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Abstract

The aim of this study was to determine if photoplethysmography (PPG) could
be used to analyse the foot microvascular changes caused by diabetic
autonomic neuropathy. The digital PPG signals were collected from 37
healthy volunteers (Group 1), 35 diabetic patients (Group Il), and 38 diabetic
patients with sensory neuropathy (Group lil) and analysed using MATLAB.
Prominent spectral peaks with sidebands were obtained at both the high
frequency (HF) and the low frequency (LF) end of the Fourier spectrum of
these PPG signals. Previous studies of microcirculation have shown that both
are sympathetically and parasympathetically mediated and hence are a good

measure of the autonomic activity.

In the HF analysis, the heart rate (HR) response from 13 participants in Group
Il was severely reduced and significantly different from the responses
obtained from the other two groups. However the responses from remaining
25 participants had similar characteristics to those of Group Il. Hence the HF
analyses failed to both statistically and objectively differentiate between the
diabetics with and without neuropathy.

The spectral density for the frequency bandwidth of 3-20 cpm was
significantly reduced in the neuropathic group, compared to the other two
groups. A Statistically significant difference was observed in the spectral
densities calculated from Group Il and lil, though no difference could be
established between Groups | and lll. The LF analysis of this bandwidth
differentiated between Groups Il and Illl with a sensitivity of 84% and

specificity of 61%.

Activities at the LF end of the spectrum mostly represent the sympathetic
control as opposed to the HR variability that is mostly a measure of the
parasympathetic control. These results suggest that sympathetic dysfunc’tion
possibly precedes parasympathetic dysfunction and that PPG can assess the
changes in the skin microcirculation due to sympathetic damage with

moderate success.
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Research Summary

Ulceration below the knee is a common complication of diabetes with a
lifetime risk of its occurrence among diabetics estimated at 15% (Kenneth
2005). If left untreated the ulcerations could become infected and gangrenous
and finally lead to amputations. In the UK 5000 diabetics are estimated to
have amputations every year. Foot ulcers precede more than 80% of non-
traumatic lower limb amputations (Boulton et al 2000). Diabetes can also

damage the peripheral nerves resulting in neuropathy.

The sensory, motor and autonomic neuropathies are often the major
components in the critical pathway for the development of diabetic foot ulcers.
While motor neuropathy disrupts the biomechanics of the foot causing
deformities and increased stress, the sensory neuropathy is responsible for
the unawareness to any trauma that may have caused leading to the neglect
of the wound from the patient’s side. Autonomic denervation on the other
hand can not only cause dry, callus skin prone to cracks and fissures, there
by exposing the foot to a greater risk of developing ulcers, but they also
disrupt the autoregulatory effect of the skin microcirculation causing reduced
nutritive flow to the wound site and hence delay the healing time. Diabetic
ulcers if not treated can become infected and ultimately lead to amputation.
Thus it is imperative that the diabetic patients must be regularly screened for
any early signs of warning of the disease process in order to reduce the

incidence of ulceration.




In the UK diabetic patients generally undergo annual examination which
includes the detailed examination of the foot to assess the sensory function,
to check for any neglected wound and to assess the need for special foot
wear to maintain the biomechanics of the foot. Apart from the annual check
up, the patients are also advised to book themselves into a podiatry clinic for
regular foot examination. Currently the autonomic function of the body is
assessed using the cardiovascular autonomic function tests. Both the
sympathetic and the parasympathetic branches of the autonomic system are
assessed by these tests. Although studies indicate autonomic disruption in the
early stages of diabetes, the protocol generally does not involve tests for the
detailed assessment of the autonomic function in these patients due to the

complex and demanding nature of these tests.

Early screening for signs of autonomic dysfunction amongst diabetic patients
could prevent serious complications of the disease and improve the prognosis
of the diabetic foot, as it is one of the major components in the ulceration
pathway. The disruption in the vasomotor responses (sympathetic
dysfunction) can be found as early as in the pre diabetic stages sometimes
even before the manifestation of the parasympathetic dysfunction, detected
by the CAN assessment tests (Meyer et al. 2003). Understanding of the foot
blood flow at the microvascular level is imperative for the better understanding
of the diabetic foot ulcers. This study looks at methods to device a simple, low
cost screening tool to detect the autonomic dysfunction in the early stages of
diabetes by analysing the foot blood flow. ldeally, the measurement technique

being developed to study the skin microcirculation has to be relatively simple



to perform, reproducible, reliable and cheap to be able to be used as a

screening tool.

In this study attempts have been made to use PPG to measure the changes
in the skin microcirculation by analysing the PPG signals obtained from the
soles of the feet. Signals were collected from three groups viz, healthy
participants, diabetic patients with no neuropathy and diabetic patients with
sensory neuropathy. Appropriate signal processing tools were applied using
computing software, MATLAB to separate and analyse the various
frequencies obtained from this complex signal and to identify any changes in
the responses between healthy individuals and the diabetics. Further
analyses were also performed to identify if any changes in the skin circulation
between diabetics with and without neuropathy could be observed. If changes
could be identified between the two groups, further analysis was done to see
if these changes could be successfully used as predictive markers for
subsequent ulceration of the foot amongst the diabetics without neuropathy as
this could enable steps to be taken to prevent diabetic foot ulceration in these

individuals.



Chapter |

Background

1.1 Introduction

Diabetes Mellitus has been recognised as a syndrome i.e. a collection of
disorders resulting from impaired carbohydrate, protein and fat metabolism;
caused either by a complete lack of insulin or by decreased sensitivity of the
tissues to insulin or by a combination of both these factors (DeFronzo et al
2004). This syndrome is accompanied by several complications brought about
mainly by the pathological and functional changes to the vasculature, right
from the beginning of its onset. Autonomic neuropathy is one such
complication of diabetes brought about by changes to the microvasculature of
the body. In this chapter all the background information relevant to this project

have been discussed in considerable detail.

1.2 Diabetic Complications

Diabetes is a multifactorial disease with chronic complications that manifests
itself as a burden for both the patient and the health care system (Spijkerman
et al 2003). This disease is characterised by an abnormal carbohydrate
metabolism leading to an imbalance in the plasma glucose concentration in
blood. Diabetes can mainly be classified into two types, namely the Type 1 or

Insulin Dependent Diabetes Mellitus (IDDM) and the Type 2 or the Insulin



Independent Diabetes Mellitus (IIDM). Both genetic as well as environmental
factors were found to play a key role in the susceptibility of both type of

diabetes.

The primary pathology of diabetes was found to be an interaction of the
metabolic and vascular dysfunction. The early effects of hyperglycaemia were
mostly metabolic changes while the late effects were in the form of
electrophysiological and morphological changes (Bhadada et al 2001).
Diabetes Mellitus is usually characterised by an asymptomatic phase of about
4-7 years before the actual onset of the disease and its clinical manifestation.
Persistent hyperglycaemia is one of the principle underlying causes for the
development of diabetes related complications (Duby et al 2004). The chronic
complications of diabetes manifest themselves in the form of both

microvascular and macrovascular diseases as shown in the figure 1.1.
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Figure 1.1: Flow chart illustrating the different type of complications due to diabetes

The macrovascular complications account for nearly 50% of deaths among
Type 1 and 2 diabetics (LeRoith et al 2004). The primary pathology of the
macrovascular complications is atherosclerosis. It is a condition referring to
the thickening of the vessel wall with subsequent reduction in the lumen size
of the large arteries. Though the exact process or cause of atherosclerosis is
unknown, it has been proposed that diabetes could trigger endothelial
dysfunction and the build up of plaque within the large vessels. The
subsequent reduction in the lumen size also causes a decrease in the blood
flow through these vessels. The three main types of macrovascular
complications among diabetics are the Coronary heart disease, the
cerebrovascular disease and the peripheral vascular disease, which often

leads to myocardial infarction, strokes and amputations respectively. In most




cases all the three sites of circulation are affected and treatment of one can

often aggravate the other.

Diabetes can also cause pathological and functional changes to the
microvasculature of various tissues of the body, mainly affecting the eyes,
kidneys and the nervous system. The pathogenesis of microvasculopathy is a
complex process governed by several factors like the type of organ bed
involved and the type and severity of diabetes. Though the manifestation of
microvasculopathy occurs during the late stages of diabetes, studies have
revealed that the structural and functional damage of the microvasculature
begins from the very onset of raised glucose levels (Wiernsperger 2001).
Therefore the microvascular complications of diabetes can be studied under
an initial functional stage and then a structural stage. The initial functional
stage is a reversible stage that can be achieved through controlled glucose
level, while the latter involves structural remodelling of the microvasculature
that ultimately leads to the microvascular failure (Tooke 1995). Retinopathy,
nephropathy and neuropathy are the three main microvascular complications
of diabetes affecting the eyes, the kidney and the nervous system

respectively. Diabetes can also cause damage to the skin microcirculation.

1.2.1 Diabetic Neuropathy

The damage to the peripheral, the autonomic and the cranial nerves due to
diabetes mellitus is termed diabetic neuropathy. It is a common but serious

complication of diabetes, affecting almost every type of nerve fibre in the body




(Duby et al 2004). Long standing hyperglycaemia can cause certain
pathological alterations in the nerve fibres, parent nerve cell bodies, neural
vasculature and the supporting connective tissues resulting in nerve damage.
Of the several models of classifications proposed over the years, a simple
classification based on anatomical characteristics given by Thomas was
widely accepted (Bhadada et al 2001). Under this classification diabetic
neuropathy was broadly classified into diffuse and focal neuropathy as

shown in the figure 1.2.

Diabetic Neuropathy

|
I ]

Diffuse Focal

{
{ B |

Distal Symmetric Autonomic Systemic proximal
Sensory- Motor Neuropathy Lower limb
Polyneuropathy Neuropathy

Sudomotor Cardiovascular Gastrointestinal Genitourinary

! | ! !

Cranial Radiculopathy Entrapment Asymmetric Lower
Neuropathy Limb
Motor Neuropathy

Figure 1.2: Classification of Diabetic Neuropathy




The distal symmetric sensory-motor polyneuropathy is by far the most
common type of diabetic neuropathy, involving both large and small fibres
(Bhadada et al 2001). As the name suggests, this type of neuropathy has a
distal symmetrical form of disorder predominantly affecting the large nerve
fibres and following a distal-proximal pathway also called the “stocking
distribution” pattern. Progression of this disease occurs in several stages with

varying degrees of severity in the symptoms (Bhadada et al 2001).

The proximal motor neuropathy primarily involves the motor neurons and is
accompanied by wasting and weakening of muscles causing muscle atrophy.
The weakening of muscles is accompanied by muscle imbalance and foot
deformities, which cause abnormal concentrations of forces and stress in the
soles of the feet thereby increasing the risk of trauma. This type of neuropathy
may be symmetrical or asymmetrical, may or may not involve the loss of
sensory nerve fibres and is also labelled diabetic amyotrophy. This disorder
mostly tends to occur in the background of sensory polyneuropathy. Unlike
the distal symmetrical sensory motor polyneuropathy, the motor neuropathy

has a better prognosis and is a reversible condition (Bhadada et al 2001).

Both focal and multifocal neuropathies occur rarely among the diabetics, have
an asymmetrical form of distribution and manifest themselves as isolated or
multiple lesions of cranial, limb and truncal nerves. This is also a reversible
condition where the patient recovers within three to four months (Bhadada et

al 2001). Diabetic autonomic neuropathy is another important type of




symmetrical neuropathy that will be dealt in detail in the next section of this

chapter.

1.3 Diabetic Autonomic Neuropathy or DAN

DAN is a complex heterogeneous disorder affecting the autonomic neurons of
the peripheral nervous system (Vinik 2002). Most organ systems of the body
are dually innervated with both sympathetic and parasympathetic divisions of
the autonomic nervous system. Thus damage to these nerve fibres can cause
widespread dysfunction of most organ systems of the body (Vinik and Erbas

2001).

Although the subclinical autonomic dysfunction can occur within a year or two
of the diagnosis of diabetes mellitus, the clinical symptoms of this disorder
remains asymptomatic until long after the onset of the diabetes (Vinik and
Erbas 2001). Poor glycaemic control, age, duration of diabetes, female sex
and obesity are some of the major risk factors in the development and
progression of this disease (Vinik 2002). DAN was found to increase patient
morbidity and mortality and to have a profound negative impact on the quality
of life. Like all other neuropathies the early detection and treatment of this
disease was observed to be vital for its delayed progression and improved

quality of patient life.
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1.3.1 Manifestation of DAN

Both the sympathetic and parasympathetic nerve fibres dually innervate most
organ systems of the body; therefore the effects of DAN are varied and
serious (Vinik 2002). Depending on the organ system that is damaged, DAN

can be classified into four major divisions as shown in the figure 1.2.

Damage to the autonomic neurons that innervate the cardiac smooth muscles
causes Cardiovascular Autonomic Neuropathy or CAN. The cardiac
denervation involves both parasympathetic and sympathetic fibres.
Abnormalities in the HR control and the vascular dynamics were observed in
individuals with CAN (Vinik et al 2003). Decrease in the HR variability was
considered to be one of the earliest indicators of symptomatic CAN.
Individuals suffering from CAN were observed to have impaired exercise
intolerance and were also associated with higher risk of suffering from silent
myocardial infraction. The CAN could also cause orthostatic hypotension,
which is the fall in blood pressure of more than 30 mmHg on standing. The
symptoms include dizziness, weakness, fatigue and even occasional visual
blurriness. Although DAN can remain asymptomatic for long period of time,
the CAN dysfunctions occur in the early stages of diabetes. The tests to
assess the cardiac autonomic function are sensitive, objective and
reproducible. Thus they form the standard tests for the diagnosis of DAN

(Vinik et al 2003).

The denervation of the autonomic neurons supplying the gastro-intestinal tract

causes gastro-intestinal (Gl) autonomic neuropathy. The resulting Gl

11




disorders were varied and complex with symptoms that were common and not
unique to this disease. These symptoms included diarrhoea, faecal
incontinence, heartburn, constipation, bloating and nausea. Faecal
incontinence due to impaired sphincter tone was also common among

diabetics with this form of autonomic dysfunction (Vinik et al 2003).

Damage to the afferent nerve fibres supplying the genito-urinary system of the
body due to autonomic neuropathy can cause both bladder dysfunction and
sexual dysfunction. Autonomic neuropathy can also impair the respiratory

reflexes, the bronchomotor tone and cause damage to the skin and eyes.

1.3.2 Current Diagnostic Approach for DAN

Historically research for the development of methods for the objective
assessment of autonomic dysfunction has lagged behind those for the
assessment of the more common sensory-motor neuropathies due to its
largely asymptomatic nature (Vinik et al 2003). It was a common belief that
autonomic neuropathy was a rare complication that affected only certain
individuals. However in reality, though symptomatic autonomic neuropathy is
rare, autonomic dysfunction has been observed to occur within the first couple
of years of diagnosis of diabetes. Since DAN manifests itself as dysfunctions
of several organ systems with symptoms being varied and common, objective
diagnosis of the same is not always straightforward. Unlike the sensory-motor
nervous system in which individual nerves can be tested, the study of the

autonomic system is usually achieved by assessing the end organ function.

12




The symptoms of Gl and GU autonomic dysfunctions are mostly subtle and
non-specific. Therefore, traditionally the diagnosis of DAN has been through
the assessment of the cardiovascular reflexes. These tests are both sensitive
and reliable. They provide a direct and an objective assessment of the extent
of the autonomic dysfunction (Vinik and Erbas 2001). A summary of the

different diagnostic tests currently in use has been tabulated in figure 1.3.

Assessment of Cardiovascular Autonomic Function

Cardiovascular autonomic dysfunction is studied by assessing the
performance of the heart. Both the sympathetic and parasympathetic fibres
dually innervate the heart and work in opposition to each other. Thus one has
to take into account the complexities of the autonomic innervations of the
heart when interpreting the cardiovascular assessment test results. The tests
currently in use include the measurement of the HR variability (HRV),
measurement of the HR response during the Valsalva manoeuvre test or
under deep breathing, HR response to standing up, pressure response to
postural change and the pressure response to sustained hand grip. Of these
tests, the resting HR and the HR response to deep breathing and standing are
early indicators of the parasympathetic dysfunction, while the blood pressure
response to standing, deep breathing and sustained handgrip is a measure of

the sympathetic activity (Vinik et al 2003).

An increased resting HR of greater than 100 bmp and the measurement of the

loss of normal HRV due to cardiac denervation is probably the best and the

simplest test of the autonomic function (Mackay et al 1980). The HR

13




response to deep breathing measures the beat-by-beat variation in the HR
with breathing. The parasympathetic branch of the autonomic nervous system
mainly influences the extent of the HR response to deep breathing. This test
has a universal protocol and is considered to be extremely reliable. HR
variations of less than 10 bmp and the expiration to inspiration ratio of greater

than 1.17 are considered abnormal (Vinik and Erbas 2001).

Type of DAN Current Diagnostic Tests
Cardiovascular 1. HRresponse to deep breathing and standing
Autonomic Neuropathy 2. Valsalva manoeuvre
3. Diastolic pressure response to sustained hand
grp

4. Spectral analysis of the HR

Gastro-Intestinal 1. Scintigraphic imaging of gastric emptying
Autonomic neuropathy 2. Endoscopic examination
3. Manometric Tests
4. Detailed patient history
Genito-Urinary 1. Ultrasound Imaging of bladder
Autonomic 2. Cystometrogram
Dysfunction 3. Nocturnal penile tumescence
4. Penile —brachial pressure index measurement

using Ultrasound
5. Detailed patient history

fum—y
.

Sudomotor Autonomic Sudomotor axon reflex test
neuropathy . Sympathetic sweat response
Thermoregulatory sweat test

W N

Figure 1.3: The current diagnostic tests for DAN
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The HR response to standing measures the cardiovascular response
brought about by the change from horizontal to vertical position.
Parasympathetic innervations play a vital role in the regulation of the HR due
to short-term postural change. Healthy individuals exhibit well-regulated
variations in the heart rate. However among diabetics with autonomic
dysfunction, this regulatory mechanism is disrupted. The ratio of the maximum
HR at the 15" beat to the minimum HR at the 30" beat on standing is
calculated and a ratio of less than 1.03 is classed abnormal (Vinik and Erbas

2001).

The Valsalva Manoeuvre represents a more complex reflex arc involving the
sympathetic and parasympathetic pathways to the heart, the sympathetic
pathways to the vascular tree and the baroreceptors in the chest and the
lungs (Maser 1998). During the test the individual is asked to blow forcefully
into a mouthpiece of an open manometer at a specific resistance of 40mmHg
for around 15 seconds while the HR is continuously recorded and monitored
using an Electrocardiogram from one minute before the manoeuvre till a
minute after (Vinik et al 2003). Throughout the straining, release and recovery
segments of the manoeuvre the HR is reported to exhibit well defined
changes in healthy individuals (Kalbfleisch and Smith 1978). Since this
exercise has both sympathetic and parasympathetic involvement, the

Valsalva ratio is a good indicator of the progression of DAN in diabetics.

Sympathetic dysfunction leads to altered pressure response to postural

changes and sustained handgrip. The extent of this response is used as a

15



measure to determine the extent of sympathetic damage due to autonomic
neuropathy. A fall in diastolic pressure by more than 10mmHg or a drop in
systolic blood pressure of more than 20mmHg within two minutes of standing
is considered abnormal. The Diastolic pressure response to sustained
handgrip is also a good indicator of sympathetic dysfunction. The muscle
contraction is measured using a dynamometer. The dynamometer is first
squeezed to maximum then held at 30% of the maximum strength for next 5
minutes. The muscle contraction causes a rise in systolic and diastolic
pressure as well as a rise in the heart rate. An increase in diastolic pressure
of less than 10mmHg is considered abnormal. With rapid advancement in
technology most of these tests are performed using computerised system and

are also simple to use (Vinik et al 2003).

Assessment of GU and Gl autonomic dysfunction

Although the symptoms of both the GU and Gl autonomic dysfunction are not
any major cause of morbidity, they can be debilitating and reduce the quality
of life. Tests like endoscopy, scintigraphic imaging and various manometric
tests are performed at different levels of the digestive tract to diagnose and
analyse Gl autonomic dysfunction. Ano-rectal manometry is also performed to
evaluate the internal and external anal sphincter tone and the rectal-anal
inhibitory reflex that can be damaged due the autonomic dysfunction.
Cystometrogram, renal function and urine culture tests are some of the
diagnostic tests used to diagnose bladder dysfunction in the event of GU

autonomic dysfunction (Vinik et al 2003). The measurement of nocturnal
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penile tumescence and vaginal plethysmography are used to diagnose sexual

dysfunction in both male and female (Vinik and Erbas 2001).

Though specific tests were available for the assessment of different types of
autonomic dysfunctions, they were not considered to be sufficiently well
standardised for routine clinical use (Vinik et al 2003). On the other hand CAN
diagnostic tests were non-invasive, validated, sensitive and reproducible and
therefore formed the core diagnosis of autonomic neuropathy Confirmed
diagnosis of autonomic dysfunction was only provided in the event of one or
more abnormal CAN tests. The CAN assessment tests, due to its reliability
and precision were recommended as the gold standard test for diagnosing

autonomic neuropathy (Vinik et al 2003).

Although CAN tests remain the gold standard for diagnosing autonomic
neuropathy, they are only reliable once the clinical manifestation of the
disease sets in. It is also known that DAN remains asymptomatic until long
after the onset of diabetes. Early diagnosis of the autonomic damage is
crucial for the delayed progression of the disease and for a better prognosis.
Besides these tests are complex and require specialist’s skill and equipment
to perform. Therefore there is a need for a simple, non-invasive test that can
be easily performed in GP surgeries and detect any early microvascular

changes due to the autonomic dysfunction.
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1.4 Cutaneous Microcirculation

The skin is a highly vascularised organ and its structural and functional
complexities indicate its role in several important homeostatic mechanisms.
The skin vasculature in general consists of an extensive arteriolar-capillary-
venular network, which contains the slow flowing superficial vascular plexus
and the deep vascular plexus. The middle layer of the skin known as the
dermis consists of an extensive network of arteries, arterioles, capillaries and
venules. The capillaries reach close to the skin surface and help in the
exchange of nutrients, wound healing and fight infection. Besides this general
structure, the cutaneous circulation of the palm, soles of the feet and on the
face especially the extremities also consists of special capillary bypasses
termed arteriovenous (AV) anastomoses. The cutaneous microcirculation of

the soles of the feet was the primary site of interest in this study.

These AV anastomoses are coiled channels with a highly muscular wall and a
lumen that connects the arterioles to the venules at the level or slightly
superficial to the sweat glands (Frewin 1969). They are a specialised type of
vessel that helps blood to bypass the capillary circulation by directly entering
the venules from the small arteries and the arterioles. Each shunt consists of
an arteriolar portion and a funnel shaped venous portion that terminate in the
veins. They possess a small lumen but thick muscular wall. Vascular smooth
muscles are attached to the tunica media of the arterioles, the venules and
the AV nodes (Levick 2000). The capillaries arising from the small arteries

and arterioles do not have any smooth muscles but the pre-capillary
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sphincters attached to their point of origin and the venules control the capillary

blood flow.

1.4.1 Regulation of Cutaneous Microcirculation

The main aim of peripheral circulation is to regulate the arterial blood pressure
and maintain adequate metabolism, temperature and capillary filtration. The
terminal arteries, arterioles and the venules are the principle resistance
vessels of the body. The regulations of the blood flow though the skin is
complex with autonomic fibres controlling both the vascular tone and the local
reflexes within the skin. Several factors affect the cutaneous circulation,
making it difficult to compute. Temperature regulation is an important function
of the cutaneous microcirculation and the short muscular AV shunts play a

vital role in the same.

The sympathetic vasoconstrictor nerve fibres innervate the AV anastomoses
and these shunts provide a low resistance pathway by which the blood flow
can be diverted from the arterioles to the venules, bypassing the capillary
network. These shunts are usually maintained in a constricted state by a high
sympathetic tone to ensure capillary flow to the skin tissue. But in the wake of
any thermoregulatory disturbances this sympathetic tone is lost and the blood

is diverted away from the skin.

From the above discussion it can be said that the skin microcirculation has
two pathways viz, the capillary bed and the AV shunts (Fagrell and Intaglietta

1997). The capillaries exhibit a higher basal tone and are generally mediated
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by local factors. On the other hand the AV shunts are highly innervated
entities with little local mediation as they are found to dilate maximally when
the nerves are cut off (Rushmer 1976). Both intrinsic and extrinsic factors

regulate the cutaneous circulation

The intrinsic factors are those present within the end organ itself. The
myogenic response, temperature, metabolites such as nitric oxide (NO) and
chemicals generated locally are some of the main intrinsic factors. They
mainly help in the local control and in autoregulation. The intrinsic control
forms the primary level of control that looks after the needs of the individual
organ (Levick 2000). The extrinsic factors control the basal tone from outside
the end organ, serve the more general needs of the body and are more
central in origin. Neural and hormonal factors belong to this category. While
the local factors maintain the local needs of the organ system, the extrinsic
factors represent a higher level of control that can modulate or override the

local factors for the overall benefit of the individual.

In spite of the presence of several levels of control of the peripheral
circulation, there always exists a balance between the intrinsic (myogenic,
etc) and the extrinsic (neuro-hormonal) factors (Peter 1978). These controls
tend to exhibit a random time dependant behaviour which produces an
optimal steady state when averaged over time and space and can be termed
as a chaotic process (Intaglietta 1990). This is representative of a healthy
system and therefore any abnormal changes in microcirculation could

potentially be linked to pathological conditions like diabetes.
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Diabetic patients with neuropathic foot are observed to have distended foot
veins, raised skin temperatures and increased skin blood flow, both in
ulcerated and non-ulcerated foot (DeFronzo 2004). Studies have shown a
possible relation between the increased skin blood flow and AV shunting. It is
hypothesised that sympathetic denervation could lead to the loss of neural
control on the AV shunts, thus opening up the low resistance pathway causing
excessive shunting of blood into the venules, bypassing the capillary bed. The
skin blood flow represents both the capillary and the AV flow (Shapiro et al

1998).

From the above discussion it can be rightly said that the skin blood flow can
be used as a good indicator of the sympathetic activity of the peripheral
nervous system. The ability to quantify the extent of sympathetic damage in
the cutaneous circulation can provide valuable information in developing new
treatment methods, for prevention and better prognosis of diabetic foot

disease.

1.4.2 Cutaneous Flow Measurement Techniques

The skin blood flow is a complex entity comprising of both nutritional and non-
nutritional flow. Though the skin is the largest and the most assessable organ
for the study of microcirculation in the human body, it possesses some
inherent limitations. The dual function of nutrition and thermoregulation and
the highly unstable character of the skin blood flow make its measurement a
challenging task. Both invasive and non-invasive methods have been

developed to measure different aspects of the circulation. Doppler ultrasound
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and Laser Doppler flowmetry are currently the most popular methods for

blood flow measurement (Chittenden 1993).

The ultrasound blood flow meter used to measure the blood flow velocity is
based on the Doppler principle. The pulsed wave in combination with colour
duplex provides a measure of the mean velocity of the blood within a vessel.
The Duplex scan is effectively being utilised to evaluate the blood flow in most
parts of the body specially the arms, legs, heart and the neck. This method is
currently the forerunner in blood flow measurement techniques and is the
closest gold standard test available for blood flow measurement. However this
technique has fallen short in measuring skin blood flow, as it involves very
small Doppler shift due to the slow moving blood cells within the skin capillary

bed.

One of the biggest disadvantages of the duplex ultrasound technique was that
it could not be successfully applied to measure the blood flow in the
microcirculation. The velocities of the blood cells within the capillaries were
significantly lower, in the order of about 1 — 2 mm.s™. Thus the very low
Doppler shift frequencies of the order of only a few Hz were extremely difficult
to extract resulting in a poor signal to noise ratio. This disadvantage was
overcome using light instead of sound waves where the high frequencies of
the visible and infrared light were utilised to measure the tissue perfusion
using the Doppler principle (Chittenden 1993). Laser Doppler flowmetry had
the dual advantages of non-invasiveness and the real time monitoring of the

tissue perfusion. However this technique also had several disadvantages.
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Motion artefacts, muitiple Doppler shifting, biological variations, expensive
technology, dependency on the thickness and optical properties of individual
skin type and the lack of a universal calibration unit due to the large inter and
intra variations in the microvascular physiology were some of the

disadvantages of this technique (Chittenden 1993)

The unpredictable nature of the microvascular architecture and physiology
had rendered it impossible to compare any two techniques of the skin blood
flow measurements at a given time. In spite of the presence of a wide array of
techniques, there exists no ‘gold standard’ method for measuring skin blood
flow. Each method investigates a different aspect of the skin microcirculation
and has its own advantages and disadvantages. Thus it is vital to pre
determine the exact nature of information that is to be extracted for any study
before selecting a suitable method. This research project aims to diagnose
neuropathy in its early stage by analysing and comparing the vasomotor
changes in the microcirculation of the diabetics and the healthy individuals.
Continuous research with improved electronics and computing has led to the
development of several new measuring techniques. Amongst these the PPG
has gained considerable importance for its operational simplicity, ruggedness,
simple electronics and low cost. PPG is a non-invasive optical technique for
measuring tissue perfusion. This study aims to investigate the cutaneous
circulation using PPG and hence it has been dealt in great detail in the next

few sections of this chapter.
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1.5 Photoplethysmography (PPG)

Plethysmography is defined as a technique that measures any change in
volume. It is derived from the Greek word plethysmos, which means to
enlarge (Creager et al 1992). The history of PPG goes back to over 70 years.
In 1938 Hertzman first discovered the relation between the intensity of the
reflected light and the skin blood volume (Neumann and Maessen-Visch
1999). His device consisted of a light source, detector and an analyser and
was used to record the arterial pulsations in the skin. In 1970’s PPG was first
used in the examination of the peripheral venous circulation (Blazek et al
1996). With increased application several potential sources of errors were
reported such as the errors due to the incorrect positioning, skin contact, skin
movement or the type of light source used (Allen 2007). The technical
difficulties in calibrating and in the quantitative analysis of the measured data
further limited its applications (Blazek et al 1996) . It was however the
advancement in semiconductor technology, computing power and clinical
instrumentation that led to the re establishment of PPG (Allen 2007). Blazek’s
and Schultz — Ehrenburg’s group devised a self-calibrating system using the
modern computing technology that lead to PPG’s widespread application as a

vascular diagnostic tool (Blazek et al 1996).

1.5.1 Working Principle

PPG is an optical technique that consists of a light source and a photosensor.
Modern PPG sensors use low cost light emitting diodes (LED) and

appropriate photodetectors working at the red or the near infra-red (IR)
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wavelengths (Allen 2007). The LED and the photodetectors can be placed
either on the same side of the skin surface under investigation or opposite to
each other. Depending on the position of the source and the detector PPG
probes can be classified into two functional modes. When the tissue under
investigation is placed between the light source and the detector as shown in
figure 1.5, it is known as the transmission mode and is widely used to
investigate certain areas of the body with limited width e.g. fingers, ear lobe,
etc. In this arrangement the detector receives the light after being transmitted
through the tissue of interest. However, this kind of arrangement has its own
limitation and cannot be used to measure skin blood volume for most parts of
the body. When both the emitter and the detector are placed on the same side
of the skin being measured it is known as the reflection mode. This
arrangement is illustrated in figure 1.4. In this mode the incident light
undergoes attenuation within the different tissue layers before being reflected
back on to the detector. The intensity of this reflected and back scattered light
is measured and the variation in the photo-detector current thereby produced
is assumed to be related to the blood perfusion changes under the probe

(Oberg and Lindberg 1991).
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