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Abstract
Autonomic Dysftunction in Cystic Fibrosis

Anju Mirakhur

Autonomic dysfunction complicates chronic diseases such as diabetes mellitus,
chronic liver and renal disease, malignancy and nutritional disorders. Preliminary
work suggests that it may also exist in cystic fibrosis (CF). This study
investigated autonomic dysfunction in adult CF patients across several body
systems (cardiovascular, ophthalmic, gut and urinary) and compared it with
disease severity.

Cardiovascular autonomic function was assessed using the traditional 5 Ewings
tests and also power spectral analysis of heart rate variability. Ewings tests (10
controls and 38 patients) had variable reproducibility and abnormalities were
observed in 0% to 50% of patients. Only the 30:15 ratio (heart rate response to
standing) and the systolic blood pressure change on standing (an index of
sympathetic function) differed significantly between controls and patients. In CF
patients, there were significant relationships between worsening pulmonary
function and the E:I ratio (a measure of the heart rate response to deep breathing)
and 30:15 ratio. Power spectral analysis (38 controls and 49 patients) was
reproducible and between 0% and 30.6% of patients had abnormalities. All
spectral analysis parameters showed significant relationships with pulmonary
function. Furthermore, the subgroup of patients colonised with Burkholderia
cepacia had worse autonomic function in comparison to those colonised with
Pseudomonas aeruginosa, which Ewing’s tests could not detect.

Measuring the ratio of pupil to iris diameter (pupil diameter percent, PD%) in 14
controls and 35 patients assessed ophthalmic sympathetic function. There was no
difference between these 2 groups, nor were there any correlations between PD%
and markers of disease severity in the CF patients.

The recording and analysis of bowel sounds examined intestinal motility.
Spectral analysis (18 controls and 16 patients) did not reveal any significant
differences in mean power or median frequency between the 2 groups. However,
there was a difference in median frequency between diabetic and non-diabetic CF
patients. In the former, mean power correlated with use of intravenous antibiotics
over the previous 2 years. ‘CoolEdit’ analysis of bowel sound frequency (16
controls and 17 patients) showed no difference between the groups, but CF
patients with a history of constipation had significantly more bowel sounds than
the remaining patients. There were no correlations with markers of disease
severity.

Uroflowmetry and bladder ultrasound quantified maximum and average urine
flow rates, voided volume and residual urine volume in 5 female patients. Using
the Liverpool nomogram, 2 patients had average flow rates below the 10" centile.
The maximum flow rate also correlated negatively with glucose concentrations.
My study shows that autonomic dysfunction exists in CF. The clinical relevance
of this should become clearer with the expected increase in survival in adult CF
patients. Further work should also be done to look at the aetiology of these

abnormalities. Nevertheless, when considering CF as a multisystem disease,
autonomic dysfunction should be included.
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1:1 HISTORICAL ASPECTS

The first description of the autonomic nervous system (ANS) was made by Galen
(born 130 AD) when he identified a nerve trunk lying along rib heads. He
recognised 1t was connected to the spinal cord and believed the viscera received
innervation from the brain through this. However, the mid-1880’s saw the
beginnings of the modern era of research into the ANS. In a series of experiments
on dogs, Walter Gaskell attempted to anatomically define the major outflow of the
ANS 1n terms of nerves arising from the ‘cervico-cranial’, thoracic and
lumbosacral regions of the spinal cord (Gaskell, 1886). In addition, he described
the structure and distribution of ‘vasoconstrictor’, ‘accelerator’ and ‘augmentor’
(sympathetic) nerves of the heart, as well as cardiac ‘vasodilator’ and ‘inhibitory’
(vagal) nerves. Furthermore, he stated that the action of the sympathetic cardiac
nerves was to increase the strength and rate of contractions of cardiac muscle.
Vagal nerve stimulation resulted in slowing of cardiac rhythm, decrease in muscle
contraction and the ‘lowering of excitability and conductivity’.

However, it was Langley (1898) who coined the term ‘autonomic nervous system’
to describe the ‘sympathetic system and the allied nervous system of the cranial
and sacral nerves, and for the local nervous system of the gut’. As a result of
experiments on cats, Langley also showed that preganglionic fibres of the cranial
autonomic system could make connections with sympathetic nerve cells and in
doing so change their function. He concluded that there was no fundamental
difference between preganglionic fibres and that ‘the function of any autonomic
nerve fibre depends not so much upon its inherent properties as upon the nerve
cells with which it has the oppurtunity of becoming connected in the process of
development’.

Loew1 (1921) discovered that the parasympathetic system affected smooth muscle
by means of a substance he called ‘vagusstoff’ (acetylcholine). In 1930, Walter
Cannon performed experiments on a cat with heart denervated and spinal cord
severed 1n the mid-thoracic region to permit painless operations on the hind part of
the animal (Cannon and Bacq, 1931). Stimulation of the sympathetic supply to the
smooth muscle of the tail nerves and blood vessels of that region caused a gradual

increase in blood pressure, heart rate and salivary secretion. Cannon concluded



that since the only tissue known to be affected by sympathetic stimulation at the
base of the tail was smooth muscle, since the only connection between the hind
part of the animal and responding denervated organs in the fore part was the
bloodstream and since interference with this markedly depressed the above
responses, a substance given off from the smooth muscle was carried by the blood
to the denervated organs. This substance also arose from the smooth muscle of the
intestine, bladder and uterus. Cannon called it ‘sympathin’.

Use of retrograde tracer methods originally developed by La Vail and La Vail
(1972) has allowed further definition of the ANS. La Vail and La Vail reported the
uptake and retrograde transport of horseradish peroxidase by axons of two different
neuronal populations in the central nervous system of the chick. Not only could
this be potentially useful in defining anatomical pathways but it could also suggest
a possible mechanism for regulatory reactions such as neuronal chromatolysis after
axonal injury or growth regulation according to the size of the peripheral field.
Nerve pathways in the ANS could also be elucidated by means of antidromic
stimulation of neurones (Lipski, 1981). This involves stimulation of the peripheral
part of the axon, evoking an action potential which travels towards the cell body
where it can be recorded intra- or extracellularly. It therefore provides a method to
precisely trace long axonal projections of neurons and is often complimetary to
traditional neuroanatomical techniques.

More recently, the application of microneurographic and direct microelectrode
recordings has allowed investigators to gain insight into the electrophysiological
characteristics of, for example, sympathetic nerve activity in man by studying

muscle nerve and skin nerve sympathetic activity (Wallin and Fagius, 1986).



1:2 ANATOMICAL ORGANISATION of the
AUTONOMIC NERVOUS SYSTEM

The ANS has two major divisions, sympathetic and parasympathetic but also a
third; the enteric or local nervous system of the gut (Langley, 1898). However,
prior to Langley’s work, it was Gaskell (1886) who initially described the anatomy
of what are now recognised as the sympathetic and parasympathetic nervous
systems. Langley’s work was based on the dog because of the close resemblance

to the distribution of nerves in man.

Anatomy of the sympathetic nervous system

Sympathetic nerves originate in the spinal cord between segments T1 and L2 (the
so-called thoracolumbar outflow), and pass from here first into the sympathetic
chain, thence to the tissues and organs that are stimulated by the sympathetic
nerves (Shields, 1993).

The cell bodies of the neurons that compose the sympathetic efferent system lie in
the intermediolateral (IML) cell column of the spinal cord. The preganglionic
fibres that exit via the ventral spinal root are small (2-5 um) myelinated fibres, the
white rami communicantes. These fibres then pass into one of the paravertebral or
lateral ganglia (as described by Langley), paired ganglia lying adjacent to the spine
and extending from the cervical to the sacral segments. The course of the fibres
can then be one of the following two:

1. Some fibres may synapse on neurons in paravertebral ganglia at their
segment of exit, or pass up or down many segments before synapsing in one of the
other paravertebral ganglia. These so-called second-order neurons pass back from
the ganglion into the spinal nerves. Langley recognised that these were thin
unmyelinated fibres, the grey rami communicantes. Many of these fibres innervate
blood vessels, sweat glands and hair follicles, whereas others will form plexi that

supply the thoracic, abdominal, and pelvic organs.



2. Other fibres pass through the paravertebral ganglia without synapsing and
form splanchnic nerves which synapse in more peripheral prevertebral or collateral
ganglia. Langley termed these fibres as the rami efferentes. Second-order neurons
then send their postganglionic fibres into the hypogastric, splanchnic and
mesenteric plexi which innervate glands, blood vessels, and smooth muscles of the
abdominal and pelvic viscera. Langley further reported that these second-order
neurons connected with ganglion cells (called terminal ganglia) located either in

the tissue of or in the immediate vicinity of the target organs.

Anatomy of the parasympathetic nervous system

The cell bodies of the parasympathetic efferent system lie in the nuclei of cranial
nerves IlI, VII, IX and X, and in the IML cell column of the sacral spinal cord (the
craniosacral outflow). The parasympathetic, like the sympathetic system, has both
pre- and postganglionic fibres. However, in general, the preganglionic fibres pass
uninterrupted to the organ that is to be controlled. The postganglionic neurons are
located 1n the wall of the organ; the axons spread out into the sustance of the organ.
Langley showed that about 75% of all parasympathetic nerve fibres are in the tenth
nerve, the vagus nerve, and pass to the entire thoracic and abdominal regions of the
body . The vagus nerve supplies parasympathetic nerves to the heart, the lungs, the
oesophagus, the stomach, the small intestine, the proximal half of the colon, the
liver, the gallbladder, the pancreas and the upper portions of the ureters.

Langley also indicated that the sacral parasympathetic fibres congregate in the
form of the nervi erigentes which pass to the hypogastric plexus from where they

distribute their peripheral fibres to the descending colon, rectum, bladder,



Higher centres

The supraspinal integration of ANS function is accomplished by a complex
interaction of many brainstem, mesencephalic and cortical areas, including the
nucleus of the tractus solitarius (NTS), nucleus ambiguus, dorsal motor nucleus of
the vagus, medullary reticular formation, hypothalamus, limbic system and
primary sensory and motor cortex. This complex arrangement of afferent and
efferent interconnections has been delineated in a series of animal experiments.
For example, Hopkins and Holstege (1978) studied amygdalotegmental projections
in cats after injections of horseradish peroxidase and 3H-leucine and showed that
pathways 1n this region played an important role in the integration of somatic and
autonomic responses. In addition, Ricardo and Koh (1978) found anatomical
evidence of direct projections from the NTS to the hypothalamus, amygdala and
other forebrain structures in the rat with the aid of anterograde autoradiographic

and retrograde horseradish peroxidase tracer techniques.

The neurotransmitter for all preganglionic fibres, both sympathetic and
parasympathetic, 1s acetylcholine. This is also the neural transmitter for the
postganglionic parasympathetic fibres. The postganglionic sympathetic transmitter

1S noradrenaline except for postganglionic fibres innervating the sweat glands
which are cholinergic (Shields, 1993).

Acetylcholine receptors are divided into muscarinic and nicotinic subtypes
(Parkinson, 1990a), whilst adrenergic receptors are composed of o and B subtypes
(Parkinson, 19906). o receptors are further divided into ol and o2, which when
activated result in an increased or decreased synthesis of cAMP respectively. The
b receptors consist of Bl and B2 types. [1 receptors generate positive inotropic

and chronotropic effects on the heart. B2 receptors are responsible for smooth

muscle relaxation in eg bronchi and blood vessels to skeletal muscle.



1:3 FUNCTION of the AUTONOMIC NERVOUS
SYSTEM

The autonomic nervous system is largely responsible for the regulation of visceral
functions and the maintenance of homeostasis of the internal environment. It
regulates visceral function primarily through its interaction with the endocrine
system and via autonomic reflexes. These reflexes are capable of responding very
quickly to alterations in the internal environment and can rapidly return the system
to 1its homeostatic baseline (Shields, 1993).

Many target organs receive both sympathetic and parasympathetic innervation eg
lungs, gastrointestinal tract and bladder, but there are notable exceptions; sweat
glands, piloerector muscles, arterioles which receive only sympathetic innervation.
In many target organs, the sympathetic and parasympathetic systems have
antagonistic functions, but this is not uniformly true, particularly in those organs
that receive only sympathetic innervation and in other organs, such as the lacrimal,
parotid and submandibular glands which are stimulated to secretion by both the
parasympathetic and sympathetic systems. However, in these glands, the
parasympathetic system produces a more potent secretory effect (Shields, 1993).
The enteric nervous system also has several functions. It controls motility (Costa
and Brookes, 1994), exocrine secretions (Li and Owyang, 1994), microcirculation
of the gastro-intestinal tract (Suprenant, 1994) and regulates immune and

inflammatory processes (Stead, 1992).



1:4 CLASSIFICATION of AUTONOMIC
NEUROPATHY

The aetiology of autonomic failure can be primary or secondary.

Primary causes

Pure autonomic failure

This 1s not associated with other neurological disorders and was formerly called
idiopathic orthostatic hypotension (Bradbury and Eggleston, 1925), but
neurological disturbances of bladder, sexual function and sweating are also

included.
Autonomic failure with multiple system atrophy

This was first described by Shy and Drager (1960); ‘the full syndrome comprises
orthostatic hypotension, urinary and rectal incontinence, loss of sweating, iris
atrophy, external ocular palsies, rigidity, tremor, loss of associated movements,
impotence, atonic bladder, fasciculations, wasting of distal muscle, evidence of a
neuropathic lesion in the electromyogram that suggests involvement of the anterior
horn cells and the finding of a neuropathic lesion in the muscle biopsy. The date of

onset is usually in the 5™ to 7™ decade of life’.

Autonomic failure with Parkinson’s disease

First described by Fichefet et al in 1965, this is characterised by Parkinson’s

disease plus mild orthostatic hypotension.



Secondary causes

These are more common and include a wide variety of chronic conditions such as
diabetes, chronic liver disease, chronic renal failure, Vitamin B12 deficiency,
alcoholism and nutritional disorders, malignancy and infectious diseases such as

human immunodeficiency virus infection.

Diabetes

Cardiovascular reflex abnormalities can be detected at or shortly after diabetes has
been diagnosed. For example, Fraser et al (1977) observed a significant
abnormality in the ECG RR interval variations in resting heart rate in 6 out of 10
(60%) of newly diagnosed male diabetics. Abnormalities may also be found in
diabetics of longer duration without any symptoms of autonomic neuropathy;
Murray et al (1975) reported a reduction in 22 out of 42 (52%) of young
asymptomatic male diabetics.

Over a period of years, the symptoms can progress into the florid picture of
diabetic autonomic neuropathy initially recognised by Jordan in 1936; postural
hypotension, nocturnal diarrhoea, delayed gastric emptying, bladder symptoms,
abnormal sweating, impotence and inability to recognise hypoglycaemia. Possible

pathophysiological mechanisms are discussed later.

Chronic liver disease

Thuluvath and Triger (1989) examined autonomic function in 64 patients with
biopsy-proven liver disease (alcoholic and non-alcoholic). Parasympathetic
damage was found in 45% and 43% of patients with alcoholic and non-alcoholic
disease respectively. Sympathetic damage occurred in 11% and 12% of the
patients. More recently, Fleckenstein et al (1996) demonstrated that the severity of
autonomic dysfunction was associated with increasing severity of liver disease;

autonomic damage was found in 14.3% Child A, 31.3% Child B and 60% Child C
patients. Furthermore, a case report by McDougall et al (2002) documented

improvement in autonomic neuropathy in a 40 year-old man with hepatitis-related
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cirrhosis within 9 months of a successive liver transplantation, indicating the

mechanisms are more likely to be metabolic in nature (see below).

Chronic renal failure

Whilst work by Nies et al (1979) and Naik et al (1981) concluded that autonomic
dysfunction alone (on the basis of Ewing’s tests of autonomic function) was not a
sufficient explanation for chronic hypotension in some haemodialysis patients,
more recent work by Kurata et al (2000), using the more sensitive 24 hour heart
rate variability, plasma catecholamine level measurements and MIBG scanning,
demonstrated cardiac autonomic neuropathy in patients with chronic renal failure

on haemodialysis.

Vitamin B12 deficiency

Nerve conduction studies and sural nerve biopsies on patients with B12 deficiency
have shown axonal degeneration (McCombe and McLeod, 1984) which can be
arrested by replacement therapy, but residual neurological abnormalities, most

commonly postural hypotension, may persist.

Alcoholism and nutritional disorders

Clinical manifestations of sympathetic autonomic dysfunction, such as postural
hypotension, are unusual in uncomplicated alcoholic neuropathy (Low et al, 1975).
However, Duncan et al (1980) demonstrated impaired heart rate responses to the
Valsalva manoeuvre, deep breathing, change in posture and atropine in chronic
alcoholics. Furthermore, histological studies have shown a reduction in the density

of myelinated fibres in the distal vagus (Guo et al, 1987).
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Malignancy

The Lambert-Eaton myasthenic syndrome (often associated with small cell
carcinoma of the lung) 1s an autoimmune disorder in which IgG antibodies to
voltage-gated calcium channels impair the release of acetylcholine from peripheral
cholinergic nerve terminals (Kim and Neher, 1988). Autonomic dysfunction is
well documented 1n this condition, manifestations including dry mouth, impaired

lacrimation and sweating, impotence, constipation and orthostatic hypotension

(Khurana et al, 1988).

HIV infection

Freeman et al (1990) studied patients infected with human immunodeficiency virus
(AIDS plus AIDS-related complex) and controls, and observed a trend of declining
autonomic function from controls to AIDS based on Ewing’s tests. Thus
autonomic dysfunction occurs with greater severity in AIDS patients; however, it

may be present in the early stage of HIV infection and appears to progress during

the 1llness. The mechanism 1s not known.
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1:5 TESTS of AUTONOMIC FUNCTION

Autonomic dysfunction is a well documented complication of many chronic
diseases, presenting with symptoms such as orthostatic hypotension, gastroparesis,
impotence, bladder and bowel dysfunction (Ewing and Clarke, 1986).

Autonomic neuropathy is also clinically relevant in more acute situations.
Faerman et al (1977) studied the autonomic nerve fibres to cardiac muscle in
diabetic patients with painless myocardial infarction. In all cases, the fibres
showed lesions typical of diabetic neuropathy; beaded thickening, fragmentation
and dimunition in numbers of nerve fibres, unlike in those patients with painful
infarction. The authors concluded that the absence of pain in diabetics with
infarction could be due to a lesion of the afferent autonomic nerve fibres which
conduct pain. Page and Watkins (1978) studied 8 diabetic patients who suffered
cardiac arrests (and survived); all had evidence of autonomic neuropathy. This
may be related to lengthening of the QT interval as reported by Ewing et al (1991),
who recorded QT intervals twice at between 2 and 6 year intervals in 32 male
diabetics with varying degrees of autonomic dysfunction. The QT interval had
lengthened significantly at the second visit, which was unrelated to age or time
between recordings, but which did correspond to changes in autonomic function.
In addition, of 71 male diabetics under 60 years of age followed for 3 years, 13 had
died, 8 unexpectedly, and of those with autonomic neuropathy, QT intervals were
significantly longer in those who had died.

Patients with autonomic neuropathy also present an increased anaesthetic risk:
Burgos et al (1989) found greater declines in heart rate and blood pressure during
induction of anaesthesia in diabetics as compared to controls. 35% of the diabetics
required 1ntraoperative vaopressors compared with only 5% of controls.
Furthermore, those who needed vasopressors had significantly greater impairment
of autonomic test results.

These studies all emphasise the need for accurate, sensitive and specific tests of

autonomic function which will now be discussed in detail.
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1:5:1 CARDIOVASCULAR SYSTEM

Sympathetic and parasympathetic fibres innervate the atria, ventricles, coronary
arteries and resistance vessels of the peripheral circulation (Ravits, 1997).
Sympathetic activity increases heart rate and myocardial contractility, dilates the
coronary vessels and constricts the resistance vessels; parasympathetic activity
does the converse, except that it has little effect on the peripheral vasculature.
Afferent activity originates in arterial baroreceptors located in the carotid sinus,
aortic arch and various thoracic arteries, cardiac mechanoreceptors and pulmonary
stretch receptors. Regulation is by a negative feedback system. This is best
1llustrated by the work of Mancia et al (1977) who investigated the baroreceptor
reflex using the variable pressure neck chamber device previously described in
1975 by Eckberg et al; in brief, the neck is enclosed in a tight rigid collar extending
from the shoulders to a plane intersecting the lower part of the face and skull.
Pneumatic pressure in the collar can be reduced in a graded fashion below
atmospheric pressure, thereby producing an increase in transmural pressure across
the carotid sinuses and an increase in carotid sinus barorecptor activity. Mancia et
al (1977) showed that increased baroreceptor stimulation resulted in a sustained
fall in arterial pressure and a bradycardia. Conversely, decreased receptor

stimulation had the opposite effects.

The assessment of cardiovascular autonomic function has been based on tests
looking at heart rate and blood pressure change whilst performing certain

manocuvrcs.
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Tests of heart rate change

Wheeler and Watkins (1973) found a reduction or complete absence in beat-to-beat
variation of heart rate in diabetics with autonomic neuropathy, unlike control
subjects or diabetics without autonomic neuropathy. Furthermore, administration
of atropine intravenously to a control subject abolished the beat-to-beat variation
but propranolol had no effect, indicating the importance of vagal control.

The Valsalva manoeuvre, which requires a subject to produce a respiratory strain
with consequent changes in blood pressure and heart rate, was studied by Bennett
et al (1978); measurement of the ratio of the bradycardia to the tachycardia evoked
by this in diabetic subjects obviated the need to perform more invasive or tedious
Investigations such as estimation of baroreceptor reflex activity or apnoeic face
immersion. Once again, the heart rate response could be abolished by atropine but
not propranolol.

The immediate heart rate response to standing upright was assessed by Ewing et al
(1978) 1n 15 diabetics with autonomic neuropathy. Comparison of the RR interval
at around the 15" beat (maximal tachycardia) to the RR interval at the 30th beat
after standing (maximal bradycardia) showed little difference. In a control group,
the response was abolished with atropine but not propranolol showing that it is

mediated through the vagus nerve.

Tests of blood pressure change

Low et al (1975) measured the blood pressure response to standing in 16 subjects
with diabetic neuropathy. 7 of these (44%) had postural hypotension. Quantitative
histological studies of the greater splanchnic nerves at autopsy showed
demyelination and a significant reduction in fibre density in diabetics. Disordered
blood pressure control correlated with these findings.

Finally, Morley et al (1977) assessed 70 adult diabetics and reported evidence of
sympathetic dysfunction, in particular abnormal blood pressure response to

1Isometric exercise, in 28% of the group.
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TESTS OF CARDIOVASCULAR AUTONOMIC FUNCTION

In 1982, Ewing and Clarke proposed a battery of 5 tests to assess autonomic
function of any aetiology. 3 of these are predominantly parasympathetic and 2

mainly sympathetic.

Tests of parasympathetic function

These are:
1. Heart rate variability with respiration (sinus arrhythmia)
2. Heart rate response to the Valsalva manoeuvre

3. Heart rate response to standing from the supine position

Tests of sympathetic function

These are:
. The diastolic blood pressure response to isometric exercise

2. The systolic blood pressure response to standing from the supine position
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Tests of parasympathetic function

1. Heart rate variability with respiration (sinus arrhythmia)

Complex reflexes are responsible for the normal beat-to-beat variation in heart rate
during quiet and deep breathing. Respiration is the most potent stimulus; changes
in the depth and variation alter this effect. Pulmonary stretch receptors are the

principal afferents for this reflex, Changes in vasomotor tone are also important

influences (Wheeler and Watkins, 1973).

Disadvantages of the test

(a) Sinus arrhythmia is influenced by several factors

e Age

Wieling et al (1982) examined the heart rate changes induced by forced breathing
in 133 healthy subjects aged 10 to 65 years. The lower limit of normal decreased
from 22 to 11 beats per minute with increasing age. Similarly, O’Brien et al
(1986) showed a negative correlation with age in 310 healthy subjects aged 18 to
35 years.

¢ Resting heart rate
Resting heart rate is another important factor. This was demonstrated during deep
breathing in 75 normal subjects by van Dijk et al (1991) who therefore suggested

that corrections for resting heart rate should be made when analysing results.

e Variation in protocol

Ewing et al (1981a) showed that recording the heart rate for 1 minute on an ECG
while the subject breathed deeply at 6 breaths per minute was the best method of
differentiating between diabetics with and without autonomic damage. However,
some debate exists over whether the heart rate changes evoked by a single deep
breath are greater than those evoked by repeated breaths. For example, Bennett et
al (1978) claimed a single deep breath was a more potent stimulus for heart rate

change. However, Espi et al (1982) demonstrated that the first deep breath
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consistently produced the largest heart rate variation in only 29% of controls and
17% of diabetics and that the between-test variability was smaller with repeated

deep breaths.

(b) Different methods of quantification exist

The maximum and minimum heart rates during each 10-second respiratory cycle
can be measured and the mean of the differences gives the so-called maximum
minus minimum heart rate (Hilsted and Jensen, 1979). Alternatively, these
changes can be expressed as a ratio of the heart rate on expiration to that on

inspiration, the ‘E:I” ratio (Sundkvist et al, 1979).

Normal, borderline and abnormal values for maximum minus minimum heart rate
are greater than or equal to 15 beats/minute, 11-14 beats/minute and less than or

equal to 10 beats/minute respectively (Ewing and Clarke, 1982).

2. Heart rate response to the Valsalva manoeuvre

The Valsalva manoeuvre has four phases described in detail by Ravits (1997).

Phase I

This occurs at the onset of straining — there is a transient, few second-long increase
in blood pressure due to an increase in intra-thoracic pressure causing mechanical
‘squeeze’ of the great blood vessels.. There are no neurally mediated changes in

heart rate.

Phase 11

This occurs with continued straining. There are 2 sub-phases:

In early Phase II, the blood pressure decreases due to a reduction in cardiac output
as a result of decrease in venous return. After about 4 seconds (late Phase II),
blood pressure recovers towards baseline as a result of a sympathetically mediated
increase In total peripheral resistance. Throughout Phase II, there is a steady
increase in heart rate initially due to vagal withdrawal, then from increased

sympathetic activity.
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Phase 111

This occurs with release of the strain. There is a transient few second long
decrease in blood pressure caused by mechanical displacement of blood to the
pulmonary vascular bed (which was previously under increased intrathoracic

pressure). There is no heart rate change.

Phase IV

Phase IV occurs with continued release of the strain. The blood pressure slowly
increases to above baseline and heart rate decreases below baseline levels. This is
also known as the ‘overshoot’. It occurs 15-20 seconds after release of the strain
and can last for longer than a minute. The mechanism is increasing venous return,
Increasing stroke volume and increasing cardiac output which returns blood
pressure back towards baseline. The bradycardia is a vagal reflex in response to

the rise in blood pressure.

The Valsalva ratio is the ratio of the longest RR interval during Phase IV the
shortest RR interval during Phase II.

Disadvantages of the test

(a) The Valsalva ratio is influenced by several factors

e Age

As for sinus arrhythmia, the Valsalva ratio also declines with age. This was
indicated by O’Brien et al (1986) in a study of 310 healthy subjects aged 18 to 85
years and by Low et al (1990) in 155 healthy subjects.

e Expiratory pressure

A choice of 40mmHg expiratory pressure is made because this seems to yield the
most reproducible results; below 20mmHg is inadequate, above 60mmHg results
in more variation as this is more difficult to maintain for the required 15 seconds

(Korner et al, 1976).
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e Patient cooperation

The Valsalva manoeuvre requires patient cooperation such that patients with weak
expiratory facial or oropharyngeal muscles may be unable to participate.
Furthermore, 1t should be avoided in patients with proliferative retinopathy because

of the risk of retinal haemorrhage (Ewing and Clarke, 1982).

(b) Only the compensatory change is recorded

Without invasive beat-to-beat blood pressure recordings, only the compensatory
heart rate change is being recorded instead of the true stimulus ie blood pressure.
This can lead to occasional spurious results. For example, exaggerated drops of
blood pressure during early Phase II from sympathetic failure can produce an
exaggerated tachycardia which can normalise the ratio to the otherwise abnormal
bradycardia. In addition, patients with parasympathetic failure who have preserved
cardiac sympathetic function may have a tachycardia during the manoeuvre

without subsequent bradycardia, thereby producing a normal ratio again (Low et al,

1975).

Normal, borderline and abnormal values for the ratio are greater than or equal to

1.21, 1.11-1.2 and less than or equal to 1.1 respectively (Ewing and Clarke, 1982).

3. Heart rate response to standing

The haemodynamic response to standing upright from the supine position involves
closely linked changes in heart rate and blood pressure both of which will be
described here.

On standing there 1s an immediate transient increase in blood pressure resulting
from an increase in cardiac output (due to squeezing of capacitance vessels by
postural muscles displacing blood back to the heart) and increase in peripheral
resistance (due to squeezing of resistance vessels by postural muscles). These
changes stimulate the baroreceptors with a subsequent decrease in sympathetic
outflow and total peripheral resistance by up to 40% - blood pressure therefore

drops. This lasts 6-8 seconds.
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There 1s also an immediate increase in heart rate, maximal at 12-15 seconds. This
1s an exercise reflex which withdraws parasympathetic tone. Further baroreflex-
mediated changes enhance sympathetic tone and the initial fall in blood pressure i1s
corrected. Following this, a slowing of the heart rate occurs, maximal at 20-25

seconds; this 1s a vagal reflex due to increase in blood pressure (Ewing et al, 1978).

The heart rate response is quantified by the 30:15 ratio ie the ratio of the RR
interval at about the thirtieth beat after standing to that around the 15" beat after

standing.

Disadvantages of the test

(a) The heart rate response to standing is influenced by age

Heart rate changes induced by standing decline with age as reported in 133 healthy
subjects aged 10 to 65 years (Wieling et al, 1982) and 1in 310 subjects aged 18 to
835 years (O’Brien et al, 1986).

(b) There is variation in methods of quantification

There are investigators who believe that the initial heart rate response to standing
should be quantified by the maximum RR interval after standing divided by the
minimum RR interval after standing rather than the 30:15 ratio as there is slight
variation in normal subjects about the points of shortest and longest RR intervals
on standing (Ryder and Hardisty, 1990). Indeed, O’Brien et al (1986) found that in
294 normal subjects, 43% had a 30:15 ratio less than 1. However, there is a
misconception in O’Brien’s method where the count of beats is taken from the time
the subject is actually standing up whereas RR interval change occurs immediately

the subject starts to stand up (Ewing, 1990).

Normal, borderline and abnormal values for the 30:15 ratio (up to the age of 45
years) are greater than or equal to 1.04, 1.01-1.03 and less than or equal to 1
respectively (Ewing and Clarke,1982).
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Tests of sympathetic function

1. Diastolic blood pressure response to isometric exercise

Sustained muscle contraction causes blood pressure and heart rate to increase, due
to withdrawal of parasympathetic activity and increase in sympathetic activity and
cardiac output (Ewing and Clarke, 1982). The test requires the patient to apply and

maintain grip at 30% of the maximum for up to 5 minutes..

Disadvantages of the test

(a) The rise in diastolic pressure depends on resting blood pressure
The rise 1s independent of age (Goldstraw and Warren, 1985) but in a study of 75
normal subjects aged 8 to 96 years, van Dijk et al (1991) demonstrated a

relationship with resting blood pressure.

(b) Limited reproducibility
The test has poor reproducibility; Piha et al (1991) found that coefficients of

variation were in excess of 25% (see below).

The diastolic pressure should rise by at least 16mmHg; 11-15mmHg rise is
borderline and less than or equal to 10mmHg is abnormal (Ewing and Clarke,

1982)

2. Systolic blood pressure response to standing

The haemodynamic response to standing has previously been described.
Orthostatic hypotension is a reduction in systolic pressure of at least 30mmHg

(Ewing and Clarke, 1982). The diagnosis 1s only tenable after medical conditions
are excluded. These include dehydration, haemorrhage, medications such as o and

B antagonists, metabolic dysfunction such as adrenal insufficiency, hypothyroidism

and septic shock.
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Disadvantages of the test

(a) The response is related to resting blood pressure
As for the isometric exercise test, van Dijk et al (1991) found a relationship with

resting blood pressure but not with age.

(b) Limited reproducibility
Comi et al (1986) reported a mean standard deviation of 3.702 in 10 healthy
controls compared to 0.183 and 0.074 for the Valsalva and 30:15 ratios

respectively.

Normal, borderline and abnormal values for the fall in systolic blood pressure on
standing are less than or equal to 10mmHg, 11-29mmHg and greater than or equal
to 30mmHg respectively.
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Classification of severity of autonomic damage

Ewing et al (1985) compared a single test of autonomic function (heart rate
response to deep breathing) with the full battery in 360 diabetics and showed that
one test alone did not distinguish the severity of autonomic damage; use of just one
test presumes that autonomic neuropathy is ‘all or nothing” and does not allow for

a range of nerve damage from minimal to extensive (Ewing and Clarke, 1986).

Autonomic neuropathy can be classified, according to the severity of damage, into

one of four groups (Ewing, 1992):

e Normal — all five tests normal, or one borderline
e FKarly involvement — one of the three heart rate tests abnormal
e Definite involvement — two or more of the heart rate tests abnormal

e Severe involvement — two or more of the heart rate tests abnormal plus one or

both of the blood pressure tests abnormal.

An alternative to this classification of severity is to give each individual test a
score of 0, 1, or 2, depending on whether it is normal, borderline or abnormal

respectively. An overall autonomic test score of 0-10 can then be obtained.
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Reproducibility of the cardiovascular tests

Knowledge about reproducibility is important as the tests are commonly used in
follow-up studies of autonomic neuropathy. There are few well documented
reports concerning this. Piha et al (1991) conducted a study of 10 healthy subjects
looking at short term (within a day) and long term (over 2 years) reproducibility.
The coefficients of variation for the Valsalva ratio were 7% and 8% respectively.
Values of 7% and 11% were obtained for the 30:15 ratio whilst the E:I ratio (an
index of heart rate response to deep breathing) had values of 4% and 6%.
However, the reproducibility of diastolic blood pressure rise with isometric
exercise was much poorer; 34% and 24% respectively. Similarly, Comi et al
(1986) demonstrated mean standard deviations of 6.019 and 3.702 for the sustained
handgrip test and systolic blood pressure change on standing. By contrast, the
standard deviations for the Valsalva and 30:15 ratios were 0.183 and 0.074.

A reproducible circadian rhythm of heart rate variability has also been observed in
normal subjects by Huikuri et al (1990). This group performed 24 hour
ambulatory ECG recordings while subjects undertook their usual daily activities.
The mean 1ntraindividual coefficient of variation for the 24 hour average heart rate

variability between repeated recordings was 7%.
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The sequence of abnormalities in autonomic neuropathy

There 1s evidence that parasympathetic damage precedes sympathetic dysfunction.
Gluck et al (1979) carried out an assessment of 23 diabetic patients. Beat-to-beat
variation in heart rate was abnormal in all 9 diabetics with an increased clinical
score and 1n 9 out of 14 diabetics with a normal clinical score. The pressor
response to handgrip was only slightly reduced in the diabetic group. Additional
indices of adrenergic function such as the pressor response to a cold stimulus,
plasma renin and catecholamine excretion rates did not differ significantly between
controls and diabetics. Ewing et al (19815) investigated heart rate changes in 61
diabetics with varying degrees of cardiovascular reflex abnormalities. Those with
parasympathetic abnormalities alone had the highest heart rates, whilst those with
both parasympathetic and sympathetic damage had slightly slower heart rates
which were still faster than those with normal cardiovascular reflexes. 13 other
subjects whose autonomic function changed from normal to abnormal showed a
sequential increase in heart rate as cardiac parasympathetic damage developed,
followed by a fall in heart rate as sympathetic dysfunction developed. A study of
543 diabetics (Ewing et al, 1985) reported that abnormalities of heart rate tests
occurred 1n 40% whilst abnormal blood pressure tests occurred in less than 20%.
Of 237 subjects whose tests were repeated at least 3 months apart, the results of
71% were unchanged, 26% deteriorated and only 3% improved. The worsening
followed a sequential pattern with first heart rate and later additional blood
pressure abnormalities.

More recently, Quadri et al (1993) found that the impairment of a comprehensive
evaluation score in 90 diabetics over a 5 year period (from 2.5+1.7 to 3+1.5,
p<0.05) also confirmed a deterioration in autonomic. Finally, Toyry et al (1996)
examined 133 diabetics and 144 controls at baseline, 5 years and 10 years. The
frequency of parasympathetic neuropathy (patients versus controls) was 4.9%
versus 2.2% (p=0.224) at baseline, 19.6% versus 8.5% (p=0.017) at 5 years and
65% versus 28% (p<0.001) at 10 years. The frequency of sympathetic dysfunction
was 6.8% versus 5.6% (p=0.709) at 5 years and 24.4% versus 9.0% (p=0.003) at
10 years.
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The mechanism for earlier parasympathetic damage is not known; it may be that
cardiac vagal fibres are damaged earlier than sympathetic fibres as they are longer

and therefore more liable to damage.

Problems with Ewing’s tests

Although historically the assessment of cardiovascular autonomic function has

been based on Ewing’s tests, it is apparent that these have several disadvantages.

1. They have been criticised as being insensitive to early changes in autonomic
function, particularly sympathetic nervous system dysfunction (Low et al, 1986).

2. The tests of sympathetic function have poor reproducibility with coefficients of
variation in excess of 30% (Piha et al, 1991) and therefore are much less reliable.
3. They require active patient participation (Lishner et al, 1987; Freeman et al,
1991), which 1s difficult to standardise.

4. Conventional scoring systems rely on being able to perform all 5 tests (Ewing,
1992). However, the Valsalva manoeuvre is difficult to perform particularly in the

presence of chronic lung disease.

The technique of power spectral analysis may answer some of these criticisms.
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Power spectral analysis

Any biological rhythm such as heart rate, or an RR time interval series, can be
broken down into a series of sine waves of different amplitudes and frequencies
(Freeman et al, 1991). Spectral analysis, using fast Fourier transformation,
separates the RR interval time series into groups of identical discrete frequencies
(Ewing, 1992). The power spectrum displays the amplitude squared of these sine
waves against frequency. Power spectral analysis may thus provide a useful non-
invasive technique for analysing the autonomic mechanisms that control heart rate.
Spectral analysis of the resting heart rate commonly produces several prominent
peaks (see Figure). These peaks can be further quantified by measuring the area
under each. The peak found at the highest frequency (greater than 0.15 Hz)
reflects oscillations of heart rate that occur with respiration (the respiratory sinus
arrhythmia). This is a reflection of parasympathetic (vagal) activity and is
abolished by atropine (Pomeranz et al, 1985).

Oscillations in heart rate at frequencies between 0.05 Hz and 0.15 Hz (low
frequency) represents baroreceptor feedback activity, whilst the peak at less than
0.05 Hz (very low frequency) reflects fluctuations in vasomotor tone associated
with thermoregulation. These provide an index of sympathetic activity (Akselrod
et al, 1985) and are diminished by propranolol.

Thus spectral analysis provides a single test of autonomic function, measuring both
parasympathetic and sympathetic divisions of the autonomic nervous system,

requiring minimal patient co-operation (Ziegler et al, 1992).
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Power spectrum of heart rate variation

Figure
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The power spectrum of heart rate variation has previously been characterised in
several conditions. Lishner et al (1987) evaluated diabetic autonomic neuropathy
In 23 subjects by computerised spectral analysis of RR interval variations and
found a statistically significant decline in the power spectrum in all frequency
ranges (most notably at the respiratory peak) when compared to controls. This
difference persisted when the comparison was made within age groups below and
above 65 years.

Spontaneous heart rate fluctuations have also been studied in patients with severe
chronic congestive cardiac failure (Saul et al, 1988). This group reported a
significantly decreased power in all frequency bands compared to controls. There
was also a weakly significant positive correlation between absolute power in the
0.04 to 0.07Hz band and cardiac index (r=0.466, p<0.05) and inverse correlation
with the pulmonary capillary wedge pressure (r=-0.545, p<0.01).

Lazzer et al (1997) investigated 24 hour heart rate variability in 12 non-alcoholic
cirrhotic patients with ascites. Compared to controls, these patients showed a
decrease in the low frequency component of the power spectrum. More recently,
Coelho et al (2001) examined 24 hour heart rate variability in 22 cirrhotic patients
(alcohol related, viral hepatitis and autoimmune aetiologies). A significant
decrease 1n all spectral analysis parameters was found in this group when
compared to controls.

Power spectral analysis has also been used to evaluate autonomic dysfunction in
uraemic patients on haemodialysis. Vita et al, 1999 studied 30 patients on periodic
bicarbonate haemodialysis. The power spectrum of heart rate variability was a
good discriminator of low and high frequency bands in both patients with and
without Ewing’s tests-proven autonomic neuropathy. Furthermore, a significant
reduction of low frequency values in supine uraemic patients without autonomic
neuropathy appeared to demonstrate early sympathetic dysfunction which Ewing’s
tests were unable to detect.

Preliminary work has suggested that the ANS in cystic fibrosis (CF) becomes
damaged with increasing disease severity; Tattersall et al (2001) reported strong
correlations between total autonomic function, sympathetic and parasympathetic

activity and spirometric indices in 26 adult CF patients.
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15952 GASTROINTESTINAL SYSTEM

The gastrointestinal tract is the organ system with the largest surface in the body,
serving motor, secretory, storage and excretory functions. There are two main
control systems: the intrinsic (enteric) nervous system consists of approximately
10° semiautonomous neurons located in the wall of the gastrointestinal tract, and
provides specific programmes and reflexes for the control of gastrointestinal
motility (eg the peristaltic reflex) and other functions, whilst the extrinsic
(sympathetic and parasympathetic) nervous system modulates the intrinsic reflexes

and integrates impulses from higher nerve centres and the gut (Bittinger et al,

1999).

Autonomic dysfunction of the gastrointestinal tract can be due to disturbances of
the intrinsic or extrinsic systems. The sequelae of this have mainly been studied in
diabetes mellitus. Feldman and Schiller (1983) studied the frequency of
gastrointestinal symptoms in 136 diabetics and found that 76% suffered from at
least one symptom with constipation being the most common in 60% of patients.
However, diagnosis of autonomic dysfunction in the gastrointestinal tract is
difficult for several reasons:

1. The symptoms of autonomic dysfunction are non-specific and in fact some
patients are symptom-free.

2. With the exception of 2 tests (pancreatic polypeptide response to sham feeding
or hypoglycaemia {= parasympathetic test} [Krarup, 1979] and superior
mesenteric artery blood flow studies in response to stress {= sympathetic test}

| Chaudhuri et al, 1992], there are no specific tests for the detection of autonomic

neuropathy of the gastrointestinal tract. Diagnostic workup is therefore usually

restricted to the investigation of sequelae of autonomic dysfunction eg disturbed

motility.
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Oesophagus

Autonomic dysfunction in the oesophagus can lead to dysphagia (due to disturbed
motility) and/or heartburn (due to gastro-oesophageal reflux). This can be
investigated by oesophageal manometry and 24 hour pH monitoring. Typical
manometric findings are low contraction amplitudes, delayed propagation of
contractions, an increased occurrence of simultaneous contractions and a low
resting pressure of the lower oesophageal sphincter (Loo et al, 1985).

It 1s thought that abnormalities of vagal function contribute to the pathogenesis of
reflux disease. This is supported by observations that the gastric secretory
response to insulin-induced hypoglycaemia is impaired in some patients with
reflux (Ogilvie et al, 1985) and that approximately 40% of patients with reflux
disease have abnormal parasympathetic cardiovascular reflexes (Chakraborty et al,
1989). In addition, Cunningham et al (1991) found that in patients with gastro-
oesophageal reflux disease, oesophageal transit was significantly slower in the

presence of abnormal parasympathetic cardiovascular reflex tests.

Stomach

Delayed gastric emptying (causing nausea and vomiting, and due to vagal
dysfunction) is a common manifestation of autonomic neuropathy. It can be found
1n up to 50% of diabetics (Horowitz et al, 1989). The gold standard for evaluation

of gastric emptying is scintigraphy using the dual tracer method (Horowitz et al,
1985).
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Small bowel

Autonomic dysfunction involving the small intestine can disturb fasting and post-
prandial motility patterns.

Normally 1n the fasted state, the small bowel shows a characteristic motility pattern
termed the migrating motor complex (MMC) which can be divided into 3 phases:
Phase I 1s characterised by a period of almost complete motor inactivity. Phase II
shows intermittent, predominantly incoordinated motor activity. Motor activity
increases during Phase II and then turns into a very characteristic motility pattern,
the Phase III of the MMC. During this period, the small bowel exhibits rhythmic
contractions which migrate from the stomach towards the colon. After food intake
the small bowel shows Phase II-like more uniform contractions at all levels
(Bittinger et al, 1999). In patients with autonomic dysfunction these motility
programmes are often disturbed with consequent pseudo-obstruction symptoms of
nausea, vomiting, or diarrhoea (often due to bacterial overgrowth).

Small bowel manometry best evaluates motility. Typical manometric findings in
autonomic dysfunction are aberrant propagation or even loss of Phase III of the
MMC, a persistence of the fasting motility pattern after food ingestion and

intensive uncoordinated ‘bursts’ of phasic pressure activity (Camilleri and

Malagelada, 1984).

Colon

The typical complaint of patients with autonomic dysfunction involving the colon
1s constipation (Feldman and Schiller, 1983). The pathogenesis is not well
understood, but it has been shown that, for example, diabetic patients with
cardiovascular autonomic neuropathy have prolonged colonic transit times, in
particular of the right colon, compared with diabetics without cardiovascular
autonomic neuropathy (Werth et al, 1992). More important is the observation that
diabetics with severe constipation show a complete loss of the normal post-
prandial rise in colonic electrical and motor activity, the so-called gastrocolic

reflex. This myoelectrical activity can be stimulated pharmacologically, therefore
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a myogenic cause is unlikely and so it was concluded that autonomic neural
dysfuntion 1s the main cause of this disturbed reflex (Battle et al, 1980).
Diagnostic procedures in the evaluation of colonic motility are colonic transit time

studies with radio-opaque markers (Metcalf et al, 1987), and manometry (Bittinger
et al, 1999). '

It can be seen that the above investigations are complex and invasive. They also
involve radiation exposure and transfer of the patient to a specialised unit.

Therefore, a potentially simpler, non-invasive test will now be described.

The investigation of bowel sounds

Bowel sounds were first recorded by Cannon in 1905 as a means of studying the
mechanical activity of the gastrointestinal tract. Using a Bowles stethoscope, a
telephone receiver and a nerve muscle preparation connected to a smoked drum, he
recorded bowel sounds with an amazing degree of accuracy.

Arnbjornsson (1986) looked at bowel sounds in 7 patients with clinical,
radiological and surgical evidence of mechanical small bowel obstruction. Sounds
were monitored for 60 minutes by 4 microphones placed on the abdominal wall,
one in each quadrant. The most striking observations were the regular occurrence
of clustered bowel sounds, defined as 3-10 regular sounds occurring one every 5
seconds, preceded and followed by at least one minute of silence, and also a high
motility index (an indication of the motor activity of the intestine). Yoshino et al
(1990) recorded bowel sounds for 15 minutes in each of 21 patients with
mechanical obstruction using a microphone covered with foam rubber placed over
the wall of the right lower abdomen in a sound proof room. Bowel sounds were
classified into 3 types based on frequency ranges that related to subsequent
clinical management of the patients. Type I sounds had lower and upper
frequencies of 173Hz and 667Hz and patients in this category were diagnosed as
having simple obstruction caused by postoperative adhesions; all were treated
conservatively. Type II sounds had<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>