negatively correlated
with the percentage

of interstitial fibrosis (Shan, et al 2000). Therefore,

hypothesise that the increased S' velocities in the hyperthyroid cats,
to the

increased

velocity at the

could

be related

beta-receptor density in the hyperthyroid state. The increase in A'

same

sites normally suggests diastolic dysfunction (Oki, et al 1997,

Oki, et al 1998). However, in such an event
decreased, unless,

as

one

would normally expect the E' to be

in human beings, this variable is also increased due to the

increased number of beta-receptors

decrease in E'

may

one

(Shan, et al 2000), thereby negating the expected

velocity.
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The E'

velocity

unaffected cats

significantly lower in the HCM cats (compared to either the

was
or

the cats with

BSB) when assessed from the left apical four-

chamber view at the level of the mid-interventricular
decreased in cats with HCM

septal, and tended to be

(when compared to either unaffected cats

hyperthyroidism) at the lateral aspect of the mitral annulus. Previously,

or cats
a

with

decreased

peak diastolic pw-DTI velocity has been demonstrated in cats with HCM compared
to

normal cats

(Gavaghan, et al 1999). Whilst

previous study, it
more

to be

sites.

The

relatively

was

my

findings

perhaps surprising that E'

was not

are

in agreement with this

found to be decreased at

relationship between E' and tau has been assessed and been shown
in the normal cat (Schober, et al 2003).

poor

relatively mild disease (only

one

of the HCM

group

Coupled with the

demonstrating left atrial

enlargement), it is perhaps not surprising that the pw-DTI analysis did not clearly
demonstrate diastolic

demonstrated

that

dysfunction at

the

more

sites.

Furthermore, previously I have

variability in measurement of pw-DTI velocities is

approximately 20%, making interpretation of results problematic (Chapter 2).

Cats with CRF

were

assessed in the current

suggestion that cats with CRF

may

study. There has previously been

some

demonstrate cardiac abnormalities (Rush, et al

1990, Taugner, et al 1996, Adin, et al 2000, Rishniw and Thomas 2002, Rishniw, et
al

2004). I found that, compared to unaffected cats, cats with CRF demonstrate

increased thickness of the basilar interventricular septum, an
wave

velocity, and

flow atrial duration.

wave

a

increased transmitral A

tendency toward increased duration of the pulmonary
However, I identified

no

an

venous

significant alterations in the pulsed-

DTI velocities recorded within this group

of cats.

These variables

are

relatively load insensitive when compared to the spectral Doppler methods of
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assessing diastolic function (Nagueh, et al 1997).

Therefore,

my

findings might

suggest that, other than the hypertrophy of the basilar interventricular septum, the

changes identified in cats with CRF

are

the result of alterations in loading.

Study Limitations

This

study

was

limited by the small sample size. This

unaffected cats, which
cats with BSB were

possible that BSB

comprise the minority of cats that

originally presented
be

may

a

as

was

particularly true of the

were

studied. Many of the
Whilst, it is

apparently normal cats.

normal aging change, at present, it

was

felt that

as

the

aetiology remains unknown, cats with BSB should be designated

as a separate group.

I have

eight,

previously demonstrated that in

a group

of cats

over

significantly affect pw-DTI velocities (Chapter 3). However,

my

dictated that cats

age or

stipulation
(since

was

many

human

entering the study must be eight

made in

an

years

of

does not

inclusion criteria
above.

This

attempt to age match the unaffected and diseased groups

of the diseases associated with linked to specific cardiomypathies in

beings,

occur

in aged populations), and

as

good scientific practice dictates.

Unfortunately, due to the clinical nature of this study, completely
groups were

age

age

matched

not achieved, with the hyperthyroid group of cats being older than

unaffected cats, or the cats with BSB or HCM.

Initially, I had also intended to include
mellitus. However, I was unable to
these

conditions, and

no

groups

identify

a

of cats with hypertension and diabetes
sufficient number of cats with either of

significant concurrent diseases, that

were not

already

183

Chapter 5: Feline Primary and Specific Echocardiography

receiving medication.

Therefore, these

groups

of cats

were

excluded from the

analysis.

This

study

performed

was

cardiovascular

on

clinical

cases, many

standpoint, asymptomatic.

of which

were, at

least from

Had these not been clinical

cases,

a

this

study would have benefited from the histopathological assessment of myocardial
tissue, which would be necessary to investigate correlations between beta-receptor

density, the amount of interstitial fibrosis and the pw-DTI measurements.

Summary

In summary,

I found

no

evidence that BSB is

a

form of disease. In the aged cat

population studied, the basilar interventricular septum
millimetres. The lack of dynamic
in fact

form of normal senile

a

Even in

a

in the E'

towards

group

was

frequently greater than six

impairment in these cats might suggest that this is

remodelling.

of cats without advanced HCM, I

was

able to demonstrate

velocity recorded by pw-DTI at the interventricular septum, and
a

decrease at the lateral aspect

a

decrease

a

tendency

of the mitral annulus, recorded from the left

apical four-chamber view.

The

hyperthyroid cats had

increased A'

a

tendency towards decreased E' and demonstrated

velocities; these changes providing

demonstrate diastolic
group suggests

some

evidence that these cats

dysfunction. In addition, the increased S' velocity within this

increased inotropy.
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The cats with CRF demonstrated
alteration in their

an

increased basilar

septal thickness, and

some

spectral Doppler velocities. However, these cats lacked changes in

their

pw-DTI analysis;

et al

2000), pw-DTI

function and altered

a

can

finding that

may

suggest that, as in human beings (Ommen,

be used to differentiate between alterations in myocardial

loading conditions.
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Figure 12: Right parasternal long-axis view demonstrating

Basilar

a

localised basilar septal bulge in

a cat.

Septal Bulge
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Figure 13: Multiple comparisons by the Tukey method
(

BSB-CRF
BSB-HCM
BSB-HiT4
BSB-Un affected

(

(

Sep Th.

•— —)

*

(
(

CRF-HCM

(

(

(

•

»

LVFWs

)
(

—

^

—_

(

1

■

^

r

..

)

•

<

—•

(

-

,

LVFWd
)

»

j

—)

»

(

CRF-HiT4
CRF-Unaffected

—)

.

)

—•—

(

—

*

)

>

—

-)

-

—

(

HCM-HiT4

)

•

(

HCM-Unaffected
HiT4-Unaffected

-0.3

-0.2

0.0

-0.1

0.1

0.2

0.4

0.3

0.5

-0.25

-0.15

0.05

-0.05

0.15

0.35

0.25

-0.20

BSB-CRF
BSB-HCM

(

'

,

IVSd

IVSs

{—

«

BSB-HiT4
BSB-Unaffected

(

(

^

AV
)

•

(
(
-)

•

0.05 0.10 0.15 0.20 0.25

—)

•

—*

*

>

--

CRF-HCM

CRF-HiT4
CRF-Unaffected
HCM-HiT4
HCM-Unaffected
HiT4-Unaffected

0.0

-0.10

,

j
——j

*

)

--

)

m

j

(

(

-0.25

-0.15

-0.05

0.05

f

•

-

-0.20

-0.10

0.0

0.05 0.10 0.15 0.20 0.25

-0.2

0.0

(

1

I

)

*

)
r

0.0

-0.2

0.1

0.2

0.3

{

BSB-CRF
BSB-HCM
BSB-HiT4

0.4

0.5

-0.30

-0.20

■

——

-0.10

TV

)

0.0

(

*—

(

i

0.30

-0.15

-0.05

(

—

(

-)

•

—

)

*

)

)
)

(

-)

)

—

—)

»

<

-0.20

-0.10

0.0

0.10

0.20

0.30

-0.35

-0.25

-0.05

-0.15

0.05

0.15

-0.25

0.25

>

•

-0.15

t—i—i—i—i—c~

-0.05

0.05

'

;

MVA:ArDur

0.15

^

I.FWSV

*

<

)

H—^

0.25

0.35

LFWAV

J

,

BSB-Unaffected
CRF-HCM
CRF-HiT4
CRF-Unaffected
HCM-HiT4
HCM-Unaffected

0.35

>

.

)

-

0.25

(

~i—i—i—r~

BSB-CRF

0.15

.

)

—

•

0.05

1

'

j

-0.25

H

-

•
—

i

0.20

—)

—

(

i

0.10

(

)
«

(

0.6

E;A

^
(

(
t

BSB-HCM
BSB-HiT4

0.6

)

(

-0.30

0.5

)

-

(

-0.40

0.4

)

--

BSB-Unaffected

0.3

)

(

ill1

1

,

(

-0.4

0.2

0.1

,

)

CRF-HCM
CRF-HiT4
CRF-Unaffected
HCM-HiT4
HCM-Unaffected
HiT4-Unaffected

-0.4

PV

— .

(

BSB-Unaffected
CRF-HCM
CRF-HFT4
CRF-Unaffected
HCM-HiT4
HCM-Unaffected
HiT4-Unaffected

0.25

0.15

)

—

i

(

BSB-CRF
BSB-HCM
BSB-HiT4

)

—•

(

1

)
(

)
—

(

-

H

HiT4-Unaffected
-1.2

-0.8

-0.4

0.0

■

i

i

0.2

0.4

0.6

0.8

-0.25

-0.15

-0.05

0.05

0.15

-0.30

0.25

-0.20

-0.10

CRF-HCM

*

0.0

0.20

0.10

0.30

'

BSB-CRF
BSB-HCM
BSB-HiT4
BSB-Unaffected
CRF-HCM
CRF-HiT4

ASepEV

SFWSV

)

(
(

'

j

^

H

—
—

rzr—n:

«

f

CRF-Unaffected

AScpE+A

'

(

)

f—

CRF-HiT4

H

HCM-HiT4

HCM-HiT4
HCM-Unaffected

(

HiT4-Unaffected

_____

-0.30

-0.10

-0.20

^

j

1

t—i—i—i—i—r~

-i—i—i—i—r-

0.0

0.10

0.20

0.30

-0.40

-0.30

-0.20

-0.10

0.0

0.10

0.20

-0.4

0.30

1

1

-0.2

1

1

1

1

0.0 0.1 0.2 0.3 0.4 0.5

.

BSB-CRF
BSB-HCM
BSB-HiT4
BSB-Unaffected
CRF-HCM
CRF-HiT4
CRF-Unaffected
HCM-HiT4

(J

ASepASV

H

-♦

r

(

ASepAAV

)

(

.

'

j
■H

)

—

HCM-Unaffected
HiT4-Unaffected
-0.35

-0.25

-0.15

-0.05

0.05

0.15

0.25

0.35

-0.20

-0.10

0.0 0.05 0.10 0.15 0.20 0.25 0.30

-0.40

-0.30

-0.20

-0.10

0.0

0.10

0.20

Plots represent

the outcomes of the Tukey analysis. Bars represent 95% confidence intervals, significant differences do not cross 0.
Where, BSB, basilar septal bulge; CRF, chronic renal failure; HCM, hypertrophic cardiomyopathy; HiT4, hyperthyroid cats; Sep Th.,
thickness of the interventricular septum (assessed from the right parasternal long-axis view); LVFW, left ventricular freewall; d, diastole;
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the mitral annulus (imaged from the left apical four-chamber view).
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Chapter 6
The

application of pulsed

conventional

wave

Doppler tissue imaging, and

echocardiographic techniques, in the evaluation of

cardiac function in treated and untreated

Previously, I have reported
untreated

an

increase in both pw-DTI S' and A' velocities in

hyperthyroid cats (Chapter 5).

have been described in

Whilst echocardiographic abnormalities

hyperthyroid cats before and after treatment, to date, there

have been few studies, in either the human or
affects of medical treatment

The aim of this
feline

study

hyperthyroid cats

on

was to

veterinary literature, evaluating the

pw-DTI variables in thyrotoxic cardiomyopathy.

investigate the effect of carbimazole

thyrotoxic

myocardium by comparing conventional echocardiographic measurements

(two-dimensional, spectral Doppler, and M-mode) and
of

upon

diastolic

function

isovolumetric relaxation
untreated

(pw-DTI,

colour

M-mode

more

advanced measurements

propagation

velocity

and

time) in normal cats, to those recorded from treated and

hyperthyroid cats.
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Abstract

The aim of this
feline

study

was to

investigate the effect of carbimazole

upon

thyrotoxic

myocardium by comparing the conventional echocardiographic measurements

(two-dimensional, spectral Doppler, and M-mode) and more advanced measurements
of diastolic function

(pulsed-wave Doppler tissue imaging [pw-DTI], colour M-mode

propagation velocity and isovolumetric relaxation time) in normal cats, to those
recorded from treated and untreated

hyperthyroid cats.

Twenty-eight cats underwent echocardiographic evaluation; of these, eight
classified
were

as

treated

investigate

normal

geriatric cats, twelve

untreated hyperthyroid cats, and eight

hyperthyroid cats. The results of these examinations

any

were

a

decrease in the colour M-mode propagation velocity in

hyperthyroid cats when compared to normal cats; which

ventricular

compared, to

association.

Specific findings included
untreated

were

were

may suggest

that

asynchrony exists in untreated hyperthyroid cats.

Overall, the echocardiographic variables that demonstrated a difference between the
normal cats and the treated

similar

hyperthyroid cats, also demonstrated

a

trend towards

a

relationship between the normal cats and the untreated hyperthyroid cats

(with the exception of the A' velocity within the longitudinal fibres at the midinterventricular

septum), the velocity of which

was

increased in the treated

hyperthyroid cats, but not in the untreated cats.

In

eight of the hyperthyroid cats, I observed

thickening (PST),

as

a pattern

similar to post systolic

has previously been documented in human beings. The velocity
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of the PST

was

with treated

decreased at the mid-lateral wall within the

hyperthyroidism compared to untreated cats. If PST represents changes

in cats similar to those described in human
treatment the feline

The treated

cats,

longitudinal fibres of cats

myocardium is less

prone

beings, this would imply that with

to hypoxic changes.

hyperthyroid cats generally demonstrated less variation from the normal

compared to the untreated hyperthyroid cats, suggesting that the

carbimazole

use

of

improves the function of the feline myocardium in thyrotoxic

cardiomyopathy.
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Introduction

Hyperthyroidism is recognised
in the domestic cat;
It is

the most commonly occurring endocrine disorder

the incidence of which is approximately 1-2% (Fox, et al 1999).

disorder of the

a

as

thyroid gland leading to overproduction of thyroid hormones;

thyroxine (T4) and tri-iodothyronine (T3). This is usually caused by
thyroid adenoma involving
of

cases

being caused by

functional

(30%)

or

both (70%) thyroid lobes, with less than 2%

follicular

or

papillary carcinoma (Feldman and Nelson

one
a

a

2004).

Clinical Features

of Feline Hyperthyroidism

Hyperthyroidism is
years
no

(mean

breed

age,

or sex

a

disease that

can

affect cats between the

signs

predilections reported, although the Siamese breed

can

be diverse.

cardiovascular system can
cats

of four and 23

13 yrs) (Thoday and Mooney 1992, Gunn-Moore 2005). There

(Kass, et al 1999). Hyperthyroidism affects
clinical

ages

many

may

be protected

body systems and for this

be found

on

physical examination in 95% of hyperthyroid

hypertrophic cardiomyopathy (HCM), with only occasional

(DCM).

or

The most

changes similar to those

common

seen

cases

seen

murmurs

in

demonstrating

in dilated cardiomyopathy

alterations within the cardiovascular system

hyperkinetic femoral pulses (91%), systolic
and sinus

reason

It has been reported that abnormalities of the

(Santilli, et al 2000), and that most cats show changes similar to those

myocardial failure,

are

are;

(45%), gallop sounds (32%)

tachycardia (26%) (Santilli, et al 2000).
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In

an

attempt to find an accurate non-invasive diagnostic method to evaluate the

cardiovascular status of these
the

patients

many

studies have been performed to look at

electrocardiographic, echocardiographic and radiographic changes of affected

individuals.

Electrocardiographic studies have reported

a

sinus tachycardia in 20-34% of

hyperthyroid cats (Moise and Dietze 1986, Fox, et al 1993, Santilli, et al 2000) and
left ventricular
Dietze

a

enlargement pattern is noticed in 7-22% of these cats (Moise and

1986, Fox, et al 1993, Santilli, et al 2000). Various arrhythmias and

conduction disturbances have also been

reported, such

block and

right bundle branch block (Fox, et al 1993).

Cardiac

enlargement

is

frequently

apparent

on

as

left anterior fascicular

thoracic

radiography

approximately 60% of cases) (Moise and Dietze 1986, Santilli, et al 2000).
addition, changes suggestive of pulmonary oedema

or

pleural effusion

may

(in
In

also be

evident.

Echocardiographic examinations have revealed that

a

proportion of cats with

hyperthyroidism demonstrate left ventricular wall hypertrophy, interventricular
septal hypertrophy, left atrial dilatation, and
of the left atrium to the aortic diameter

increase in the ratio of the diameter

(Moise and Dietze 1986). In addition to these

changes, other authors have also reported
diameter

an

an

increase in left ventricular end diastolic

(but not left ventricular end systolic diameter), and

indices of contraction such

as

the percentage

an

increase in the

change in the ventricular diameter
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(Bond, et al 1988). This indicates that, in patients not in congestive heart failure,

hyperthyroidism is associated with

Hyperthyroidism is largely

a

or

increased inotropic state (Bond, et al 1988).

treatable disorder. Options for treatment include; oral

anti-thyroidal medication (such

thyroidectomy,

an

as

methimazole,

or

carbimazole), uni-

or

bilateral

Some cats also require concurrent

radioactive iodine therapy.

medications, most frequently to address the associated heart disease (Feldman and
Nelson

The

2004).

majority of actions elicited by T3

receptor proteins are located.

specific

genes

is affected.

appear to

By binding to these receptors, the transcription of

The type and number of

perhaps explaining the multiple changes
of

thyroid stimulation.

take place in the nucleus, where T3

seen

in

genes

affected is widespread,

organs systems

under the influence

One of the principle genetic alterations is

expression of the cardiac myosin heavy chain (MHC) isoforms. These
of two genes
shown to

al

which encode for

a

and P-MHC.

seen

are

in the

products

Thyroid hormone (T3) has been

up-regulate the production of a-MHC and down-regulate P-MHC (Tiska, et

1990). One of the effects of which is to increase the level of myosin Vi isoenzyme

and to decrease the level of

myosin V3, thereby leading to

contraction and diastolic relaxation.

upregulate include the
1994).

gene

Other genes

an

increased velocity of

which T3 has been shown to

encoding cardiac Troponin (Tn) (Averyhart-Fullard, et al

In hyperthyroid rats Tnl is upregulated at

a

transcriptional level; thus

increasing cardiac cross-bridge cycling, and thereby enhancing the force of
contraction

(Dieckman and Solaro 1990).
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In addition to these

causes a greater

during diastole, resulting in

an

In

therefore,

sarcolemmal

maintain

role in the

of calcium in the sarcoplasmic

availability results in

are

more

cross-bridge

responsible for the upregulation of Na+, K+-

and |3-isoforms resulting in an increase in the concentration of

Na+, K+-ATPase isozymes (although,

demonstrated in
to

up

enhanced force of contraction (Suko 1973).

an

addition, increased levels of T3

ATPase 0.2, 0.3,

build

enhanced relaxation. When, during systole,

this calcium is released, the increased
formation and

cardiac function in hyperthyroid cats

genetic changes, the activity of Ca2+-ATPase is increased (Suko

1973, Dillmann 1990). This
reticulum

upon

to date, this has only been

neonates) (Orlowski and Lingrel 1990). One of the actions of this is

Na+ and K+ gradients

across

the plasma membrane, playing

an

essential

electroactivity of muscle. It is thought that alterations in the expression of

these isoforms may

play

a

role in modulating myocardial function and ionotropy

(Dieckman and Solaro 1990).

Exposure of ventricular myocytes to T3 has also been shown to increase the number
of

Pi-adrenergic receptors

per

cell (Bahouth 1991). Interestingly, the number of P2

receptors remain unaltered (Bahouth 1991).
in

tachycardia and

an

increase in inotropic

Hyperthyroidism results in

an

This increase in Pi-receptors

circulation and
rate

sympathetic

of contraction and

an

result

response.

increase in tissue

oxygen

consumption, which leads to

peripheral vasodilation; and together these demand
dynamics (Dillmann 1983).

may

The overall effect of T3

an

increase in circulatory

upon

the heart, peripheral

increase in the force and

nervous system,

is to

increase in the

speed of relaxation; giving rise to the

cause an

syndrome of'thyrotoxic cardiomyopathy' (Richardson, et al 1996).
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Doppler Tissue Imaging

Pulsed-wave DTI

(pw-DTI) has received

a

lot of recent attention from cardiologists

(Garcia, et al 1996, Gavaghan, et al 1999, Schober, et al 2003). It is
measures

selected

the instantaneous

sample volume.

peak myocardial velocity

it

as

moves

a

technique that

through

The technique has excellent temporal resolution (over

300Hz) (Sutherland and Hatle 2002) and has therefore been used to
velocities within the feline
Different

beam

It is

are

measured

a

are
a

composed of longitudinal

circumferential orientation

(Streeter, et al 1969). Early experiments alluding to this relationship

(Rushmer, et al 1953, Streeter, et al 1969).

demonstrated that the fibre orientation within the feline heart is
that found both within the canine and the human heart

fibre

angles show little interspecies variation, there is

between the

were

performed

It has since been

essentially similar to

(Matre, et al 1986). While
a

slightly wider variation

angles of alignment within the feline heart (Matre, et al 1986).

Therefore, the different fibre types

longitudinal fibres from the four
fibres from

if the

as zero.

recognised that the endocardium and epicardium

canine hearts

even

similar position; velocities occurring at 90° to the Doppler

fibres, while at the mid-wall level the fibres display

on

the

assess

myocardium (Gavaghan, et al 1999, Schober, et al 2003).

echocardiographic views show different velocity profiles,

sample is aligned in

a pre¬

or

are

analysed from different angles; the

five-chamber apical view and circumferential

parasternal short and long axis views (Oki, et al 1997, Oki, et al 1999).
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assess

regional myocardial

dynamics in both people and cats with HCM (Pai and Gill 1998b, Severino, et al
1998, Gavaghan, et al 1999, Mishiro, et al 2000, Oki, et al 2000, Koffas 2003,

Koffas, et al 2005), and in people with hypertension (Oki, et al 1998, Poulsen, et al
2003) and ischaemic heart disease (Edvardsen, et al 2000, Rambaldi, et al 2003).
The

systolic velocity

phenomenon known
same

orientation

as

can

be severely depressed and late in onset, and there

post-systolic thickening (PST). In PST,

as

the S'

peak) is

seen

a

may

be

deflection (in the

during the isovolumic relaxation period

(Edvardsen, et al 2000, Rambaldi, et al 2003). In human beings, these changes
earliest

seen

a

are

by placing the sampling gate within the subendocardium, since this

layer is the first to be affected by ischaemic episodes (Rahimtoola 2001). We have
previously reported
al

a

pw-DTI pattern resembling PST in cats with HCM (Koffas, et

2005).

Previously, I have reported
untreated

Whilst echocardiographic abnormalities

hyperthyroid cats before and after treatment (Moise and

1986, Bond, et al 1988, Santilli, et al 2000); to date, there have been few

studies, in either the human
treatment

on

or

veterinary literature, evaluating the affects of medical

pw-DTI variables in thyrotoxic cardiomyopathy.

The aim of this

feline

increase in both pw-DTI S' and A' velocities in

hyperthyroid cats (Chapter 5).

have been described in
Dietze

an

study

was

to investigate the effect of carbimazole upon thyrotoxic

myocardium by comparing conventional echocardiographic measurements

(two-dimensional, spectral Doppler, and M-mode) and
of

diastolic

function

(pw-DTI,

colour

M-mode

more

advanced measurements

propagation

velocity

and
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isovolumetric relaxation
untreated
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time) in normal cats, to those recorded from treated and

hyperthyroid cats and in doing

so to

treated with carbimazole demonstrate any
when

upon

compared to either unaffected cats

ascertain whether

or not cats

being

alteration in the myocardial dynamics

or to

untreated hyperthyroid cats.
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Materials and Methods

The selection of cases,
examination

identification of systemic disease and echocardiographic

protocol used in this study

were

identical to the procedures outlined in

Chapter 3.

Grouping of the Cats

The normal cats
checks.

were

selected from first

All of these cats

opinion

presenting for geriatric health

cases

clinically healthy and

were

were

normal

on

physical

examination, including auscultation. Routine blood sampling was used to determine
that the urea, creatinine and tT4
were

concentrations, and the packed cell volume (PCV)

within the reference ranges.

found to be between 120 and 170

two-dimensional

and

The systolic blood

mmHg. Auscultation,

M-mode

echocardiographic

pressure was
a

measured and

six-lead ECG and standard

examinations

revealed

no

abnormalities.

Cats

were

nmol/1

classified

(reference

range

tT4>48nmol/l, but

hyperthyroid,

or

hyperthyroid if their

as

13-48 nmol/1)

were now

with

a

or

serum

equal to

receiving anti-thyroid medication.

history of hyperthyroidism,

disease(s),

was

were

or

exceeded 48

they had previously been shown to have

receiving medication (carbimazole) and those that
have concomitant

tT4

were

were

a

Cats found to be

then divided into those

untreated. Any cats found to

excluded from the study.
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Statistical Analysis

The statistical

analysis

was

carried out using S-Plus (version 6.2.1, 1988, 2003

Insightful Corp.

S: Copyright Lucent Technologies Inc.).

characteristics

analysed using

the binomial

were

were

data,

a

a one-way

analysis of variance (ANOVA),

or

for

Fishers exact test. The results of the echocardiographic analysis

adjusted to account for heart rate, using the root RR method, then the

measurements were

compared using

comparisons being performed using

a

a one-way

homoscedasticity of the residuals

of the

residuals

techniques (logio)
taken

as

or

the

were

variance

analysis of variance with multiple

Tukey analysis. The distribution of the

and the

was

The population

was

were

means

tested. When either the distribution

unsatisfactory, standard transformation

applied to normalise the distributions. A

p

value of <0.05

demonstrating statistical significance.
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Results
A total of 30 cats

selected.

were

hyperthyroid, but had

never

receiving medication.
excluded from the

Of these

were

classified

received medication, and 10

as

were

normal, 12

were

hyperthyroid but

However, two of the medicated hyperthyroid cats

were

study because they had not received medication for two and five

days, respectively. All the treated cats
other medications

eight

were

receiving carbimazole. There

were no

prescribed.

Population Studied

The

population characteristics

difference between the

studied.

groups
were

The

are

shown in Table 9.

weight of the cats,

age

initial

were

not

presentation

normal cats.

groups;

pressure,

significant

in the different

significantly different to the treated cats; the

significantly older than the normal cats. The respiratory rate at

was

higher in all the hyperthyroid cats when compared to the

However, there

treated and untreated

systolic blood

was no

differed in that the cats with untreated hyperthyroidism

older than the normal cats, but not

treated cats

or

There

was no

difference between the respiratory rate of the

hyperthyroid cats. The heart rate varied significantly between

the treated hyperthyroid cats demonstrating

a

significantly higher heart rate

than the normal cats.

However, there

treated

hyperthyroid cats, and the untreated hyperthyroid cats

and

demonstrated

thyroid

untreated

a

was no

significant difference between the

statistically similar heart rate to the normal

hormone

concentration

was

significantly

higher

group

of cats.

in the

hyperthyroidism (both the treated and untreated groups). There

was no

cats

The
with

significant
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tT4 concentration in the treated

The creatinine concentration

groups.

upon

was

versus

the untreated

significantly lower in the

hyperthyroid cats (both the treated and untreated cases) than in the normal cats. The
electrocardiogram revealed
inclusion

abnormalities in the normal cats (as dictated by the

criteria), however, the cats with hyperthyroidism demonstrated several

ECG abnormalities

wave

no

(n=9),

a

(Table 9); these included

an

increase in the amplitude of the R

left anterior fascicular block pattern (n=4), and various arrhythmias

(n=2).

Echocardiographic Examination

The results of the

analysis of variance in the echocardiographic measurements

presented in Table 10. Multiple comparisons

were

demonstrated

groups

a

significant difference between

The two-dimensional

atrial

diameter,

or

the aortic diameter.

differences in the left

group

an

of cats.

increase in the thickness of the free

hyperthyroid cats compared to the normal cats, during both

systole and diastole, and

no

no

increased in both the treated and untreated hyperthyroid

The M-mode measurements demonstrated

during systole in the

each variable that

However, the thickness of the basilar

of cats, when compared to the normal

wall in the untreated

on

(Figure 14).

echocardiographic analysis revealed

interventricular septum was
groups

performed

are

an

increase in the thickness of the interventricular septum

same group.

Whilst the treated hyperthyroid cats demonstrated

significant difference from the untreated hyperthyroid cats, this

group

only
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significant increase in the thickness of the free wall during systole

compared to normal cats.

decreased in all the

The colour M-mode propagation velocity

hyperthyroid cats compared to the normal

group

was

of cats,

however, this only reached significance in the untreated cats.

The

spectral Doppler analysis demonstrated significant differences in the velocity of

flow within the aorta.

hyperthyroid cats had

Multiple comparisons demonstrated that the untreated
a

higher aortic velocity than either the normal

hyperthyroid cats, and that the treated hyperthyroid cats demonstrated
velocity than the normal cats. A similar relationship
the

treated

higher aortic

evident in the analysis of

However, the velocities recorded from the untreated

pulmonic flow.

hyperthyroid cats

was

a

or

were not

significantly higher than those recorded from the treated

hyperthyroid cats.

The transmitral flow demonstrated
and late diastolic

significant variation in both the early diastolic (E)

(A) flow velocities.

In both

cases

this

was

associated with

a

significantly higher velocity in the untreated hyperthyroid cats when compared to the
normal cats.
untreated

The

The

trans-tricuspid A

demonstrated

a

similar increase in the

hyperthyroid cats compared to the normal cats.

only pulmonary

between groups was

all the

wave

venous

flow variable to demonstrate

the velocity of the atrial reversal

wave.

a

significant variation

This

was

increased in

hyperthyroid cats (both treated and untreated groups) when compared to the

normal group
reversal

of cats.

However, there

was no

velocity between the two hyperthyroid

significant difference in the atrial

groups.
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When

compared with the normal

demonstrated
free wall

group

the
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of cats, the untreated hyperthyroid cats

significantly higher velocities within the radial myocardial fibres of the

(assessed from both the right parasternal long and short axis views) during

systole (S') and late diastole (A'). There
treated

upon

were no

significant differences between the

hyperthyroid cats and the normal cats, although the A' velocity assessed from

right parasternal long axis view,

hyperthyroid cats than it

The untreated

was

was

significantly higher in the untreated

in the treated hyperthyroid cats.

hyperthyroid cats demonstrated significantly elevated S' and A'

velocities in the

longitudinal fibres of the interventricular septum, at the level of the

mitral annulus

(when assessed from the apical four chamber view) compared to the

normal group

of cats.

The treated and untreated hyperthyroid

significantly different from
treated

one

groups were not

another at either of these points.

hyperthyroid cats demonstrated

site, when compared to the normal cats.

a

However, the

significantly elevated A' velocity at this
The A' velocity, assessed from the

view, but at the level of the mid-interventicular septum, demonstrated
decrease in the untreated

cats, and a
normal cats.

a

same

significant

hyperthyroid cats compared with the treated hyperthyroid

significant increase in the treated hyperthyroid cats compared to the
The velocities recorded in the untreated

hyperthyroid cats

were

not

significantly different from those recorded in the normal cats.

Four cats demonstrated PST within the

longitudinal fibres, at the mid lateral wall

level

(when assessed from the left apical four chamber view). All four of these cats

were

hyperthyroid, two

mean

velocity of PST in the treated hyperthyroid cats

were

receiving medication and two
was

were

untreated.

The

0.05m/s, whereas in the
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untreated
there

were

hyperthyroid cats the
only four cats,

no

mean

velocity

statistical analysis

was

was

upon
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0.085m/s.

However, because

performed in these results.
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Discussion
I

found

no

evidence

that

carbimazole

negatively affects thyrotoxic

myocardium. All of the echocardiographic variables that demonstrated
between the normal cats and the treated
towards
the A'

a

difference

hyperthyroid cats, also demonstrated

similar variation in the untreated

a

trend

hyperthyroid cats; with the exception of

velocity within the longitudinal fibres at the mid-interventricular septum. The

variation at this
in

a

feline

some

within

point

was

of the untreated

the

thought to have occurred due to abnormally low velocities
hyperthyroid cats, rather than

myocardium.

concentration

as a

result of toxic changes

These results suggest that with

following

administration

carbimazole

decrease in tT4

a

there

is

restoration

of

myocardial function, with echocardiographic variables approaching those in normal
cats, even before a

euthyroid state is achieved.

Population Characteristics

The group
was

characteristics demonstrated

significantly

younger

that

variation. The normal

than the untreated hyperthyroid

beings, it has been shown that there is
age

some

a

group.

group

of cats

Whilst, in human

correlation between pw-DTI velocities and

(Yamanda, et al 1999, Munagala, et al 2003); I have previously demonstrated
in

normal

geriatric cats,

age

does not significantly affect

echocardiographic variables measured (Chapter 3).
cats I found that

any

of the

Furthermore, in hyperthyroid

only the S' velocity recorded from the right parasternal short axis

view demonstrated

a

significant variation with

age

(Chapter 3).

Therefore, the
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discrepancy in
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between the normal and untreated hyperthyroid cats should have

age

impact

on

the results of this study.

respiratory rate at initial presentation

was

significantly higher in the

hyperthyroid cats, compared to the normal cats. It did not differ between the two
groups

of hyperthyroid cats. Respiratory abnormalities (including tachypnoea) have

previously been reported in hyperthyroid cats (Thoday and Mooney 1992).
Hyperthyroidism is known to increase sympathetic stimulation (Dillmann 1983,
Hammond 1987, Bahouth 1991,
rate

is

likely to be

The heart rate

a

was

the normal cats.

Burggraaf, et al 2001), and the increased respiratory

result of this.

significantly higher in the treated hyperthyroid cats, than it

was

Interestingly, the untreated hyperthyroid cats demonstrated

in
no

significant difference in the heart rate compared to the normal cats. However, the
heart rate of the treated
untreated group

diagnosed
It may

as

hyperthyroid cats

was not

The treated cats had previously been

of hyperthyroid cats.

hyperthyroid and placed

on

medication prior to taking part in the study.

therefore have been, in part, the

alerted the

presence

of

a

relative tachycardia which

referring veterinarians to the underlying thyroid problem; whereas the

untreated

hyperthyroid cats

time

presentation for the study.

of

significantly higher than that of the

were

diagnosed

as

suffering from hyperthyroidism at the

Tachycardia is reported in 26-62% of

hyperthyroid cats (Thoday and Mooney 1992, Santilli, et al 2000), however,
according to the criteria used in these studies,
study

were

none

of the cats included in the current

actually tachycardiac (heart rate>240bpm).
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Surprisingly, the

serum

concentration of tT4

the treated and untreated

hyperthyroid

generally, the treated

of cats

a

slightly lower

group

serum

was not

groups

were not

of cats.

This would imply that,

being medicated adequately. There

tT4 concentration within the treated

fully evaluate the affect of (successful) treatment
variables that I assessed, it is

means

was

of hyperthyroid

range

that I

(97.8 nmol/1,
was

unable to

the feline echocardiographic

upon

perhaps serendipitous,

(carbimazole [5mg given

group

reference

13-48 nmol/1). Whilst this discrepancy

affect of medication

cardiac function in hyperthyroid cats

significantly different between

cats, but the mean tT4 was still well outside of the
reference range

upon

it allows

as

8-12hrs])

every

us to assess
upon

the

the feline

myocardium without full resolution of the thyrotoxic state.

creatinine concentration

The

serum

cats

compared to the normal

was

group

decreased in both the

of cats. I had excluded

with biochemical evidence of CRF. It has
cats

are

prone to

2004), which
concentration
concentration

weight loss and

causes

an

any

groups

of

hyperthyroid cats

previously been reported that hyperthyroid

increased catabolic state (Feldman and Nelson

muscle wastage, decreasing the total body creatinine

(Barber and Elliott 1996). In addition,
has

hyperthyroid

a

decreased

serum

creatinine

previously been described in human beings and cats with

thyrotoxicosis (Barber and Elliott 1996, Verhelst, et al 1997, Jayagopal, et al 2003).
This is

thought to result from

an

increased glomerular filtration rate in these patients

(Barber and Elliott 1996, Verhelst, et al 1997). Either,
may

be responsible for the decreased

serum

or

both, of these mechanisms

creatinine concentrations in the

hyperthyroid cats in the current study.
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Electrocardiographic Analysis

Electrocardiographic changes
75% of the cats

that

a

frequently in the hyperthyroid cats, with

were seen

demonstrating abnormalities

left ventricular

on

their ECG. Previous reports suggest

hypertrophy pattern is present in 7-49% of hyperthyroid cats

(Peterson, et al 1982, Moise and Dietze 1986, Fox, et al 1993, Santilli, et al 2000)
and

a

LAFB has been

Fox, et al 1993).

reported in approximately 2-8% of cases (Peterson, et al 1982,

I identified

a pattern

(R-wave elevation) in 45% of cases and
also

consistent with left ventricular hypertrophy
a

LAFB in 20% of cases. Arrhythmias

are

recognised in hyperthyroidism, with atrial premature complexes (APCs) being

reported in 2-11% of
reported in 2-4% of

cases,

cases

and ventricular premature complexes (VPCs) being

recognised APCs in 5% of cases, and VPCs in
abnormalities

Similarly, I

(Peterson, et al 1982, Fox, et al 1993).

recognised in hyperthyroidism

a

further 5% of cases. The conduction

are

hypothesised to be the result of

myocardial fibrosis (Liu, et al 1984).

Variations between Normal and

I

have

previously

reported

Hyperthyroid Cats

echocardiographic

abnormalities

hyperthyroid cats (Chapter 5). In that study I compared several
cats with different forms of

the

thickness

of the

cardiomyopathy. I demonstrated

basilar

interventricular

a

in

groups

untreated

of untreated

significant increase in

septum (assessed from the right

parasternal long-axis view) and the left ventricular free wall (assessed by M-mode).
The

velocity of flow within the aorta and pulmonary artery

was

significantly
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as was

the atrial component

(A wave). The pw-DTI analysis revealed increases in the S'

velocity within the free wall (assessed from both the long and short axis views), the
A'

velocity within the free wall (assessed from the right parasternal long axis view)

and within the interventricular septum, at
from the left

apical four chamber view).

untreated cats

were

assessed in this

between the untreated

arose

the level of the mitral annulus (assessed
Whilst the

study, there

same groups

were some

of normal and

additional variations

hyperthyroid cats and normal cats. This apparent discrepancy

from the inclusion of fewer groups

of cats, and with this less data spread.

Therefore, in addition to the changes reported previously, the current study
demonstrated

significant increases in the M-mode measurement of systolic wall

thicknesses, with both the free wall and interventricular septum being increased in
the untreated

hyperthyroid cats compared to the normal cats.

consistent with those

reported previously and suggest that there

diastolic abnormalities in

These changes
are

are

both systolic and

hyperthyroid cats (Moise and Dietze 1986, Bond, et al

1988).

Colour M-mode

In

addition to

Propagation Velocity

conventional M-mode

propagation velocity (Vp). I
in

the

untreated

was

analysis, I assessed the colour M-mode

able to demonstrate

a

significant decrease in the Vp

hyperthyroid cats compared to the normal cats. In healthy

catheterised cats, it has

previously been found that Vp is inversely related to

t

(Schober, et al 2003). In human beings, it has been demonstrated that during both
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asynchronous contraction (engendered by acute myocardial

ischaemia) this correlation remains; suggesting that Vp is independent of cardiac
geometry but is in fact responding to changes in wall motion (Stugaard, et al 1993).
The

asynchronous wall motion observed in

many

disease states, reduces Vp,

independent of mitral inflow (Brun, et al 1992, Stugaard, et al 1993, Moller, et al
In the current study, the significant decrease in Vp in the untreated

2000).

hyperthyroid cats

Pulsed-wave

may

therefore suggest that ventricular asynchrony is present.

Doppler Tissue Imaging

The untreated

hyperthyroid cats demonstrated increased S' and A' velocities within

the radial fibres of the free wall
short axis
chamber
These

(assessed from both the right parasternal long and

views), and in the longitudinal fibres (assessed from the left apical four

view) within the interventricular septum (at the level of the mitral annulus).

findings

are

similar to those reported previously (Chapter 5), when I

hypothesised that the increase in S' velocity

may

reflect

an

increase in the beta-

receptor density; a strong relationship between S' and p-receptor density having been

reported previously (Shan, et al 2000).
increase with

However, E' velocity is also reported to

p-receptor density (Shan, et al 2000).

It is known that, in human

beings, E' decreases with worsening diastolic function (Oki, et al 1997, Sohn, et al
1997, Ommen, et al 2000) and that E' is decreased in cats with HCM (Gavaghan, et
al 1999, Koffas, et al

2005).

However, I demonstrated

between the E' velocities in the normal and

no

hyperthyroid cats.

significant difference
The increase in A'

velocity at multiple sites normally suggests diastolic dysfunction (Oki, et al 1997,
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Oki, et al 1998). However, in such an event one would normally expect the E' to be

decreased, unless,

as

in human beings, this variable is also increased due to the

increased number of beta-receptors
decrease

in

E'

velocity.

(Shan, et al 2000), thereby negating the expected

Alternatively, it has been hypothesised that in the
•

9+

•

hyperthyroid heart, the activity of Ca -ATPase is increased. This
build up

of calcium in the sarcoplasmic reticulum during diastole, resulting in

enhanced relaxation.

availability results in
of contraction

an

When, during systole this calcium is released, the increased
more

cross-bridge formation and therefore,

an

enhanced force

(Suko 1973).

The radial fibre S' and A' velocities within the free wall
whereas

causes a greater

were

significantly elevated,

only the velocity of fibre motion within the interventricular septum at the

level of the mitral annulus

was

affected when

longitudinal fibre motion

was

assessed.

The increases in S' and A' demonstrated in

hyperthyroid cats support the

of

Asynchronous contraction is reported in

asynchronous contraction in this

group.

occurrence

people and cats with HCM (Pai and Gill 1998b, Mishiro, et al 2000, Oki, et al 2000,
Cardim, et al 2003, Koffas, et al 2005) but has not previously been demonstrated in

hyperthyroidism.

Variations Between the Treated and Untreated

Hyperthyroid Cats

The treated

significant lowering of the

hyperthyroid cats demonstrated

concentration

compared to the untreated

tend to be lower in this group,

no

group

of cats; however, the

serum

serum

which included two euthyroid cats. This

tT4

tT4 did

group

of cats
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generally demonstrated similar findings to those reported in the untreated

frequently the measurements from this

hyperthyroid cats, although,
demonstrated

wide

confidence

intervals

and

failed to

demonstrate

group

significant

differences from the normal group.

The only significant variations between the

treated and untreated

were

hyperthyroid cats

the velocity of flow within the aorta, the

A' velocities measured within the radial fibres of the free wall

(assessed from the

right parasternal long axis view only) and within the mid-interventricular septum
(assessed from the left apical four-chamber view). In addition, the velocity of PST
within the

longitudinal fibres of the apical lateral wall

was

lower in treated cats than

in the untreated cats.

The aortic

velocity

was

significantly higher in both the treated and untreated

hyperthyroid cats, compared to the normal cats,
in

the

untreated

as

well

as

being significantly higher

hyperthyroid cats than in the treated cats.

interventricular septum was

The basilar

significantly thicker in both the untreated and treated

hyperthyroid cats when compared to normal cats. Increased aortic velocity is usually
the result of either outflow tract

1999),

or, as may

be the

case

obstruction, increased systolic function (Fox, et al

in the current study,

a

combination of both of these

factors.

The A'

velocity recorded from the right parasternal long axis free wall

was

significantly lower in the treated hyperthyroid cats than in the untreated hyperthyroid
cats.

At this

site, the treated hyperthyroid cats demonstrated an A' velocity similar to

the normal cats.
treated

In

addition,

hyperthyroid cats

were

none

of the radial fibre velocities recorded from the

significantly different to those recorded in the normal

213

Chapter 6: The effects of treatment

This may suggest

cats.

to

upon

cardiac function in hyperthyroid cats

that, with treatment, circumferential function is restored prior

longitudinal function.

It is

perhaps notable that the A' velocity within the longitudinal fibres, at the mid-

interventricular septum, was not
whilst it

was

increased in untreated cats compared to normal cats,

increased in treated cats

compared to both normal cats and untreated

hyperthyroid cats. Since the A' velocity at the other sites
the

was

typically increased in

hyperthyroid cats compared to the normal cats, it is surprising that at this

particular site, the untreated cats demonstrated

Within the

hyperthyroid

demonstrated

a

groups

decreased S'

a

of cats there

decreased A' velocity.

were some cats

velocity followed by

a

identified which

late systolic excursion. This

pattern is thought to resemble PST, a phenomenon reported in human beings and
associated with

myocardial infarction (Edvardsen, et al 2001, Rambaldi, et al 2003).

Notably, this pattern
within the

in

any

of the normal cats, and occurred only

longitudinal fibres of the lateral wall in the hyperthyroid cats. It is known

that in human

velocities, is
et al

was not present

beings the sub-endocardium, and therefore the longitudinal fibre

more

sensitive to hypoxia than other

areas

of myocardium (Edvardsen,

2000, Rahimtoola 2001, Rambaldi, et al 2003). The velocity of PST thickening

at the

apical lateral wall appeared to be decreased in treated hyperthyroid cats

compared to untreated hyperthyroid cats.
induced

in

(previously

normal)

cats

disappearance of PST. The myocardium

In

and

an

experimental study, PST

ischaemia

maintained

until

then allowed to reperfuse, and

was

the

as

this

happened the PST returned. The time taken for 'reperfusion-PST' to disappear

was

was

correlated to the duration of occlusion and the extent of

myocardial necrosis (Song,
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2003). The reduction in the velocity of PST in treated hyperthyroid cats

therefore infer that there

was

increased

may

perfusion of affected myocardial segments in

this group.

Limitations

I

was

able to demonstrate

the treatment of
return to

an

improvement in

many

echocardiographic variables with

hyperthyroidism. However, the treated cats rarely demonstrated

completely normal function.

treated cats remained

determine whether

hyperthyroid.

or

not

This is probably because,

as a group,

a

the

Therefore, from the current study, I cannot

cardiac function is normalised with

a

return to

the

euthyroid state.

The untreated group
cats.

of hyperthyroid cats

were

significantly older than the normal

Previously, I have demonstrated that in normal geriatric cats there is

significant relationship between

(Chapter 3).
between age

age

and

any

no

of the pw-DTI velocities studied

However, in hyperthyroid cats, there is

a

significant relationship

and the S' velocity within the free wall assessed from the right

parasternal short axis view (Chapter 3). Therefore, it would be expected that at this
point the S' velocity would be increased in the hyperthyroid

acting

as a

group

if

age

had been

significant confounding factor. In the current study, the S' within the

radial fibres of the free wall

However, the S'

was

was

increased in the untreated

hyperthyroid cats.

also increased at other sites within the myocardium, at which
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of the cat demonstrated previously

(Chapter 3).

This

study

was

hyperthyroid

limited by the small sample size.

The normal and treated

each comprised only eight cats.

Demonstrating significant

groups

variations between such small groups can

be problematic.

Furthermore, I have

previously demonstrated that the variability in measurement of pw-DTI velocities is
approximately 20% (Chapter 2). Poorly repeatable variables will demonstrate wide
confidence intervals and therefore, the differences must be marked in order to
demonstrate

significant variations.

demonstrated several
in feline

However, in light of these limitations, I

significant variations, suggesting that there

are

marked changes

thyrotoxicosis.

In the future

a

longitudinal study assessing the alteration in pw-DTI velocities in

hyperthyroid cats, treated until

a

euthyroid state is achieved, is warranted.

Unfortunately, of the cats in the current study, at the time of writing, eight cats had
been

euthanised, three

were

lost to follow-up, three

were

not receiving any

medication, two had undergone thyroidectomy and four had developed other

significant disease(s).

Of the two cats that underwent thyroidectomy,

reassessed four months post-surgery.
case

the

one was

It is perhaps interesting to note, that in this

Vp had increased from 17.73cm/s to 30.82cm/s, and the S' velocities

recorded from the lateral wall

demonstrated

a

mitral annulus

(imaged from the left apical four chamber view)

decrease from 0.14m/s to 0.05m/s and from the lateral aspect

of the

(also imaged from the left apical four chamber view) demonstrated

decrease from O.lm/s to 0.04m/s. All of the other

a

pw-DTI S' and A' velcoties which
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remained unchanged.

or

However, in order to fully assess the affects of medication upon thyrotoxic

myocardium,
group

a

follow-up study is required, where the myocardial velocities in

a

of adequately treated hyperthyroid cats will be assessed.

Conclusions

I found

no

evidence that carbimazole

imposes toxic effects

upon

the thyrotoxic feline

myocardium. All of the echocardiographic variables that demonstrated
between the normal cats and the treated
similar variation in the untreated

a

difference

hyperthyroid cats also demonstrated

hyperthyroid cats (with the exception of the A'

velocity within the longitudinal fibres at the mid-interventricular septum).
variation at this
in

some

point

within the treated
tT4 concentration

The

thought to have occurred due to abnormally low velocities

was

of the untreated

a

hyperthyroid cats, rather than

as a

result of toxic changes

hyperthyroid cats. These results suggest that with

a

decrease in

following carbimazole administration, there is restoration of

myocardial function, with echocardiographic variables approaching those in normal
cats, even before a

In

the

euthyroid state is achieved.

addition, I documented

a

decrease in the colour M-mode propagation velocity in

hyperthyroid left ventricle. This finding is thought to represent asynchronous

relaxation in humans

ventricular

(Stugaard, et al 1993, Moller, et al 2000) and

may

suggest that

asynchrony exists in the hyperthyroid cat.
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pattern similar to PST in eight of the twenty hyperthyroid cats. There

four cats that demonstrated PST at the mid-lateral wall within the

fibres. The

velocity of this PST

was

decreased in the two cats with treated

hyperthyroidism compared to the two untreated cats.
changes in cats,

as

longitudinal

If PST represents similar

have been described in human beings, this would imply that with

carbimazole treatment the feline

myocardium is less

prone to

hypoxic changes.

Generally, the treated hyperthyroid cats demonstrated less variation from the normal
cats, compared to the untreated
use

of carbimazole alone

hyperthyroid cats. Hence, this study suggests that the

improves the function of the feline myocardium in

thyrotoxic cardiomyopathy.
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Figure 14: Multiple comparisons by the Tukey method
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Chapter 7
The clinical

application of pulsed-wave Doppler tissue imaging

and colour M-mode

propagation velocity for the assessment of

left ventricular relaxation

In human

beings it has been shown that while conventional echocardiographic

estimates of diastolic function

give

an

estimate of ventricular relaxation and compliance,

factors that
the

(transmitral and pulmonary

can

affect them.

flow patterns)

can

number of confounding
diagnoses based

on

Therefore, investigators have attempted to

identify alternative techniques that will give
These

a

This has made it difficult to make

analysis of these flow patterns.

variable conditions.

venous

a

better estimate of

x

and dV/dP under

techniques include the measurements of isovolumic

relaxation time, colour M-mode

propagation velocity, and pw-DTI estimates of

diastolic velocities.

The

aim

of this

study

was

to compare

pw-DTI velocities to conventional

echocardiographic assessment of diastolic filling in various disease states in geriatric
cats, in order to further validate the use of
use

in the

then

pw-DTI

as an

investigative modality for

approximation of diastolic function (and dysfunction) in the cat. This will

provide

a

reference for the clinical investigation of myocardial disease in this

species.
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Abstract

Diastolic

dysfunction has been shown to play

in human

an

important role in myocardial disease

While Doppler assessments of left ventricular filling variables

beings.

have been used to estimate diastolic function, these methods are load sensitive and as
such differentiation between the normal and

pseudonormal state

can

be problematic.

Therefore, Doppler tissue imaging (DTI) techniques have also been used in human

beings to

diastolic function since, at least in the diseased state, these

assess

measurements appear

The aim of this

relatively load insensitive.

study

was to compare

pulsed-wave DTI velocities to conventional

echocardiographic assessment of diastolic filling (transmitral and pulmonary
flow

venous

patterns) in geriatric cats with normal cardiac function, and those with various

degrees of diastolic dysfunction.

A total of 80 cats

or

were

older and had

included in the

presented for

analysis. All of the cats

aged eight

were

years

variety of problems including hypertrophic

a

cardiomyopathy, hyperthyroidism, hypertension, diabetes mellitus, chronic renal
failure,

or

for routine health checks.

The cats

were

grouped

transmitral E:A ratio and the ratio of transmitral A to

reversal flow,

than

less than

A:Ar of greater

one

and

an

relaxation; cats with
one were

a

classified

a

as

one were

classified
than

as

a

normal; cats with

one were

normal relaxation pattern,

or

venous

atrial

transmitral E:A and

classified

transmitral E:A of greater than one and

pseudonormal

the basis of their

pulmonary

according to the following criteria: Cats with

A:Ar ratio of greater

on

as

an

an

an

E:A ratio of

having impaired
A:Ar of less than

restrictive. Of these 80 cats, 21 demonstrated

51 demonstrated

a pattern

consistent with impaired
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relaxation and

eight demonstrated either

a

pseudonormal (n=4)

or

restrictive filling

pattern (n=4), these last eight cats were analysed as one group.

I demonstrated that cats

and that the
In

seen

in human beings,

changes observed using the different methods demonstrated

addition, I

in the cat,

display all of the diastolic patterns

was

able to describe

a

concurrence.

variety of methods of assessing diastolic function

and the suitability of these methods of assessment in a group of aged

felines.

This

study provides evidence that the human classification system and the previously

described methods of determining

function in the cat and
disease in this

diastolic function

thereby provides

an

can

be used to

assess

myocardial

extra tool for the diagnosis of myocardial

species.

224

Chapter 7: Assessment of diastolic function in the cat

Introduction

In the last two

role

in

decades, diastolic dysfunction has been recognised

as

playing

a

major

producing the symptoms of heart failure (Nishimura, et al 1989a).

Approximately

one

third of people with congestive heart failure have normal systolic

function, and it is thought that their symptoms are due to diastolic dysfunction

(Nishimura, et al

1989b).

Furthermore,

abnormalities have been shown to

in

many

disease

diastolic

precede systolic dysfunction (Nishimura, et al

1989b). Diastolic dysfunction acts to increase left ventricular
blood

states

entering the ventricle. In turn, this increases the

pressure

pressure per

unit of

in the left atrium and

ultimately in the pulmonary circulation, leading to signs of left-sided congestive
heart failure

(Nishimura, et al 1989a). Compensatory mechanisms

volume of blood

forward

failure,

filling the heart, leading to
even

in the

presence

a

may

decrease the

decreased cardiac output and signs of

of normal systolic function (Nishimura, et al

1989a).

Traditionally, assessment of diastolic function

was

performed in

a

catheterisation

laboratory. However, in 1982, Kitabatake speculated that Doppler echocardiography
could be used for the non-invasive assessment of left ventricular diastolic

(Kitabatake,

et

echocardiographic

al

1982).

methods

When

investigators

first

began

to

filling

describe

of assessing the interventricular pressure-volume

relationship, they studied the velocity of blood flow

across

the mitral valve.

However, the measurements obtained represent global ventricular filling where the
rate of flow

though the mitral valve is altered by both changes in ventricular

compliance and the rate of ventricular relaxation (Nishimura and Appleton 1996).
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With the realisation that transmitral flow

assessing diastolic function,
different

numerous

represented

a

non-invasive method of

studies have investigated the effects that

physiological conditions and disease states

can

have

They found that although transmitral flow generally demonstrated
with invasive measurements, these patterns are
conditions
al 1990,

these variables.

on
a

fair correlation

subject to alteration under

a

variety of

(Choong, et al 1987, Smith, et al 1989, Stoddard, et al 1989, Nishimura, et

Appleton, et al 1991, Schober and Luis Fuentes 2001a).

Studies have been

performed in which left ventricular

patterns were recorded simultaneously.

preload results in

a

pressure

and transmitral flow

These demonstrated that

decreased E velocity and prolongation of the E

a

wave

reduction in
deceleration

time, without corresponding changes in the A wave (Choong, et al 1987, Stoddard, et
al 1989, Nishimura, et al
increased E

velocity,

deceleration time

an

1990); whereas,

an

increase in preload results in

increased A velocity, and

a

decrease in the E

(Stoddard, et al 1989, Nishimura, et al 1990).

x

(Choong,

1987, Stoddard, et al 1989).

Attaining tracings that
inherent difficulties.

then

wave

A decrease in

preload is able to alter the E:A ratio without corresponding alterations in
et al

an

changes to

a

valid representation of transmitral flow has its

own

Initially, flow through the mitral valve is directed centrally but

posterolateral orientation. This angle of alteration becomes

obtuse with ventricular
best corrected

are a

enlargement, making accurate alignment

by looking for smooth sharp envelopes with

even

a near

more

harder. This is

linear downward

slope, and listening for the best flow signal (Appleton, et al 1997). Additionally, at
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high heart rates the two waveforms

may

become summated, making interpretation

impossible.

These diastolic
mitral

filling patterns

are not a

direct

velocity and its respective gradients

between

are

measure

of diastolic function. Since

determined by the complex interplay

multiple factors, assumptions made with respect to compliance and

relaxation should be
modalities

are

now

interpreted with caution.

considered

For this

reason,

other diastolic

alongside mitral inflow in order to gain

a

better

oversight into cardiac dynamics.

With the

growing interest in Doppler derived indexes of diastolic function,

pulmonary

flow patterns have been studied extensively and variables

venous

affecting these flow patterns have been described. Normal pulmonary
can

be divided into

one or

two

venous

systolic peaks of forward flow, followed by

a

flow

diastolic

component, also demonstrating forward flow, and a negative peak representing atrial
reversal

flow

pulmonary

venous

mitral flow,
most

flow is not

pulmonary

importantly, it is

pulmonary
and

(Smiseth, et al 1999, Appleton, et al 2000).

an

venous

easy

venous
an age

and

or

numerous

dependant measurement: As
a greater

2001a).

an

criteria.

individual

Perhaps
ages,

the

systolic than diastolic flow velocity,

velocity of the atrial reversal

Schober and Luis Fuentes

prolonged relaxation

greatly with sampling site. Like

flow is influenced by

flow patterns show

increase in the

can vary

Measurement of

wave

(Klein and Tajik 1991,

It has been suggested that this

may

be due to

relaxation abnormalities in older patients (Klein and Tajik

1991).
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Loading conditions

can

also affect pulmonary

venous

flow velocities. A decrease in

preload has been shown to decrease the height and duration of the atrial reversal
flow, and increase the deceleration time of diastolic forward flow.
some

In addition, in

individuals, the systolic signal may become biphasic (Nishimura, et al 1990,

Hoit, et al 1992, Appleton 1997). An increase in preload has the opposite effect on
the atrial reversal flow; both

systolic and diastolic flow velocities increase and their

deceleration times shorten.

An increase in afterload has been shown to have the

same

effects

pulmonary
averaged

as

an

venous
over

increase in

preload (Nishimura, et al 1990).

Importantly,

flow is altered by respiration. Measurements should therefore be

several cardiac cycles and preferably recorded during

apnoea

(Appleton, et al 1997).

Diastolic forward flow reflects the

early transmitral flow.

The peak pulmonary

venous

diastolic flow

human

beings. Once the mitral valve has opened, the left atrium acts

approximately 50msec after peak E

occurs

conduit' and blood from the

wave

velocity in
as

'an

open

pulmonary veins flows directly into the left ventricle.

Therefore, peak E wave velocity and duration are dependent upon the same factors as
the

pulmonary

venous

flow diastolic component (Keren, et al 1985, Klein and Tajik

1991, Schober, et al 1998).

Atrial contraction increases the pressure
the

pulmonary-atrial

atrium into the

pressure

in the left atrium and in doing

so reverses

gradient, the result of which is flow from the left

pulmonary circulation; termed the atrial reversal flow. This is not

directly comparable to the forward atrial flow (A wave) since there is
in the orifice sizes

a

discrepancy

(Nishimura, et al 1990). However, if the left ventricular

pressure
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is raised the pressure

in the left atrium needs to be greater to achieve the

velocity of forward flow. This is reflected in the pulmonary
atrial reversal is

relatively

has the

opposite effect.

reversal

wave

Hatle

more

wave are

an

increase in preload both pulmonary atrial

increased

1993). The duration of the pulmonary

compared with the duration of mitral A
reversal

wave

wave

(Nishimura, et al 1990, Rossvoll and
venous

atrial reversal

wave

has been

then left ventricular

is increased (Keren, et al 1985, Rossvoll and Hatle 1993). Since

significant decrease in ventricular compliance is not believed to
ratio may

wave

flow. It has been found that if the atrial

exceeds the duration of the mitral A

diastolic pressure

flow and the

pronounced. An increase in ventricular compliance

If there is

and mitral A

venous

be less

age

occur

dependent then other indexes of pulmonary

venous

a

with aging this
or

mitral flow

(Appleton 1993, Klein, et al 1998). Furthermore, the ratio of transmitral A
pulmonary

same

wave

to

atrial reversal duration has previously been shown to be useful in

assessing the severity cardiac disease (Abdalla, et al 1998).

Isovolumic Relaxation Time

An estimate of IVRT

view

can

(IVRT)

be measured from the left ventricular five chamber

apical

(Appleton, et al 1997). Since this is the time between aortic valve closure and

mitral valve

opening it is

IVRT is determined

necessary to

simultaneously record both events. Since the

primarily by the timing of the mitral valve opening and,

therefore, the atrioventricular

pressure

gradient, its duration is influenced by both left

ventricular relaxation and left atrial pressure

(Appleton, et al 1988, Nishimura, et al

1989b). It has been demonstrated that IVRT is

a

good reflection of x during changes
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in

contractility, but this correlation is lost when there

are

alterations in preload

(Myreng and Smiseth 1990). Furthermore, IVRT is heart rate dependant (Schmitz, et
al

2003).

Although these non-invasive indexes
and

can

give

us an

estimate of ventricular relaxation

compliance, the number of confounding factors that

difficult to make

diagnoses based

on

can

affect them has made it

these results and investigators have attempted to

identify alternative techniques that will give

a

better estimate of

x

and dV/dP under

variable conditions.

Colour M-mode Flow

In 1992, Brun

alternative

Propagation

first described the

measure

over

apical four-chamber view;

of the mitral valve and

beings (Brun, et al 1992).

a

a

colour Doppler sector is positioned

ventricle, then

colour M-mode

a cursor

is placed through the

recording taken.

describing this technique then measured the gradient of the E
compared this to mitral E

wave

are

Early

wave

papers

front and

analysis and cardiac catheterisation measurements

(Brun, et al 1992). The slope measured by Brun is not uniformly

Today, there

as an

propagation of flow through the mitral valve orifice. It is

the mitral valve and into the left

centre

of colour M-mode flow propagation

of left ventricular relaxation in human

This method records the

measured from the

use

three different techniques used to

measure

seen

in all

cases.

colour M-mode

propagation velocity (Vp) (Stoddard, et al 1994, Takatsuji, et al 1996, Garcia, et al
1998).

However,

a

recent paper comparing these techniques recommended the
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method of Garcia and

colleagues (Garcia, et al 1998, Sessoms, et al 2002). This

technique has been refined
filling

wave

so

that the slope of the first aliasing velocity of the early

is measured from the mitral valve plane, four centimetres distally into

the left ventricular

cavity (Garcia, et al 1997, Garcia, et al 1998). The advantages of

using colour M-mode analysis is that it provides both good temporal and spatial
resolution.

In human

beings, colour M-mode flow propagation generally demonstrates

correlation with transmitral results in normal
heart disease and

it is

a

patients.

pseudonormal flow patterns the Vp

relatively pre-load insensitive

measure

a

good

However, in patients with

was

decreased, suggesting that

of diastolic function (Takatsuji, et al

1996). In addition, in catheterised patients, it has been shown that Vp is inversely
related to

x.

During both beta-blockade and asynchronous contraction (engendered

by large acute myocardial ischaemia) this correlation remains; suggesting that Vp is

independent of cardiac geometry but is in fact responding to changes in wall motion
(Stugaard, et al 1993).
states,

The asynchronous wall motion observed in

including myocardial

many

disease

infarction, dilated cardiomyopathy (DCM) and

hypertrophic cardiomyopathy (HCM), reduces Vp, independent of mitral inflow
(Brun, et al 1992, Stugaard, et al 1993, Moller, et al 2000).

The correlation between
conclusion

that

Vp

was

Vp and

x

during dobutamine infusion, led Brun to the

independent of preload (Brun, et al 1992).

This

independence has since been demonstrated in both animal and human models and it
has been found that ventricular relaxation is the main determinant of
of

Vp in

a

variety

loading conditions (Garcia, et al 1999, Garcia, et al 2000, Moller, et al 2000). The
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Vp is therefore not the equivalent of the transmitral E velocity.
between these two variables is
the acceleration of flow
vortices that

Since

a

thought to be due to the formation of vortices during

through the mitral annulus. It is the propagation of these

major role in determining Vp (Vierendeels, et al 2002).

Vp does not undergo pseudonormalisation, the ratio of these variables (E/Vp)

corrects

an

play

The difference

for the effect of left ventricular relaxation.

estimation of

studies in human

capillary wedge

pressure

Therefore, E/Vp

(Garcia, et al 1997).

can

be used

The results of

beings indicate that Vp shows excellent correlation to

x

and

as

is the most accurate non-invasive indicator of left ventricular relaxation that
established

as

such

can

be

using conventional echocardiography (Garcia, et al 1997). Knowledge of

the differences between this variable and other diastolic indexes enables
inferences about both atrial pressure,

us

and loading conditions, giving

to draw

a

better

overview of the diastolic function of the left heart.

It has been demonstrated

are

able

to

provide

an

that, while analyses of conventional ultrasound techniques
assessment of diastolic filling, the effect of various

physiological and haemodynamic variables
diastolic

filling and diastolic function.

can

lead to discrepancies between

Several techniques have been developed to

try to assess myocardial function more accurately and to advance our understanding
of different diseases.
includes

a

range

One such

modality is Doppler tissue imaging (DTI); this

of techniques that

myocardial velocity and

as

can

such, give

be used to

new

assess

global and regional

insights into myocardial function and

disease processes.
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Pulsed-wave DTI

(pw-DTI) is

myocardial velocity

as

it

moves

a

technique that

through

a

measures

the instantaneous peak

pre-selected sampling gate. In people with

myocardial disease, it has been shown to be

a

relatively load insensitive technique

(Nagueh, et al 1997, Sohn, et al 1997, Agmon, et al 1999, Farias, et al 1999).

Peak E' represents

myocardial distension during early diastole (E' demonstrates

a

good correlation with x) (Oki, et al 1997, Sohn, et al 1997, Ommen, et al 2000).
Therefore, pw-DTI patterns can be used to differentiate normal individuals from
those with

pseudonormal filling patterns (Nagueh, et al 1997, Farias, et al 1999)

(Figure 15). It is known that both E and E'
such indicate

positively correlated with

are

x,

and

as

myocardial relaxation (Appleton, et al 1988, Oki, et al 1997, Sohn, et al

1997, Ommen, et al 2000). This correlation is much stronger for E', because E is
also affected

by left atrial

pressure

(Choong, et al 1987, Choong, et al 1988,

Stoddard, et al 1989, Thomas and Weyman 1991).

It therefore follows that, by

removing the effect of relaxation from the transmitral E

wave

a measure

of left atrial pressure.

have shown

a

velocity, I

This has been demonstrated by several

are

left with

groups,

who

strong correlation between E/E' and left atrial pressure (Nagueh, et al

1999b, Fristenburg, et al 2000, Ommen, et al 2000). In fact, E/E' is strongly related
to

pulmonary capillary wedge

pressure even

when the mitral flow patterns

are

partially summated (Nagueh, et al 1998). Overall, it has been found that, in human
beings,
and

a

an

E/E' ratio of less than eight accurately estimates

ratio of greater

between

whether

than fifteen indicates

eight and fifteen show
or

not the atrial pressure

some

an

a

normal atrial

increased filling

pressure,

pressure;

values

overlap and it is not possible to ascertain

is raised (Nagueh, et al 1997, Nagueh, et al 1999b,

Ommen, et al 2000).
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Doppler echocardiography has previously been used to investigate
indices of diastolic function in

venous

this

flow patterns

healthy cats, and the

same

some

of the

transmitral and pulmonary

described in normal human beings have been demonstrated in

species (Santilli and Bussadori 1998). Furthermore, comparisons between the

non-invasive indices of diastolic relaxation and invasive measurements in young

healthy cats have demonstrated significant correlations between
peak A velocity and peak pulmonary
E and

pulmonary

these indices

venous

were

and

x

and

pulmonary

D

were

venous

S velocity (Schober, et al 2003). Peak

was

(Schober, et al 2003). In addition, there

only

was a

a

weak correlation between E'

moderate correlation between

S, S' and transmitral A (Schober, et al 2003). There

significant relationship between E' to E,

or

A duration to pulmonary

reversal duration and left ventricular end diastolic pressure
The load

are

x

was no

venous

atrial

(Schober, et al 2003).

sensitivity of E and E' has also been reported in normal human beings,

where it has been demonstrated that when
E'

and IVRT, Vp,

both found to be affected by relaxation, but both of

preload sensitive. There

venous

x,

sensitive to

systolic function is preserved, both E and

loading conditions (Nagueh, et al 1999b, Fristenburg, et al 2000,

Nagueh, et al 2001a).

However, in diseased states it appears that E' becomes a

relatively load insensitive variable and

as

such E' and E:E'

can

be used to estimate

x

(Choong, et al 1987, Choong, et al 1988, Stoddard, et al 1989, Thomas and Weyman
1991).

These diastolic variables have also been studied in cats with HCM. It has

previously

been

reduced E

reported that affected cats showed significantly lower E velocities,

deceleration,

an

a

increased A velocity and prolonged IVRT compared to normal cats

(Bright, et al 1999). It has also been found that,

as

in human beings; pw-DTI indices
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can

be used to

assess

velocities have been
decrease

was

the

velocity within the feline myocardium.

The pw-DTI

reported in cats with HCM and compared to unaffected cats: A

reported in both peak systolic and peak diastolic velocities, when

recorded from the mitral annulus of affected cats

(Gavaghan, et al 1999).

Aim

The

aim

of this

study

was

to compare

pw-DTI velocities to conventional

echocardiographic assessment of diastolic filling in various disease states in geriatric
cats, in order to further validate the use of pw-DTI as an
use

a

in the

investigative modality for

approximation of diastolic function in this species. This will then provide

reference for the clinical

investigation of myocardial disease in the cat.
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Materials and Methods

The selection of cases, identification of systemic

disease, grouping of cats and

echocardiographic examination protocol used in this study

were

identical to the

procedures outlined in Chapter 3.

Grouping of the Cats

The cats

were

grouped

transmitral A to
criteria

on

the basis of their transmitral E:A ratio and the ratio of

pulmonary

(Figure 15): Cats with

one were

classified

as

atrial reversal flow, according to the following

venous
a

transmitral E:A and

normal; cats with

an

an

A:Ar ratio of greater than

E:A ratio of less than

one

and

an

A:Ar of

greater than one were classified as having impaired relaxation; cats with a transmitral
E:A

of greater

pseudonormal

or

than

one

and

an

A:Ar of less than

one

were

classified

as

restrictive.

Statistical Analysis

The statistical

analysis

was

carried out using S-Plus (version 6.2.1, 1988, 2003

Insightful Corp.

S: Copyright Lucent Technologies Inc.).

characteristics

analysed using

were

the binomial data

assessed
were

using

a

(gender),

a

a one-way

The population

analysis of variance (ANOVA),

Fisher's exact test.

or

The distribution of disease

for

was

Chi squared analysis. The results of the echocardiographic analysis

adjusted to account for heart rate, using the

square root

R-R method.

The

236

Chapter 7: Assessment of diastolic function in the cat

measurements

were

then

compared using

multiple comparisons being performed using
the

means

and the

distribution

of

transformation
value of <0.05

a

residuals

techniques (logio)
taken

as

or

the

were

analysis of variance with

Tukey analysis. The distribution of

homoscedasticity of the residuals

the

was

a one-way

variance

were
was

tested. When either the
unsatisfactory,

standard

applied to normalise the distributions. A

p

demonstrating statistical significance.
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Results

A total of 134 cats

excluded because
because the

addition,

a

considered for inclusion.

were

acquisition of pulmonary
further ten cats

one). Therefore,

a

flow

venous

an

E:A ratio

or an

or

possible (n=4).

A:Ar ratio equal to

In

and

one,

grouping criteria (ie: both the E:A and A:Ar ratios

total of 80 cats

were

were

51 demonstrated flow patterns

impaired relaxation and eight demonstrated either

a

pseudonormal

restrictive filling pattern (n=4); due to the small sample size and

continuum of dysfunction,

the latter two

a

included in the analysis. Of these,

21 demonstrated normal relaxation flow patterns,

(n=4)

was not

or

excluded because they could not be grouped

were

further two failed to meet the

consistent with

were

they demonstrated summated transmitral flow patterns (n=40),

accurately; eight of these had either

less than

However, 44 of these

groups were

analysed

a

as one.

Population Characteristics

The

weight, systolic blood

pressure,

creatinine concentrations, were not

However, there

was a

heart rate at initial presentation, tT4, and

significantly different between

significant variation in the

age

any

of the

serum

groups.

of the cats (p=0.01), those with

impaired relaxation flow patterns being significantly older than the normal cats.
However, there
to the cats

was no

with

significant difference in the

pseudonormalisation

significant difference in the

age

or

age

of the normal cats compared

restrictive flow patterns,

nor was

there

a

of the cats with impaired relaxation flow patterns,

compared to the cats with pseudonormalisation

or

restrictive flow patterns.

The
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respiratory rate of the cats at initial presentation also differed (p=0.05), with the cats
with

pseudonormalised

restrictive flow patterns demonstrating

or

a

significantly

higher respiratory rate than the cats with impaired relaxation flow patterns.

The distribution of different diseases

was

assessed

association between disease and diastolic function
which

were

all classified

Two-dimensional

as

pseudonormal

or

the cats with

or

(other than the unaffected cats,

a

significant variation between the
was

due to

a

groups.

significant enlargement in

restrictive flow patterns, when compared to either the

impaired relaxation flow patterns. The thickness of the

basilar interventricular septum
was

was no

Analysis (Table 12 & Figure 16)

Multiple comparisons demonstrated that this

normal cats

There

normal).

The left atrial diameter demonstrated

the cats with

(Table 11).

(assessed from the right parasternal long-axis view)

significantly greater in the cats with impaired relaxation flow patterns compared

to the normal cats.

M-mode

Echocardiographic Analysis (Table 12 & Figure 16)

The diameter of the left ventricle

the three groups,

during diastole

was

significantly different between

with the left ventricular diameter being significantly greater during

diastole in the cats with

pseudonormal

or

restrictive flow patterns, compared to the
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cats with

The thickness of the interventricular

impaired relaxation flow patterns.

septum during diastole was significantly greater in the cats with
flow patterns

compared to the normal cats. The left ventricular free wall

during diastole in the cats with pseudonormal

differences between any two

The colour M-mode

Vp

of the

was not

thicker

ejection fraction and percentage
groups were

unable to demonstrate significant

groups.

significantly different between

The ratio of transmitral E

failed to demonstrate any

was

was

restrictive flow patterns compared

shortening demonstrated significant differences when all three

compared; multiple comparison analysis

studied.

or

Whilst both the left ventricular

to the normal cats.

fractional

impaired relaxation

wave

velocity to Vp

significant difference between the

was

any

of the

groups

calculated, this also

groups.

Spectral Doppler Analysis (Table 12 and Figures 16-17)

Both the aortic and
between the groups.

due to

a

decreased

pulmonary artery velocities demonstrated significant variations

Multiple comparisons demonstrated that in both

this

was

velocity in the normal cats compared to the cats with impaired

relaxation flow patterns,

with

cases

however, this trend failed to reach statistical significance

regard to the aortic velocity.

The transmitral E

wave

with the cats with

velocity (MVE)

was

significantly different between

impaired relaxation flow patterns demonstrating

lower MVE than the cats with

pseudonormalised

or

a

groups,

significantly

restrictive flow patterns. The

240

Chapter 7: Assessment of diastolic function in the cat

transmitral A

wave

the cats with

pseudonormalisation

with

velocity (MVA)

was

or

significantly lower in the normal cats and in

restrictive flow patterns, compared to the cats

impaired relaxation flow patterns. As might be expected from the grouping

criteria, the E:A ratio

was

significantly different between

studied. The duration of the transmitral A
with

pseudonormal

the cats with

The

or

wave was

of the

any two

significantly shorter in the cats

restrictive flow patterns compared to either the normal cats

trans-tricuspid E

wave was

significantly higher in the cats with normal flow
There

differences between the velocities recorded from either the normal cats

impaired relaxation flow patterns and those with pseudonormal

flow patterns.

There

was no

significant variation in the A

However, the ratio of trans-tricuspid E to A velocity
cats with

or

impaired relaxation flow patterns.

patterns compared to those with impaired relaxation patterns.

with

groups

impaired relaxation

or

pseudonormal

or

was

wave

or

were no

or

the cats

restrictive

between

groups.

significantly lower in the

restrictive flow patterns compared

to the normal cats.

The

pulmonary

venous

flow patterns demonstrated

a

significant variation in the

velocity of the diastolic component; being lower in the cats with impaired relaxation
flow patterns

compared to the cats with pseudonormal

There

significant difference in the velocity of the pulmonary

was no

or

restrictive flow patterns.
venous

flow S

component, although the ratio of peak S to peak D was significantly lower in the cats
with
cats

pseudonormal
or

cats with

pulmonary

or

restrictive flow patterns, when compared to either the normal

impaired relaxation flow patterns. The atrial reversal velocity of the

venous

flow

was

significantly higher in the cats with pseudonormal

or
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restrictive flow patterns
flow patterns.

compared to either those with normal

The duration of the pulmonary

venous

significantly prolonged in the cats with pseudonormal
compared to either the normal cats

or

pulmonary

significantly lower in cats with pseudonormal

The

spectral

demonstrated

or

impaired relaxation

atrial reversal

or

wave was

restrictive flow patterns

the cats with impaired relaxation flow patterns.

The ratio of transmitral A duration to

to the cats with either normal

or

or

venous

Ar duration

was

restrictive flow patterns compared

impaired relaxation flow patterns.

Doppler assessment of isovolumetric relaxation time
a

likewise

(IVRT)

significant prolongation in the cats with impaired relaxation flow

patterns compared to the cats with pseudonormal or restrictive flow patterns.

Pulsed-wave

Doppler Tissue Imaging (Table 12 and Figure 18)

The S' and A' velocities demonstrated
at any

mid-interventricular
site the E'

was

flow patterns.

were

groups,

significantly different

all of the sites studied, with the exception of the E' measured

at the free wall from the

right parasternal short axis view and the E' measured at the

septal level (from the left apical four chambered view). At each

higher in the normal cats than in the cats with impaired relaxation
In addition, at the lateral aspect of the mitral annulus (assessed from

apical four chamber view), the peak E' velocity

than in the cats with

was

significant differences between the

of the sites studied. However, the E' velocities

between the groups at

the left

no

pseudonormal

or

was

higher in the normal cats

restrictive flow patterns. The ratio of E' to A'

significantly higher in the normal cats than in the cats with impaired relaxation
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flow patterns at

lateral wall

all of the sites studied. In addition, the velocities recorded from the

(assessed from the left apical four chamber view) demonstrated

a

significantly higher ratio of E' to A' in the normal cats compared to the cats with
pseudonormal

restrictive flow patterns.

or

calculated for the
the

The ratio of transmitral E to E'

longitudinal velocities recorded from the mitral annulus. At both

septal and the lateral aspect of the annulus, this ratio

in the cats with

normal cats

or

was

pseudonormal

the cats with

or

was

significantly increased

restrictive flow patterns compared to either the

impaired relaxation flow patterns.
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Discussion

This

study has for the first time demonstrated that when conventional variables

used to group cats
the conventional

or

according to their diastolic function, there is

concurrence

are

between

groupings and the pw-DTI velocities, with cats with pseudonormal

restrictive flow patterns

demonstrating significantly lower E' velocities at the

majority of sites studied.

In this

been

study all the cats

reported that there is

people (over seventy
al

were
a

such

transmitral

a

years

of

age, or

older. In human beings, it has

'natural history of diastolic function', with normal older
of age) demonstrating impaired relaxation (Appleton, et

years

2000). It is unclear whether

what age

eight

or not

E to A reversal might

such

phenomenon also

a

occur.

or at

as cats age

the

peak E velocity decreases (Koffas, et al 2001, Koffas 2003, Koffas, et al

of age or over,

there is

(Chapter 3).

between the age

normal group,
function

in the cat,

It has been reported that

2005). However, I have previously demonstrated that, in

velocities

occurs

no

a

cohort of cats eight

significant association between

In the current study, there

age

was a

years

and early diastolic

significant difference

of the cats with impaired relaxation flow patterns and the cats in the

with cats demonstrating patterns consistent with impaired diastolic

being older than the normal cats.

between the age

However, there

was no

of the normal cats and those with pseudonormal

relaxation flow patterns, or

between the

age

or

difference
restrictive

of the cats with impaired relaxation flow

patterns and those with pseudonormal or restrictive relaxation flow patterns.
the aim of this

study

was

Since

to examine the level of agreement between different

techniques of assessing diastolic function, not to describe which cats demonstrate
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diastolic
one

dysfunction; effects imposed by

method of assessment

thought to deteriorate
fibrotic

being

as an

a

than another. In human

individual

ages

and

as

a

similar

more

or

restrictive flow patterns

was

compared to that of the cats with impaired relaxation flow patterns. This is
as

the cats with pseudonormal

or

restrictive flow patterns

are

likely to be in congestive heart failure (CHF), and would therefore be expected

demonstrate

a

higher respiratory rate than the other

perhaps surprising, and
that there

was

pseudonormal

no

or

may

highlight

one

restrictive flow patterns.
measures

of the cats in these groups were

measures,

groups

of cats.

What is

of the main limitations of this study, is

significant difference between the normal cats and those with

grouping cats by load sensitive
some

the left ventricle becomes

degree.

perhaps not surprising,
most

beings, diastolic function is

loading affect, all of the methods of assessment should, theoretically, be

respiratory rate of the cats with pseudonormal

elevated

to

would only be relevant if they affected

(Appleton, et al 2000). Since this primarily affects the ventricle, rather than

affected to

The

more

age

This

may represent

the inaccuracy of

of diastolic function, and might suggest that
misclassified.

However, without invasive

the diastolic function of each of the cats could not be determined

conclusively, and although in human beings pw-DTI has been shown to be relatively
load

insensitive, until

now

this technique has not been applied to

a

large number of

cats.
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Two-dimension

Analysis

The left atrial diameter

was

restrictive flow patterns

compared to either of the other

been

previously stated, there

either normal

significantly greater in the cats with pseudonormal

may

have been

some

groups.

Although,

as

it has

cats which were 'misclassified' as

pseudonormal, the significantly greater atrial diameter in this

or

or

group

suggests that the majority of these cats were grouped correctly. Those with elevated
left atrial pressures
would be

(ie: the cats with pseudonormal

restrictive flow patterns)

or

expected to have left atrial enlargement, whereas those with normal

impaired relaxation should not have elevated left atrial

pressures

or

and therefore

should have had normal left atrial diameters.

The thickness of the interventricular septum,

axis view, was

assessed from the right-parasternal long

significantly elevated in the cats with impaired relaxation flow

patterns compared to the normal cats. I have previously demonstrated that in a group
of cats

with lone basilar

significantly different to

septal bulge (BSB) the diastolic function

a group

of normal cats (Chapter 5).

rnode measurement of the interventricular septum

that the cats with

demonstrated greater

of cats.

In addition, the M-

during diastole, also demonstrated

of cats. The cats with pseudonormal

or

restrictive flow patterns

diastolic measurements of free wall thickness than the other

Together, these findings might suggest that cats with isolated

interventricular

hypertrophy

whereas

with

those

pseudonormal

not

impaired relaxation flow patterns had significantly thicker septi

than the other groups

groups

was

or

are more

increased

free

likely to demonstrate impaired relaxation,
wall

thickness,

are

more

likely to have

restrictive flow patterns. Previously, it has been reported that cats
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with

hypertrophic obstructive cardiomyopathy (HOCM) have

an

improved prognosis

compared to those with HCM (Rush, et al 2002). Since HOCM is usually associated
with

hypertrophy of the interventricular septum, it

may

follow that these cats had

greater septal thicknesses.

The diameter of the left ventricle

with

pseudonormal

or

but

was not

CHF

a

normal

(Bright, et al 1992, Fox 1999). However,

(those with pseudonormal

ventricular

significantly greater in the cats

significantly different from the normal cats. It

recognised that cats with HCM have

diameter

was

restrictive flow patterns compared to the cats with impaired

relaxation flow patterns,
is

during diastole

or

or

slightly decreased diastolic

the disease

once

restrictive flow patterns) there is

progresses to
an

increase in

loading (Koffas 2003). The significant difference in the left ventricular

diastolic diameter between these two groups

is likely to be

a

combination of a slight

(non-significant) decreased diameter in the cats with impaired relaxation flow
patterns and an increased diameter in the cats with pseudonormal or restrictive flow
patterns.

Although there

were

significant differences in the fractional shortening (FS) and

ejection fraction (EF) between
variations between

specific

measurements

not

were

one

divided

were

groups,

groups

these differences

were

could not be identified.

significantly different between the

relatively weak and

The systolic M-mode

groups.

Since the

groups

according to diastolic function this is not entirely unexpected, although

might have hypothesised that the cats with severely abnormal diastolic function

might have had

some

systolic abnormalities.
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Neither the

Vp

nor

the ratio of transmitral E

wave to

Vp

sensitive enough to

were

detect difference between the different groups.

I have previously reported that the

measurement of

a

Vp is poorly repeatable, with

Although the measurement of Vp

(Chapter 2).

theoretically the

poor

repeatability

the absence of constrictive

may

coefficient of variation of 50%
can vary

from 0 to infinity and

therefore be of little relevance, in reality (in

pericardial disease) the measurement of Vp tends to

between 10 and 100 cm/sec and therefore the poor

vary

repeatability will confound these

results.

Spectral Doppler Analysis

The
with

velocity of flow within the aortic and pulmonary artery

was

increased in the cats

impaired relaxation flow patterns compared to the normal cats, although this

trend failed to reach

significance in the

further credence to the
obstruction

and

relaxation and

case

of the aortic velocity. This finding lends

hypothesis that the cats with dynamic ventricular outflow

septal hypertrophy

therefore, would

are

carry an

more

likely to demonstrate impaired

improved prognosis,

as

has been reported

previously (Rush, et al 2002). Alternatively, cats with pseudonormal
flow patterns

found

no

or

restrictive

might have decreased velocities of ventricular outflow, although I

evidence that this group

had decreased systolic function.

248

Chapter 7: Assessment of diastolic function in the cat

The differences in the transmitral flow patterns was

expected, with cats with

impaired relaxation flow patterns demonstrating decreased E
increased A

peak E

wave

wave

velocities, and with this

velocity to peak A

wave

an

velocity

wave

Since the ratio of

altered E:A ratio.
was one

velocities and

of the criteria used to

group

the cats, little

significance should be attributed to these changes. The duration of the

transmitral A

wave was

flow patterns.

significantly shorter in cats with pseudonormal

Whilst the ratio of A:Ar

was

another of the criteria used to

cats, it is notable that this duration was deceased in the cats with
restrictive flow patterns

(as well

as

likely to be decreased in cats with restrictive physiology

ventricular

compliance will

more

the atrioventricular

as

or

wave

the decreased

gradient to equalise

pressure

quickly (Thomas and Weyman 1991). Further analysis of the data (not shown)

the shortest durations of transmitral A

wave

a

significantly higher velocity of

early diastolic filling in the normal cats compared to the other
were no

demonstrated

flow.

trans-tricuspid flow patterns demonstrated

there

the

group

pseudonormal

demonstrated that three of the four cats with restrictive flow patterns

The

restrictive

the duration of Ar being prolonged). The A

duration is

cause

or

other differences detected between the groups.

groups.

However,

Whilst the pattern of

trans-tricuspid flow is subject to alterations with respiration (Appleton, et al 2000),
the

apparent

demonstrated

The

lack of right-sided abnormalities

may

suggest

that these cats

primarily left-sided changes.

systolic component (S) of the pulmonary

significant variation between the
decreased in cats with

groups.

venous

flow patterns demonstrated

However, the diastolic component (D)

no

was

impaired relaxation flow patterns compared to those cats with
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normal

or

with

pseudonormal and restrictive flow patterns. It has previously been

reported that in normal cats the S and D
1.14±0.32 and
human
to

beings,

reverse,

waves are

approximately equal (ratio of S:D

0.9±0.29) (Santilli and Bussadori 1998, Schober, et al 2003).
as

In

diastolic function becomes impaired, the ratio of S to D is reported

with the D

Since this is

becoming smaller (Appleton 1997).

wave

primarily due to diastolic dysfunction, the decrease in D

wave

peak velocity is not

surprising, although it might have been expected that the cats with pseudonormal and
restrictive flow patterns

would

vary

from both the cats with

filling pattern

a

suggestive of impaired relaxation and the normal cats.

The ratio of S:D
flow patterns

ventricular

was

significantly decreased in cats with pseudonormal

compared to the other

compliance and filling

surprising that the

group

restrictive flow patterns)

The

groups

It is therefore not

of cats containing those with the least compliance (ie:

a

This

group

was

elevated in cats with pseudonormal

or

of cats should represent those with increased

This assumption is supported by the increased left atrial size in

of cats, and further supported by the increased atrial reversal velocities.

Since there is

no

valve between the left atrium and the

in left atrial pressure

results in

circulation and therefore

reversal

(Appleton 1997).

demonstrated the lowest S:D ratios.

restrictive flow patterns.

this group

restrictive

of cats. This ratio is thought to reflect

pressures

velocity of peak atrial reversal flow

left atrial pressures.

or

wave

an

an

pulmonary veins,

increased 'back pressure'

increased

on

an

increase

the pulmonary

velocity of the pulmonary

venous

atrial

(Appleton 1997).
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Whilst the duration of transmitral A to

significantly different between
restrictive flow
therefore these

groups

patterns), this ratio
findings

The IVRT has been

are to

pulmonary

atrial reversal

venous

wave was

(being lower in the cats with pseudonormal

was one

of the criteria used to

group

or

the cats and

be expected.

reported to increase in people and cats with impaired diastolic

function, and, in people, to decrease when there is

a

restrictive physiology

(Nishimura, et al 1989a, Myreng and Smiseth 1990, Bright, et al 1999).

In

agreement with these reports, my results demonstrated a significant increase in the
IVRT of cats

restrictive

or

with

impaired relaxation flow patterns compared to those with

pseudonormal flow patterns. However, I demonstrated

difference between the normal cats and the cats with

patterns.

This

may represent

measuring technique: The latter

significant

impaired relaxation flow

misclassification of cats
may

no

or

inaccuracies of the

result from the logistics of data storage that

required the 'echo-pac' software to round-off these

very

short durations to the closest

0.01 second.

Pulsed-wave

There

Doppler Tissue Imaging

were no

significant difference in the S'

studied between any

demonstrated

no

of the

groups.

or

expected to decrease in cats with

a

any

of the sites

It could therefore be inferred that the cats

significant systolic dysfunction.

lack of alteration in the conventional

A' velocities at

measures

This would be supported by the

of systolic

restrictive physiology,

function. The A' would be
as

it does in human beings
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with restrictive

cardiomyopathy (Nishimura, et al 1989a, Appleton, et al 2000).

However, since there
were

were

only four cats with restrictive flow patterns, these cats

analysed with the cats with pseudonormal flow patterns, and therefore,

inferences

The E'

regarding this

velocity

was

group

alone cannot be made.

decreased in the normal cats compared to the cats with impaired

relaxation flow patterns at

all the sites interrogated, although this failed to reach

significance at the short axis free wall site (assessed from the right parasternal longaxis

view) and at the level of the mid-septum (assessed from the left apical four

chamber

view). A decrease in E' has been reported previously in cats with HCM

(Gavaghan, et al 1999, Koffas 2003, Koffas, et al 2005)(Chapter 5). The
pw-DTI

are

measures

considered to be relatively load insensitive and therefore

of

more

representative of diastolic function (Nagueh, et al 1997, Sohn, et al 1997, Agmon, et
al 1999,

Farias, et al 1999). Peak E' represents myocardial distension during early

diastole

(E' demonstrates

a

good correlation with x) (Oki, et al 1997, Sohn, et al

1997, Ommen, et al 2000). Therefore, pw-DTI patterns can be used to differentiate
normal individuals from those with

pseudonormal flow patterns (Nagueh, et al 1997,

This study demonstrates such

Farias, et al 1999).

although statistical significance

was not

a

decrease in the E' velocities,

always obtained. This

was

probably due, in

part, to the small sample size, particularly in the pseudonormal and restrictive flow
patterns group, and possibly due to the potential misclassification of cats.
could not obtain any

invasive measurements I did not have

which to compare my cases;

diastolic function.

I

was

therefore reliant

upon

a

Since I

'gold standard' with

load dependant estimates of

If, in the cat, the assessment of pw-DTI is

as

load insensitive

as
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has been

suggested in the human field, then the grouping of cats according to load

sensitive measurements may

have lead to misclassification of

cases

and with this,

spurious results. However, in human beings, it has been shown that pw-DTI is
accurate at

more

identifying diastolic dysfunction than conventional methods (Nagueh, et

al 1997, Sohn, et al 1997,

Agmon, et al 1999, Farias, et al 1999). Unfortunately,

without invasive measurements, I are unable to

provide information regarding the

sensitivity of these techniques in the cat.

The ratio of E' to A'

patterns.
that

as

was

decreased in cats with

pseudonormal

or

restrictive flow

This is similar to findings reported in human beings, where it is reported

diastolic function deteriorates there is

initial increase in A'

amplitude and then

a

a

decrease in the E'

velocity, with

gradual decrease in both E' and A'

an

waves

(Nagueh, et al 1997, Farias, et al 1999).

The E to E' ratio

dependant
more

load

upon

was

both the left atrial

independent

atrial pressure

with

group

measure,

pressure

and left ventricular relaxation and E' is

the ratio of E to E'

pseudonormal

been found that

and

can

a

be used to calculate left

septal aspects of the mitral annulus this ratio
or

an

a

was

increased in

restrictive flow patterns, therefore suggesting that this

of cats demonstrated elevated left atrial

pressure,

Since E is

(Nagueh, et al 1999b, Fristenburg, et al 2000, Ommen, et al 2000). At

both the lateral and
cats

calculated for the mitral annular velocities.

E:E' ratio of less than

pressures.

In human beings, it has

eight accurately estimates

ratio greater than 15 indicates

an

a

normal atrial

increased filling

pressure.

However, values between eight and 15 show some overlap and it is not possible to
ascertain whether

or

not the atrial pressure

is raised (Nagueh, et al 1997, Nagueh, et
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al 1999b, Ommen, et al
mitral annulus

none

furthermore,

none

demonstrated

a

which had

an

2000). It is perhaps notable that at the lateral aspect of the

of the normal cats demonstrated

of the cats with pseudonormal

ratio of less than

E:E' ratio between

atrial diameter within the

eight.

There

or

with

was

assessed,

pseudonormal

eight at this site.
provide

us

with

a

or

greater than 15,

restrictive flow patterns
as

normal,

eight and 15; three of these cats demonstrated

75lh percentile (of the normal

one

E:E'

four cats, classed

were

group

three normal cats with elevated E:E' ratios when the
annulus

a

of which had

an

of cats).

There

restrictive flow patterns, which demonstrated

non-invasive estimate of left atrial

were

were no cats

a

ratio below

evidence that E:E'

some

left

septal aspect of the mitral

enlarged left atrium. There

These observations provide

a

pressure

for

use

may

also

in the cat.

Limitations

As

stated

previously, the current study grouped the cats according to their

conventional

echocardiographic measurements of diastolic function.

ideal, since it is known that these measurements
ventricular diastolic function.
correlated to the diastolic

relied

on

subject to affects other than

Ideally, invasive measurements would have been

measures.

To minimise the

inaccuracy of these grouping I

both transmitral E:A ratio and the ratio of the duration of transmitral A to

pulmonary
function.

are

This is not

venous

Ar

wave,

rather than utilising just

The increased left atrial size in the

one measure

of diastolic

pseudonormal and restrictive flow

patterns group would suggest that the grouping criteria used were not

completely
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inappropriate. However, there
which demonstrated either
atrial diameter

areas

of

hypertrophy (n=12), and/or

(n=l). By grouping the cats in this

because altered
function

cats that were judged to be normal, but

were some

loading conditions

differences in the

have led to

may

being placed in the normal

manner

group,

the study became biased,

some cats

thereby making

us

with each

Whilst it is
there is

a

these cats

expected that there

(there

were

may

have been

some

as a

single

group

should not have dramatically altered

included cats with
were

a

assess

my

so

analysing

results.

representative of cases presented to

our

a

clinic and

Furthermore, this study

was

the agreement between different estimates of diastolic function,

affect of disease upon

disease amongst

one group.

variety of diseases and receiving

therefore, representative of the clinical situation.

designed to

only four

variations between these cats,

dynamic continuum from pseudonormal to restrictive flow,

variety of medications, these

not the

less likely to detect

filling pattern). I therefore decided to place these cats in

Whilst the different groups

are

with pseudonormal

pw-DTI measurements.

Pseudonormal and restrictive flow patterns were not common
cats

increased left

an

the myocardium.

Assessment of the distribution of

the diastolic flow pattern groupings demonstrated that there

association between

filling pattern and disease in

unaffected cats which

were

all classified

as

any

of the

groups

was no

(other than the

normal, p<0.001).
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Conclusions

I found that the

majority (64%) of cats

over

eight

years

of age demonstrated

a

filling

pattern consistent with impaired relaxation. This is reported as a normal finding in

people

over

seventy years of age (Schirmer, et al 2000).

study, which only included cats

over

eight years of age, there

judged to have normal diastolic function

were

pulmonary

venous

uncommon

some

in

may suggest

were

of cats

referred to
with

our

cardiac

institution,

21 cats (26%) that

are not

specific at determining

that normal cardiac function is not

aged cats. Furthermore, this study

of which

inclusion

finding

were

the basis of their transmitral and

on

flow patterns. Whilst these criteria

diastolic function, this

However, in the current

so

was

it

performed using clinical

may

cases,

have been biased toward the

abnormalities, and the incidence of diastolic

dysfunction in this population cannot truly be assessed.

I

was

human

able to demonstrate that cats

can

show all of the diastolic patterns seen

beings, and found good agreement between the changes observed using the

different methods.

Invasive studies

performed in normal cats have previously

demonstrated that with alterations in load and heart rate the feline

responds in
this

This

in

a

similar

manner to

myocardium

the human myocardium (Schober, et al 2003), and

study would support those findings.

study enabled

in the cat,

us to

describe

a

variety of methods of assessing diastolic function

and to discuss the suitability of these methods of assessment in

aged cats. Whilst the majority of cats fell into
were a

total of

forty cats that

were not

a

particular functional

a group

group,

of

there

grouped; the majority of these demonstrated
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summation of their transmitral
offers

a

new

or

pulmonary

method of assessment for

conventional measurements.

venous

cases

flow patterns. Pulsed-wave DTI

that cannot be classified

This is because the E' and A' velocities recorded

pw-DTI rarely demonstrated summation and the technique

help

assess cats

using the

with summated transmitral

pulmonary

or

by

therefore be used to

can

venous

flow patterns. In

support of this, in human beings, it has been shown that the ratio of E to E' provides
a

good estimate of left atrial

summated

when the transmitral velocities

pressure even

are

(Nagueh, et al 1998).

It is the authors belief

that, since

no

single non-invasive method of assessing

diastolic function is infallible, as many
should be assessed

as

different

measures

of diastolic function

possible to try to identify localised

areas

of myocardial

dysfunction. This will help categorise cats according to their functional abnormalities
rather

classifying them entirely

on

ventricular morphology. The combination of DTI

and mitral and

pulmonary flow dynamics

left ventricular

filling

patient (rather than

a

pressures.

large

group

may

provide

us

with

a

better estimate of

However, the accurate assessment of an individual
of cats) requires

a

stepwise approach, incorporating

all the available data.

This

study provides evidence that the human classification system and the described

methods of

determining diastolic function

in the cat and
In the

thereby provides

future, the

use

prognosis of a particular

an extra

can

be used to

assess

myocardial function

tool for the diagnosis of myocardial disease.

of these techniques might be useful in determining the
case

and in deciding whether

or not

medical intervention is

advocated.
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General Discussion

The aim of this

study

cats with disease states linked to

to ascertain

whether

function.

In

or

doing

derangements in

the pw-DTI velocities in

was to assess

of primary and

specific cardiomypathies in human beings, in order

not there are any

disease specific abnormalities in myocardial

so

I hoped to gain

a range

of feline disorders.

Initially, the repeatability of a wide
demonstrated that the

a range

range

a

greater incite into the main cardiac

of pw-DTI velocities

were

assessed. It

was

pw-DTI velocities recorded during the isovolumic phases, the

velocity of the tricuspid annulus, and radial fibre velocity within the interventricular
septum, were poorly repeatable. However, the predominant (S', E' and A') pw-DTI
velocities from the left

apical four-chambered view, generally demonstrated

coefficient of variation of -20%, which I

repeatability.

aim it

confounding influences
achieve this

or

was

were

were

felt

excluded from further analyses.

necessary to

imposing

on

of cats eight

years

of age

further

assess

what affects various

the pw-DTI measurements.

multiple linear regression analyses

not, in a group

acceptable level of

and the velocity of motion during the isovolumic phases and

right ventricular wall motion

In order to fulfil my

an

the radial velocities within the

In light of these findings,

interventricular septum
the

felt represented

a

or

were

preformed to determine whether

above, either

significantly related to the recorded velocity.
irrespective of disease status, pw-DTI velocities

In order to

age or

R-R interval

was

I found that, in geriatric cats,

were

generally not related to the

age
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of the cat.

However, in healthly

animals, heart rate (assessed by the R-R interval)

significantly influenced several of the pw-DTI velocities, especially those assessing
radial motion.

In

light of these findings, in healthy animals, the influence of heart

Doppler variables should always be considered in the interpretation of pw-

rate upon

DTI variables.

The heart rate

dependence of pw-DTI velocities in normal cats

suggests that when normal cats are included in the analysis, a correction term should
be

incorporated.

Once the

expected variability and the affects of

established; data

were

compared from

and disease states linked to

that in

a

recorded
at

group

a range

age

and R-R interval

of cats with primary cardiomyopathies

specific cardiomypathies in human beings. It

of cats with mild HCM, there

was a

was

found

decrease in the E' velocity

by pw-DTI at the interventricular septum, and tendency towards

the lateral aspect

were

a

decrease

of the mitral annulus, recorded from the left apical four-chamber

view.

In the

aged cat population studied, the basilar interventricular septum

was

frequently

greater than six millimetres. The lack of dynamic impairment in these cats suggests
that BSB is in fact

a

form of normal senile

Most cats with CRF demonstrated

group as a

whole revealed

some

an

remodelling rather than

increased basilar

a

septal thickness, and the

alterations in their spectral Doppler velocities.

However, these cats lacked changes in their pw-DTI analysis.

Doppler measurements
velocities

are

are

form of disease.

recognised

as

Since spectral

being load sensitive, whereas pw-DTI

generally considered less sensitive to alterations in loading; this finding

that may suggest

that,

as

in human beings (Ommen, et al 2000), pw-DTI

can

be used
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to

differentiate between alterations in

myocardial function and altered loading

conditions and that the alterations witnesses
were

in fact due to alterations in the

The

hyperthyroid cats had

increased A' velocities
increased S'

a

on

spectral assessment of cats with CRF

loading conditions.

tendency towards decreased E' and demonstrated

providing evidence of diastolic dysfunction. In addition, the

velocity within this

group suggests

hyperthyroid cats receiving carbimazole (as

a

increased inotropy. By comparing

sole therapy) to untreated hyperthyroid

cats, it was found that there was no evidence that carbimazole
effects

upon

imposes adverse

the myocardial dynamics measured from the thyrotoxic feline

myocardium. All of the echocardiographic variables that demonstrated
between the normal cats and the treated

similar variation in the untreated

a

difference

hyperthyroid cats also demonstrated

hyperthyroid cats (with the exception of the A'

velocity within the longitudinal fibres at the mid-interventricular septum).
addition,
the

a

a

In

decrease in the colour M-mode propagation velocity was documented in

hyperthyroid heart. This finding is thought to represent asynchronous relaxation

when it is found in human

beings (Stugaard, et al 1993, Moller, et al 2000) and

suggest that ventricular asynchrony exists in
suggest

that with

a

hyperthyroid cats.

may

These results

decrease in tT4 concentration (following carbimazole

administration) there is restoration of myocardial function, with echocardiographic
variables

approaching those in normal cats,

even

before

a

euthyroid state is achieved.

Whilst the treated

hyperthyroid cats generally demonstrated less variation from the

normal cats, when

compared to the untreated hyperthyroid cats, these cats had not

been treated

adequately, with the majority remaining hyperthyroid. This study

suggests that the use of carbimazole alone improves the function of the

feline
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myocardium in thyrotoxic cardiomyopathy.
affects of medication upon
where the

However, in order to fully

the thyrotoxic myocardium,

myocardial velocities in

a group

a

assess

the

follow-up study is required,

of adequately treated hyperthyroid cats,

will be assessed.

By estimating the diastolic function using transmitral and pulmonary
patterns, it was found that the
demonstrated

a

normal

a

majority (64%) of cats

over

eight

venous
years

of

flow
age

filling pattern consistent with impaired relaxation. This is reported

finding in people

over seventy years

of

age

as

(Schirmer, et al 2000).

However, in the current study, which only included cats over eight years of age, there
were

21 cats

(26%) that

their transmitral and

were

pulmonary

estimate diastolic function

factors), this finding
in

judged to have normal diastolic function
venous

(and they

may suggest

flow patterns.

can

which

be influenced by multiple confounding

that normal myocardial function is not

were

referred to

our

biased toward the inclusion of cats with cardiac

diastolic

It

was

the basis of

Whilst these criteria only

aged felines (Schober, et al 2003). Furthermore, this study

clinical cases, some of

on

institution,

was
so

uncommon

performed using

it

may

have been

abnormalities, and the incidence of

dysfunction is likely to have been overestimated.

demonstrated that cats show all of the diastolic patterns seen

and that there

was

in human beings,

good agreement between the changes observed using the different

non-invasive estimates

(principally transmitral and pulmonary

venous

flow and

pw-

DTI). Invasive studies performed in normal cats have previously demonstrated that
with alterations in load and heart rate the feline

myocardium responds in

a

similar
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manner

to the human

myocardium (Schober, et al 2003), and the current study would

support those findings.

It is the author's belief

that, since

no

single non-invasive method of assessing

diastolic function is infallible, as many as
function should be assessed when

possible different

measures

trying to identify localised

areas

of diastolic

of myocardial

dysfunction. This will help categorise cats according to their functional abnormalities
rather

classifying them entirely

on

ventricular morphology. The combination of DTI

and mitral and

pulmonary flow dynamics

left ventricular

filling

patient (rather than

a

pressures.

large

group

may

provide

us

with

a

better estimate of

However, the accurate assessment of an individual

of cats) requires

a

stepwise approach, incorporating

all the available data.

The

study demonstrated that pw-DTI velocities differ in thyrotoxic myocardium

from the other diseases. However, no
CRF

or

BSB.

While this

impairment it could also
sensitive

specific alterations

were

observed in cats with

might suggest that these cats do not have diastolic

mean

that the techniques used

were not

sufficiently

(or repeatable) to detect mild abnormalities within myocardial dynamics.

Initially, the inclusion of cats with other forms of specific cardiomyopathy (including
hypertension and DM) had been envisaged. However, relatively few cats with these
conditions and without concurrent
and

therefore, these cats

were

disease(s),

or

medical intervention,

were

recruited

excluded from the analysis.
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Future Studies

In order to

assess

whether

or

not

myocardial wall motion abnormalities demonstrated

by DTI techniques relate to changes within the structure of the myocardium, it is
necessary to

document histopathological abnormalities in affected segments of the

myocardium.

A

histopathological

study

assessing

myocardial

dynamics

pre-mortem

with

follow-up at post mortem examination will therefore be

undertaken.

In the future further studies

alterations observed in the

are

required to

assess

the affect of medication

as

hypertensive cardiomyopathy. In addition, these

techniques will be used to try and determine whether

order to

assess

the

or

not the myocardial

adequate treatment of the disease.

It has been demonstrated that

with mild HCM. These

the

thyrotoxic myocardium and various other forms of

specific cardiomyopathy, such

abnormalities resolve with

upon

pw-DTI

can

detect myocardial abnormalities in cats

techniques could be applied to

progression of the disease and the

a

cohort of cats with HCM in

response to

various forms of

medication.

Summary

This

study provides evidence that the human classification system and the described

methods of

determining diastolic function

in the cat and

thereby provides

an extra

can

be used to

assess

myocardial function

tool for the diagnosis of myocardial disease
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in this

species. In the future, these techniques might be useful in determining the

prognosis of a particular
advocated and in

case

assessing the

and in deciding whether
response to

or not

medical intervention is

treatment.
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Appendix 1: Haematology and Serum Biochemistry Profile

Haematology
RBC count

Units

Reference

10l2/l

x

1/1

PCV

Haemaglobin
MCV

Platelets

(manual)

x

Total WBC count

x

Neutrophils (seg)
Neutrophils (band)
Lymphocytes
Monocytes
Eosinophils
Basophils

x
x
x
x
x
x

0.24-0.45

g/dl

8.00-14.00

fl

39.00-55.00

%

MCHC

range

5.50-10.00

109/1
109/1
109/1
109/1
109/1
109/1
109/1
109/1

30.00-36.00
300.00-600.00
7.00-20.00
2.50-12.80
0.00-0.00

1.50-7.00
0.07-0.85
0.00-1.00
0.00-0.20

Units

Reference range

g/1
g/1
g/1

69.00-79.00
28.00-39.00

AP

IU/L

10.00-100.00

ALT

Biochemistry
Total

protein

Albumin

Globulin

23.00-50.00

IU/L

6.00-83.00

Bile acids

pmol/1

0.00-7.00

Cholesterol

mmol/1

2.0-3.4

Glucose

mmol/1

3.30-5.00

Creatinine

pmol/1

40.00-177.00

Urea

mmol/1

2.80-9.80

Inorganic phosphate

mmol/1

1.40-2.50

Calcium

mmol/1

2.10-2.90

IU/L

50-200

Creatine Kinase
Potassium

mmol/1

4.00-5.00

Sodium

mmol/1

145.00-156.00

Total

nmol/1

13-48

Thyroxine

RBC, Red blood cell; PCV, Packed cell volume; MCV, Mean corpuscle volume; MCHC, Mean
corpuscle haemoglobin content; WBC, White blood cell; seg, segmented; AP, Alkaline
phosphatase; ALT, Alanine transferase.
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