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Abstract
Small nerve fibre dysfunction is an early manifestation of diabetic neuropathy
but its pathogenesis is not completely understood. The relative contributions
of hyperglycaemia and other associated factors such as hypertension, insulin
resistance and dyslipidaemia are unknown. The principal aim of this thesis
was to examine the relative importance of hyperglycaemia compared to other
features of the metabolic syndrome in pathogenesis of this important
complication. The studies described compared small fibre function in people
with type 1 diabetes (representing high glycaemic burden) to that in people
with impaired glucose tolerance (IGT) [lower glycaemic burden but features of
the metabolic syndrome] and control subjects. The studies employed a
physiological test of C-fibre function which uses skin heating to trigger the
axon reflex and measures the resultant area of neurogenic vasodilatation with
a laser doppler imager (LDI). This area, termed the LDI flare, is proportional to
small fibre function and has been shown to be reliable, neurogenic and
correlated to dermal nerve fibre density. In this thesis further confirmation of
its neurogenic nature of the LDI is demonstrated, furthermore, it is shown to
be superior to the iontophoretic method of eliciting the axon reflex and
correlated to intra-epidermal nerve fibre density.

The comparison groups in the main study were matched for age, height and
BMI and all were free from clinical neuropathy. The LDI flare areas were
reduced in the IGT group compared to both the control and type 1 groups. In
contrast there was no abnormality of C-fibre function in longstanding type 1
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diabetes group. This suggested that hyperglycaemia may not be the major
determinant of small fibre neuropathy in subjects with IGT and implicated
features of the metabolic syndrome. Supporting this supposition, LDI flare was
significantly negatively correlated to estimates of insulin resistance derived
from fasting plasma insulin and glucose levels.
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Chapter 1 - Introduction

Diabetes is a serious life-long metabolic condition that is rapidly increasing in
incidence (1). Its long term sequelae include macrovascular complications:
myocardial infarctions, strokes and peripheral vascular disease; and
microvascular complications which include: nephropathy, retinopathy and
neuropathy. Foot ulceration is one of the most common complications of
diabetes with a lifetime prevalence of 25 % (2) and often results in both
hospital admissions (3) and in lower extremity amputations (4). One of the
most important causes of foot ulceration is neuropathy, which is present in
over fifty percent of people over 60 years with diabetes (5). Despite the
importance of neuropathy in the aetiology of foot ulceration and the
prevalence of neuropathy in the population, there is currently no effective
treatment for neuropathy other than the treatment of the diabetes.

The diagnostic criteria for diabetes were defined by the glucose thresholds at
which microvascular complications such as nephropathy, retinopathy and
neuropathy, become apparent. Diabetes is defined as a fasting glucose above
7 mmol/L with symptoms or two glucoses greater than 7 mmol/L if
asymptomatic, or a random, or 2 hour oral glucose tolerance test value above
11 mmol/L (6). The reduction in microvascular complications with improved
glycaemia supported the concept that hyperglycaemia is the main cause of
microvascular complications (7;8). The incidence of macrovascular disease
was noted to be increased at lower levels of glucose dysregulation. Therefore,
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a condition called Impaired Glucose Regulation (IGR) was established to
identify those at risk of macrovascular disease. Impaired glucose regulation
encompasses two conditions: Impaired Fasting Glucose (IFG) and Impaired
Glucose Tolerance (IGT), and lies between normal glucose tolerance and
diabetes.

IFG is were the fasting plasma glucose lies between 5.5 and 7.8 mmol/L (9)
whereas IGT is defined by performing an oral glucose tolerance test (OGTT)
where glucoses are taken before, and two hours after a 75g glucose load. A 2
hour glucose value between 7.8 and 11 mmol/L is diagnostic of IGT.

There is increasing evidence that nerves are damaged early in the natural
history of diabetes (10-12) because there are several studies linking IGT to
neuropathy particularly small fibre neuropathy (13-17). Nerve conduction
studies demonstrate that neuropathy is already present in 10-18% of patients
with diabetes at the time of diagnosis (18), suggesting large nerve fibre
dysfunction may occur at very early stages of the condition. Using a
combination of physical examination, focused history and vibration perception
thresholds, Franklin et al. demonstrated that the prevalence of neuropathy in
patients with IGT (11.2%) was below that of those with diabetes (26%), but
much more than that of age-matched normal controls (3.9%) suggesting that
there was a continuum of neuropathy risk with increasing glucose
dysregulation (19). More recent studies have confirmed an increasing
prevalence of neuropathy through the categories of IFG and IGT to diabetes.
The Monica/Kora Augsburg study defined neuropathy using a cut off score of
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greater than 2 with the Michigan Neuropathy Screening Instrument (20) and
demonstrated a prevalence of neuropathy in 28% of those with diabetes, 13%
of those with IGT, 11.3% of those with IFG and 7.4% of those with normal
glucose tolerance (21).

More recently, research has focussed on Intra-Epidermal Nerve Fibre Density
(IENFD) measurement obtained from skin biopsies. These studies have
shown small nerve fibre loss early in the natural history of type 2 diabetes (1012;22;23). More intriguingly a number of studies also suggest that this may
occur in the pre-diabetic state (13-17). Indeed, it was the higher than
expected prevalence of IGT amongst subjects with neuropathy of unknown
aetiology or chonic idiopathic axonal polyneuropathy (CIAP), which led
researchers to suggest IGT as a causative factor (16;24).

In 2001, Novella et al. performed OGTTs on 48 subjects who had no
discernable aetiology for their neuropathy. The authors discovered that 23%
of this cohort had type 2 diabetes and 27% had IGT (15). These prevalences
were above those published where the prevalence of IGT was 15% and of
type 2 diabetes was12% (15).

In 2001, Singleton et al. looked at 72 patients with CIAP, principally with
painful sensory symptoms and discovered that about third of them had IGT
using the 1997 ADA guidelines (16). The subjects who had diabetes, as
opposed to IGT, more frequently had motor neuropathy defined by an
abnormal peroneal nerve action potential amplitude (16).
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Later in 2001 Singleton et al. published a retrospective analysis of subjects
investigated between July 1996 to June 1998 with nerve conduction studies
and needle electromyography for idiopathic polyneuropathy, axonal
polyneuropathy and small fibre polyneuropathy (24). The authors identified
121 subjects and 89 had at least one measure of glucose handling such as:
fasting plasma glucose, HbA1c or OGTT results. Of these 89 subjects 31%
had frank diabetes and of the 61 remaining subjects, 15 (25%) had IGT or
IFG. This compares to the reported 14.2% age and sex matched prevalence
of IGT in the general population (24).

Sumner et al. performed OGTTs on 73 patients with CIAP (17). The authors
found that 56% were abnormal: 36% with IGT and 20% with diabetes. With
the aid of nerve conduction velocities and IENFDs from skin biopsies, this
group went on to demonstrate that the IGT subjects had a predominantly
small fibre neuropathy (17).

These studies were disadvantaged by the absence of a control group. It is
unsafe to compare the prevalence of IGT within a cohort to previously
published prevalences of IGT within the population, because local
prevalences of IGT may be much higher.

The only controlled study was done by Hughes et al. in 2004, which despite
twice as many IGT subjects being in the patient group compared to the
controls (32% vs 14% respectively), after adjustment for age and sex, there
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was no statistically significant difference between the groups (25). Likewise,
insulin concentrations were significantly higher in the patients than controls,
but when HOMA analysis was performed, no statistically significant difference
could be found between the groups. Nevertheless; the authors did
demonstrate a significant difference in triglyceride concentrations between the
patient and control groups (1.9 ±1.41 mmol/L vs 1.25 ±0.79 mmol/L
respectively, p=0.01) (25).

In 2004 the ADA changed their diagnostic criteria for IFG to a fasting plasma
glucose greater than 5.5mmol/L but less than 7.0 mmol/L in order to better
predict future diabetes risk (26). The aforementioned studies used the higher
1997 ADA guidelines (fasting plasma glucose >6.1mmol/l but less than 7.0
mmol/L) for the diagnosis of diabetes. Hoffman-Snyder et al. tried to
determine whether the lower, stricter, 2003 criteria would obviate then need to
do OGTTs to identify those at risk for neuropathy (13). The authors concluded
that the OGTT was needed as many more subjects were diagnosed with IGT
than IFG despite the lower 2003 criteria (62% vs 39% respectively).
Otherwise IGT was overrepresented in this CIAP cohort compared to
published prevalences of IGT in age-matched subjects (13). The absence of a
control group was again a deficiency of the study.

In 2008 a Norwegian group, Nebuchennykh et al, examined 70 individuals
with CIAP with OGTTs in order to try to quantify the association of CIAP with
glucose dysregulation (14). Again a high prevalence of IGR (23%) was
demonstrated in the CIAP cohort, but the prevalence was much less than
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previously-published cohorts from North America. This study again was
disadvantaged by the lack of a control group as there were no studies
reporting the prevalence of IGT in Norway. The most relevant study was a
Swedish study which demonstrated the prevalence of IGT in 2595 Swedish
women was 14.4% (14). This study excluded men and so may have
underreported the true prevalence and was in a different geographical area
which may further have influenced the result. The lack of a control group
therefore makes it difficult to determine whether subjects with IGT are truly
overrepresented in this CIAP cohort.

The lower prevalence of IGR in the Nebuchennykh et al. cohort may be due to
the lower average age of its participants (approximately 55yrs) compared to
the American cohorts (approximately 65yrs). The prevalence of IGT increases
with age (27) and the difference between the studies may be solely related to
this.

Smith et al. re-examined their original cohort of subjects with CIAP where they
discovered an excess prevalence of IGT. They hypothesised that the subjects
with prediabetes would have more features of the metabolic syndrome than
the ones without. In fact there was no difference in the number of features of
the metabolic syndrome between the 2 groups with each group having 2
features of the metabolic syndrome (28).

If IGT affects small nerve fibre function then it would be expected to alter
autonomic nerve function. Wu et al. examined autonomic function in 1440
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subjects with NGT, isolated IFG, IGT and Diabetes (29). To assess the
autonomic function of the subjects they performed traditional tests of cardiac
autonomic function including: change in heart rate during deep breathing, and
the ratio between the 30th and the 15th RR interval after standing (30). These
tests are indices of parasympathetic modulation of the heart. The standard
deviation of normal RR intervals (SDNN) and spectral analysis of heart rate
variability was also used to determine the cardiac sympathovagal balance
(30). The parasympathetic activity is the major contributor to high frequency
(HF: 0.15-0.4Hz) component whereas the low frequency (LF: 0.04-0.15Hz)
component is the major contributor to sympathetic modulation. The LD/HF
ratio is an index of the sympathovagal balance (31). Wu et al. demonstrated
that IGT subjects had decreased parasympathetic modulation of the heart
demonstrated by HF power and 30/15 ratio. A similar pattern was shown in
the group with diabetes (29). It was concluded that parasympathetic tone had
declined, shifting the balance of autonomic tone towards sympathetic
dominance. The authors were unable to find any such abnormality in those
with IFG (29).

Women with prior gestational diabetes are at risk of type 2 diabetes. Gasic et
al. compared heart rate variability including SDNN and spectral analysis on 48
women with prior gestational diabetes to 25 control subjects (32). The authors
discovered that 52% of patients with prior gestational diabetes had reduced
SDNN. HF and LF power also was reduced, indicating that both sympathetic
and parasympathetic function had been affected (32). Overall there appeared
to be a relative predominance of sympathetic function over parasympathetic
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function. When frequently sampled intravenous glucose tolerance tests were
performed to determine insulin sensitivity, it was found that the impairment in
cardiac autonomic function was correlated to HbA1c and 2-hour glucose, but
not insulin sensitivity. It is possible that these changes are due to glycaemic
damage sustained during gestational diabetes as opposed to damage as a
consequence of being pre-diabetic (32).

Two studies (one epidemiological and one interventional) support the concept
of a metabolic cause of neuropathy, independent of glycaemia (21;33).
Although the Eurodiab prospective complications study studied subjects with
type 1 diabetes, it never-the-less demonstrated that the incidence of
neuropathy was associated with metabolic risk factors such as: triglyceride
level, body-mass index, smoking and hypertension, independent of glycaemic
control (34).

The intervention study by Smith et al., measured IENFD from punch biopsies
taken from the thigh and distal calves of subjects with IGT before and after a
year of lifestyle intervention (33). The lifestyle intervention involved diet and
exercise counselling. At the end of one year this had resulted in significant
falls in body-mass index, 2-hour glucose during the oral glucose tolerance test
and total cholesterol. The biopsies following a year of lifestyle intervention
showed a significant increase in IENFD (33).

The use of IENFD as a marker of severity of neuropathy has been
questioned. This is because there have been no prosepctive studies to
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examine the consequences of having a reduced IENFD over time. It is not
known even what happens to normal control subjects over time. Therefore, it
is not known whether a reduced IENFD predicts a future risk of large fibre
neuropathy, reduced nerve conduction velocities and reduced sensation. As
reduced IENFD is generally asymptomatic a reduced IENFD could have little
biological consequence and its utility as a marker of reduced nerve function
will only be proven when it can be shown that it precedes clinically significant
large fibre neuropathy.

The evidence taken together points to an association between CIAP and IGT
but it should be noted that the only controlled trial did not show such an
association. An association between IGT and neuropathy is certainly
biologically plausible. Diabetes is known to cause neuropathy and the degree
of hyperglycaemia proportional to the risk of developing neuropathy (7;8).
Smaller degrees of hyperglycaemia may result in smaller degrees of
neuropathy. The glucose thresholds for the diagnosis of diabetes were
developed by the glucose levels above which microvascular complications
became apparent. If IFG and IGT significantly increase the risk of neuropathy
then the utility in differentiating IGT from diabetes become less apparent.

The absence of a cut off value in HbA1c between isolated IFG, IGT and
diabetes suggests that the glycaemic burden of these three conditions may be
similar and it might be glycaemic burden which predicts the risk of neuropathy
(35). Unfortunately none of the studies examining the cause of CIAP
compared the HbA1c of those affected to the control subjects. Against this
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theory is that IFG and IGT can not be differentiated by HbA1c; however, the
evidence suggests that those with IGT are clearly at more risk from
neuropathy than those with IFG (35).

IGT and IFG are essentially very similar conditions. The difference between
these groups might help to identify the cause of neuropathy associated with
pre-diabetes. The main differences between IFG and IGT are that insulin
resistance is more marked in the liver in IFG than IGT, whereas it is more
pronounced in the muscle compared to the liver in IGT (36).

An important question to evaluate when investigating the cause of neuropathy
in pre-diabetes is the relative importance of hyperglycaemic burden versus
insulin resistance and other factors associated with the metabolic syndrome in
the development of neuropathy in pre-diabetes.
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Defining the research question
Several studies have demonstrated that metabolic factors are independently
associated with the development of neuropathy and have linked pre-diabetes
to small fibre neuropathy (10;24;33;34;37;38). Since most of the recognised
pathogenic mechanisms for the development of diabetic neuropathy rely on
the presence of hyperglycaemia, the aetiology of small fibre neuropathy in
IGT remains unclear (39). Since insulin resistance is thought to be the cause
of the metabolic syndrome and pre-diabetes, similar pathogenic mechanisms
may cause the small fibre neuropathy associated with IGT.

Hypothesis
That small fibre neuropathy in IGT is caused by insulin resistance as opposed
to hyperglycaemia.
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Study design to evaluate the hypothesis
The Laser Doppler Imager (LDI) flare technique is a relatively new technique
which uses the axon reflex to measure small nerve fibre function. This
technique uses heat to activate the axon reflex and a laser doppler imager to
determine the area of the resulting flare called the LDI flare (10). It has
previously been demonstrated that this test has better reproducibility than
existing tests of small fibre function (16).

The principal aim of this work is to compare small nerve fibre function in
subjects with IGT to subjects with longstanding hyperglycaemia to determine
the role of hyperglycaemia in the aetiology of small fibre neuropathy. Subjects
with long standing type 1 diabetes were chosen to represent the group with
hyperglycaemia, as opposed to subjects with type 2 diabetes, to reduce the
influence of the metabolic syndrome in this group to a minimum because
feature of the metabolic syndrome are less prominent in those with type 1
diabetes when compared to those with type 2 diabetes.
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Specific aims of the project

•

To determine the relative importance of glycaemia in the development
of small fibre neuropathy, by comparing the LDI flare of those with IGT
to those with longstanding type 1 diabetes without clinical neuropathy.

•

To examine the influence of metabolic factors on the development of
small fibre neuropathy: specifically serum lipids, insulin resistance and
the International Diabetes Federation (IDF) criteria for the metabolic
syndrome.

•

To correlate the LDI flare area to existing measures of small fibre
function:
o Quantitative sensory testing for warm and cold sensory
thresholds
o Acetylcholine iontophoresis

•

IENFD obtained from examination of skin biopsies.
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Study design
Three groups of subjects were recruited, a group with impaired glucose
tolerance, a group with long standing type 1 diabetes and no clinical
neuropathy and a group of normal controls. Each group had the following
tests performed (detailed methodology of how each of these were performed
is described in chapter 3):

1. Anthropomorphic data including: waist and hip circumference, weight
and height.
2. Fasting and 2 hour glucose measurements from the oral glucose
tolerance test for control subjects and those with IGT.
3. Fasting serum lipids including: triglycerides, High Density Lipoprotein
(HDL), Low Density Lipoprotein (LDL) and total cholesterol.
4. Fasting insulin and glucose levels with insulin sensitivity determined by
the homeostasis model assessment (HOMA) method (40).
5. The LDI flare technique (10).
6. Neuropathic symptoms employing the Neuropathy Symptom Score
(NSS) (41)
7. Neuropathic deficits measured using the Toronto clinical scoring
system for diabetic neuropathy (42) and the Neuropathy Disability
Score (NDS) (5).
8. Quantitative sensory testing (large and small fibre function) using the
Computer Aided Sensory Evaluator IV [CASE IV] (WR Medical
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Electronics Co., Minnesota, USA) to assess vibration perception and
warming and cooling detection thresholds (43).
9. Iontophoresis using the Periont LI 611 iontophoresis capsule (Perimed,
Sweden) iontophoresing 10% acetylcholine at 0.2 mA for 10 minutes.
10. Intra-epidermal nerve fibre density obtained from skin biopsies from
the dorsum of the foot (44).
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Chapter 2 - Background and literature review
Normal physiology
Types of nerves
For convenience in the 1930s peripheral nerves were split in to 3 broad
groups (A, B and C) according to their speed of conduction. The A fibres were
further divided by decreasing size and conduction velocity. The B group
consists of small pre-ganglionic autonomic C-fibres. C-fibres are small
diameter and unmyelinated. Different nerve fibres convey different types of
information, consequently different pathologies affect different fibre types
according to their degree of myelination and location (45). Table 1 shows the
different fibre types and their function (46):

Motor

Sensory

Myelination

Myelinated

Myelinated

Thinly
myelinated

Unmyelinated

Unmyelinated

Fibre type

Aα

Aα / Aβ

Aδ

C

C

Fibre
diameter
Speed of
conduction
Function

12-20 µm

12-20 /
10-15µm
70-120/60-80 m/s

3-8µm

0.2-1.5µm

0.2-1.5µm

10-30m/s

0.5-2.5m/s

0.5-2.5m/s

Cold
perception
Pain

Warmth
perception
Pain

Heart rate,
blood pressure
control,
sweating, gut
and genitourinary function

70-120 m/s
Motor
control

Touch
Proprioception
Vibration
perception

Autonomic

Table 1 - Different types of nerve fibres
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The microcirculation

In the dermis of the skin arterioles and venules form two venous plexuses: the
upper horizontal plexus, which forms capillary loops for the dermal papillae
and the lower horizontal plexus located at the dermal-subcutaneous junction
(see figure 1 below reproduced and adapted from (47)).

Hair
dermal
papillae
upper
plexus
Sweat gland

Hair follicle
lower plexus

Figure 1 - Skin structure

The lower horizontal plexus is formed from perforating vessels from the
underlying subcutaneous tissue. The lower horizontal plexus also supplies
vessels to structures in the dermis such as hair follicles and sweat glands.
There are often communicating vessels, which link the upper and lower
plexuses. The upper horizontal plexus supplies the dermal papillae. Each
dermal papillae is supplied by one capillary loop, which has an ascending
limb, an intra-papillary section and a descending limb (48).
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Measurement of microvascular blood flow

Skin blood flow can be measured with laser doppler flowmetry or venous
occlusion plethysmography. In laser doppler flowmetry, laser light penetrates
the skin to a depth of 1.5mm where the coherent beam is scattered by the
tissues. The laser beam is reflected off moving red blood cells and undergoes
frequency shift according to the doppler principle. The reflected laser light is
picked up by a photodectector which produces a voltage signal, the size of
which is related to the number and velocity, or flux, of the red blood cells (49).
There are two main types of laser doppler: a single point laser doppler and a
laser doppler imager (LDI). A single point laser doppler only measures the flux
at a single point on the skin whereas a LDI measures flux at a number of
adjacent points and thus builds a picture of skin perfusion (50). This not only
allows the calculation of mean perfusion, which is more accurate than the
measurement of flux from a single point (51), but also allows visualisation of
the hyperaemic area. This visualisation also enables researchers to analyse
the size, shape and intensity of the flare.

Further advantages of laser doppler flowmetry are that measurements can be
taken continuously or immediately and that it specifically measures the
cutaneous microcirculation. Its main disadvantage is that it is unable to
measure blood flow in absolute flow values; instead it measures flow in
arbitrary laser doppler units called perfusion units (PU). To overcome this
disadvantage laser doppler flow is usually measured during maximal
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vasodilatation, which is usually elicited by skin heating (52). Rayman et al.
were the first to describe this method of eliciting maximum microvascular
hyperaemia in 1986. The authors heated a small area of skin to 44oC and
measured the maximum blood flow using a single point laser doppler (52).

The anatomy of the microcirculation of the upper plexus explains the variation
in laser dopper flux seen in single point laser doppler measurements. The
laser doppler can only gather signals from a depth of 1-1.5mm below the skin
surface, so that structures below this level, such as the lower plexus and
blood vessels supplying sweat glands and hair follicles, don’t contribute to
these signals (53).

Braverman et al. combined laser Doppler flux measurements with
concentration of moving red blood cell data to construct a topographic map of
the perfusion of the skin (54). This type of map correctly predicted the type of
microvasculature beneath the probe; whether the site was predominantly
venular, arteriolar or avascular (54). This study demonstrated that ascending
arterioles were randomly spaced at intervals of 1.5-7mm (55) explaining the
variation of single point laser Doppler flux measurements (56).

Venous occlusion plethysmography can be use to measure blood flow of a
finger, arm or lower leg. The method can measure blood flow in absolute flow
measurements; however this advantage is offset by its inability to just
measure the blood flow of the skin. The flow measurements of venous
occlusion plethysmography include the blood flow of the muscle; therefore it
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can only be used in situations where blood flow to the muscle is static.
Venous occlusion plethysmography of a finger overcomes some of these
limitations because the proportion of the blood flow going to muscle is very
much smaller. However, the skin of the finger is both glabrous (palms, soles
and lips) and non-glabrous (hair-bearing skin), which can limit its application,
depending on the question being addressed. Furthermore venous occlusion
plethysmography can only record readings about four times a minute (57).

Thermoregulation

The skin is the main organ of thermoregulation. When the core body
temperature rises, cutaneous vasodilatation and sweating increase heat
dissipation: conversely when core body temperature falls, vasoconstriction
and piloerection minimise heat loss (58). Shivering increases heat production
when core temperature falls sufficiently. Thermoregulation is controlled by a
centre located in anterior hypothalamus, which co-ordinates skin blood flow,
sweating and shivering, in response to information about skin and core
temperature (59).

Thermoregulation is an example of a negative feedback loop. When the core
body temperature rises, skin blood flow and sweating increase in proportion to
internal temperature until heat dissipation and heat generation are equal, and
therefore body temperature is stable, or maximal responsiveness is reached
(60). When skin temperature decreases towards normal, sweating stops and
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skin blood flow decreases, until heat generation matches heat dissipation
again (60).

Two different populations of sympathetic nerves control skin blood flow: a
group of sympathetic vasoconstrictor nerves and another group of
sympathetic vasodilator nerves (60).

Both sympathetic vasoconstrictor nerves and vasodilator nerves innervate
non-glabrous skin whereas sympathetic vasoconstrictor nerves only innervate
glabrous skin (61). Glabrous skin has many arteriovenous anastomoses
(AVA), which are thick-walled, low-resistance vessels that link arterioles to
venules and allow blood to bypass the capillary bed (62). Therefore opening
and closing of these AVAs can cause substantial changes in skin blood flow
(62). These AVAs, in common with the rest of the glabrous skin, are under
control of sympathetic vasoconstrictor nerves (61).

The sympathetic vasoconstrictor system is tonically active in thermoneutral
environments (63). This system is responsible for the small changes in skin
blood flow that maintain normal body temperature with slight changes in
activity or environmental temperature (61). This is possible because relatively
small changes in skin blood flow result in large changes in the amount of
energy transferred to the environment. This zone of thermoregulation, which
is accomplished solely by variations in vasoconstrictor tone, is called the
vasomotor zone (64). During hyperthermia the removal of this vasomotor tone
is responsible for 10-20% of the maximal cutaneous vasodilatation (63). The
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rest of the vasodilatation is effected by the activation of sympathetic
vasodilator nerves in the skin (65). These vasodilator nerves can increase
skin blood flow until 60% of cardiac output is being diverted through the skin
(66). This vasodilator system is only activated when the internal temperature
is increased by exercise or environmental heat exposure (63;67).
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Mechanism of the cutaneous active vasodilator system

The mechanism by which the cutaneous active vasodilator system works has
still to be fully elucidated. In particular, the neurotransmitters involved in
cutaneous active vasodilatation are still uncertain. Post-synaptic muscarinic
inhibition with atropine blocks sweating in response to heat stress, but not
cutaneous active vasodilatation, whereas pre-synaptic inhibition of cholinergic
nerves with botulinum toxin blocks both sweating and vasodilatation (68;69).
This implies that there is another neurotransmitter involved. Hokfelt et al.
suggested that cutaneous active vasodilatation may involve the co-release of
acetylcholine (Ach) and Vasoactive Intestinal Peptide (VIP) (70). In this
proposal acetylcholine would cause the sweating and VIP would cause the
vasodilatation (70). VIP is an attractive candidate neurotransmitter to be coreleased with acetylcholine because it: is known to be a vasodilator; is found
at nerve synapses with both sweat glands and blood vessels; and is colocalised with Ach (71;72). This theory is also supported by the fact a part of
the peptide chain of VIP antagonised the effect of VIP at VIP type 1 and 2
receptors and when in combination with atropine reduced vasodilatation
during heat stress (73). Unfortunately another group’s attempt to replicate
this work was unsuccessful (74); furthermore, studies indicate that subjects
with cystic fibrosis, who are known to have little or no VIP, have normal
cutaneous active vasodilatation in response to heat stress, suggesting that
VIP may not the only substance necessary for this response (75).
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Nitric oxide has been implicated in the control of cutaneous active
vasodilatation because infusions of Nitric Oxide Synthase (NOS) inhibitors
have attenuated cutaneous active vasodilatation caused by whole body
heating (76). Work has have suggested that acetylcholine-induced nitric oxide
production was possible during early heat stress however not after substantial
vasodilatation has occurred (77).

The sympathetic vasoconstrictor system

Originally, the sympathetic vasoconstrictor system was thought to be much
simpler than the sympathetic vasodilator system; Norepinephrine was thought
to cause vasoconstriction by acting on postsynaptic α1 and α2 adrenoceptors
in cutaneous arterioles and AVAs to cause vasoconstriction (78). More recent
work has suggested Neuropeptide Y (NPY) may act as a co-transmitter and
by acting through post-synaptic β receptors, may reduce the α receptormediated vasoconstriction by norepinephrine (79).
It is thought that these are the only neurotransmitters involved in the
cutaneous active vasodilator system because the combination of NPY
blockade together with α and β adrenoceptor blockade abolishes the
vasoconstriction caused by hypothermia (79).

Local heating of the skin

The mechanism by which local heating causes skin vasodilatation is different
from the mechanism that causes skin vasodilatation in total body heating. The
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exact mechanism by which local heating leads to skin vasodilatation has yet
to be fully elucidated, but it is known that the sympathetic nervous system is
not involved (80;81).

When the skin is heated to 42 oC slowly, a biphasic increase in blood flow has
been demonstrated (82). When the skin is heated in this manner, the blood
flow shows an initial rapid rise over the first 5 minutes, then a small decrease
and then a more sustained increase which reaches a peak after about 25
minutes.
Some have proposed that this initial rise in blood flow is caused by activation
of the axon reflex. However, two groups have independently confirmed that
even a very brief sensation of mild pain on the initiation of heating eliminates
this biphasic increase in skin blood flow (82;83).

Gooding et al examined the possible mechanisms causing maximum
hyperaemia by local heating to 44 oC (84). These authors demonstrated by
using aspirin, cetirizine and local anaesthetics that neither prostaglandin
production, histamine (H1) receptor stimulation nor axon reflex activation were
involved in the vasodilatation elicited by local skin heating to 44 oC (84). The
authors did show that nitric oxide was involved in the vasodilatation invoked
by local heating because an infusion of the nitric oxide synthase inhibitor, NGnitro-L-arginine methyl ester (L-NAME) reduced maximum hyperaemia to a
third of the control group. The potentiation of the vasodilatation elicited by
local heating by sidenafil, a drug that increases NOS by inhibiting
phosphodiesterase 5, further confirmed the importance of nitric oxide in the
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vasodilatory mechanism associated with local heating (84). Importantly, the
mechanism of vasodilatation of local heating is different from that mediating
flare, because flare is blocked by local anaesthetics; and the vasodilatation
induced by the local heat contact is not (10;52).

The Axon Reflex

The axon reflex is part of the Lewis triple response which was first described
by Sir Thomas Lewis in 1927 (85). This response was first elicited by drawing
a sharp object across the skin and comprises of three phases:

1) Flush: this is due to capillary dilatation due to histamine release
2) Flare: this is redness spreading out from the injury site and is due to
arteriolar vasodilatation.
3) Wheal: This is due to extravasation of tissue fluid as a result of arteriolar
and capillary vasodilatation.

The axon mediated flare has been shown to be directly related to nociceptive
C- fibre function (86). Stimulation of nociceptive C-fibres leads to the
simultaneous conduction of an impulses orthodromically to the spinal cord
and antidromically to nerve endings abutting arterioles, where the release of
neurovascular transmitters causes vasodilatation and increased blood flow to
injured tissues (87). This is illustrated in figure 2:
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The Axon Reflex
Pain
stimulus

Endings in skin

Spinal cord

Orthodromic
conduction
Antidromic
conduction

Blood vessel

Figure 2 - The axon reflex

The neurovascular transmitters that are released from C-fibres and cause
vasodilatation are the neuropeptides: substance P and Calcitonin Gene
Related Peptide (CGRP). Substance P acts on its preferred receptor, the NK1
receptor, on endothelial cells to cause plasma leakage. Substance P also
degranulates mast cells, leading to the release of mast cell amines, which
causes plasma leakage. CGRP acts on its receptor causing arteriolar
dilatation (88).

Capsaicin, the pungent constituent of chilli peppers, has done much to further
the knowledge of the axon reflex and neurogenic inflammation. It causes
intense pain if injected in to the skin by binding to a receptor expressed by
nociceptive C-fibres (89). This receptor was cloned in 1997 and is called the
Tranisent Receptor Potential Vanilloid 1 (TRPV1) (90). Agonists such as
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capsaicin open the channel allowing entry of Na+ and Ca2+ leading to
depolarisation. Capsaicin is not the only agonist for the TRPV1, in fact the
receptor is sensitive to a number of different stimuli including pH, temperature
and other capsaicin-like agonists (89).

It has been demonstrated that repeated application of capsaicin leads to
depletion of the neurovascular transmitters in the nerve terminals and also
leads to sensory nerve degeneration (12;91).

There are several distinct types of C-fibre. Some are sensitive to stimuli of
many modalities called polymodal nociceptors (92). It appears that these
fibres have a too small a receptive field to be involved in the axon reflex.
There is another subclass of C-fibres which do not respond to either heat or
mechanical stimulation but do to capsaicin. It appears that these C-fibres
respond to mechanical stimuli such as pressure and heat when sensitised
(92). These C-fibres are thought to be responsible for mediating the axon
reflex flare (93).
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Classification of diabetic neuropathy
There are numerous classifications of diabetic neuropathy based on clinical
features, aetiology, anatomical patterns or pathogenesis. The classification
originally proposed by Thomas (94) has been advocated by the American
Diabetic association (95) and therefore will be used in this thesis:
1) Rapidly reversible
Hyperglycaemic neuropathy
2) Generalised symmetrical polyneuropathies
Sensorimotor
Acute sensory
Autonomic
3) Focal and multifocal neuropathies
Cranial
Thoracolumbar radiuloneuropathy
Focal Limb
Proximal motor

The rapidly reversible, focal and multifocal varieties of neuropathy associated
with diabetes, tend to relate poorly to the severity and duration of diabetes
and their symptoms and signs are distinctive and prominent (96). Conversely,
the generalised symmetrical polyneuropathies often begin with silent
dysfunction of nerves resulting in abnormal signs, but with few or no
symptoms. The generalised symmetrical polyneuropathies relate more closely
to the severity and duration of diabetes (97). For this reason this thesis will
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focus on generalised symmetrical polyneuropathies, the most common of
which is diabetic sensory-motor neuropathy (95). Symptoms in generalised
symmetrical polyneuropathies generally originate in the feet because these
neuropathies are length dependent and the axons supplying the feet are the
longest (98).

The assessment of nerve dysfunction

Symptoms

The symptoms produced by diabetic sensory-motor neuropathy are numerous
and varied, but normally fall into a recognisable pattern. The patient may
describe burning pains; feelings of pins and needles; heightened sensation of
pain such that mildly painful stimuli are perceived as much more painful
stimuli (hyperaesthesia); alteration of normal sensation into a painful or
unpleasant sensation (allodynia); shooting pains or sensations that the feet
are particularly hot or cold (99).

The type of sensory abnormality experienced depends to a large degree on
the type of nerve fibres affected by the neuropathy (see page 16). Damage to
large myelinated Aβ fibres causes loss of vibration sensation, proprioception
and fine touch. Damage to small non-myelinated C-fibres and small lightly
myelinated Aδ fibres causes reduced sensitivity to pinprick and temperature
sensation. Small nerve fibre damage is also thought to produce neuropathic
pain (100). The dull, burning poorly localised pain is thought to be conveyed
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by polymodal nociceptive C-fibres whereas the sharp, lancinating, prickly pain
is probably mediated through Aδ fibres (101).

Diabetic neuropathies can vary greatly: on one extreme some patients
present with severe neuropathic pain but examination reveals only minimal
functional deficit, at the other end of the spectrum are those who have
anaesthetic feet but are asymptomatic.

A number of clinical scores have been used in clinical trials to quantify the
severity of symptoms of patients with diabetic neuropathy. The best described
is the simplified Neuropathy Symptom Score (NSS) (5).
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Have you, in the past 6 months

Burning, numbness, tingling

2

had any pain or discomfort in your

Fatigue, cramping, aching

1

legs and feet when you are not

Other

0

Is this pain and discomfort most

Feet

2

felt in the:

Calves

1

Thighs

0

Are these symptoms at their worst

Night

2

during the:

Various times of the day

1

Day

0

Have these symptoms ever kept

Yes

1

you awake at night?

No

0

When you get this pain or

Yes, walk

2

discomfort is there anything you

No, or stand up

1

can do make it feel better?

All others

0

walking?

Table 2 - Neuropathy symptom score

To measure the intensity of symptoms, most of these scales are
supplemented with a visual analogue or numerical rating scale of pain. The
prevalence of painful neuropathy varies widely and depends much on the
definition of neuropathy used, however about 30% of those with diabetes will
experience painful neuropathy at some time (38). Fortunately, only a minority
(10%) of those with diabetes are troubled by persistent pain (102). Most
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patients have few symptoms, so few in fact, that they may only present to
medical services when they have foot ulceration as a consequence of
neuropathy (103).

Signs

Sensory signs, such as reduced vibration sense and the loss of pinprick,
temperature and light touch sensation, are very common. Absent ankle jerks
are a cardinal sign, however these are often absent even in healthy, elderly
subjects without diabetes (104).

There are several bedside tests for diagnosing neuropathy: SemmesWeinstein 5.07 (10g) monofilaments, vibration perception using a 125Hz
tuning fork and pin prick sensation using a Neurotip™. These tests are
broadly similar in their ability to diagnose neuropathy. Perkins et al. used
receiver operator characteristic (ROC) curves to examine the performance of
4 of the main simple bedside tests: the 10g Semmes-Weinstein monofilament,
superficial pain sensation, vibration testing by the on-off method and vibration
testing by the timed method. Increasing sensitivity usually reduces specificity
and vice versa, the area under the curve can quantify the overall performance
of a test, thus the greater this value, the better the performance. The area
under the curve of these four tests examined varied little, from 0.70 to 0.73,
indicating that any could be used to diagnose diabetic neuropathy (105).
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As early neuropathy is difficult to detect, both clinically and by investigation;
combined with the absence of effective treatments for diabetic neuropathy,
the examination of those with diabetes has been focussed on ulcer
prevention. Therefore these bedside tests are evaluated more on whether
they can predict ulceration than diagnose early neuropathy. SemmesWeinstein 5.07 (10g) monofilaments have been advocated as an rapid,
inexpensive, easily performed, screening tool for diabetic neuropathy, which is
reproducible across a spectrum of patients and examiners (106). The
monofilament’s strength is that it identifies those at risk of ulceration but may
not be so good for identifying those with early neuropathy. Previous work has
shown that an abnormal monofilament examination renders the patient 15
times more likely to develop ulceration or amputation (107).

Scoring systems for neuropathy

In a similar manner to symptoms, scoring systems have been developed to
quantify abnormalities in examination for the purposes of research. These
scales vary immensely in complexity; some have been developed primarily for
peripheral neuropathy and some specifically for diabetic peripheral
neuropathy. The simplest and probably the most commonly used is shown in
table 3 and is known as the simplified Neuropathy Disability Score (NDS) (5).
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Sensation

Method

Score

R

L

Vibration

Apply 128Hz tuning

Normal (can

0

0

fork to apex of great

distinguish between

toe

presence and absence

Abnormal

1

1

Normal (can

0

0

Abnormal

1

1

Apply a neurotip pin

Normal (can feel

0

0

proximal to the great

sharpness)
Abnormal

1

1

Present

0

0

Present with

1

1

2

2

of vibration

Temperature Apply a cold or warm

Pinprick

tuning fork to the

distinguish between

dorsum of the foot

warm and cold

toenail to barely
depress the skin
Achilles

Use a tendon hammer

Reflex

reinforcement
Absent

Table 3 - Neuropathy disability score
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When assessing scoring systems it is important to assess how they have
been validated. The simplified NDS shown above has been correlated to
vibration perception thresholds, a measure of myelinated nerve fibre function
(5). A score of 6 is roughly equivalent to a vibration perception threshold of
25V (5).

The Toronto clinical scoring system for diabetic neuropathy is an instrument
that scores both symptoms and signs and has been validated with myelinated
nerve fibre density in sural nerves on histological studies. This means it is well
validated to pick up abnormalities in myelinated nerve function (108).

Tests for determining neuropathy
Quantitative Sensory Testing

Sensation can be measured by methods that give a numerical value to the
degree of sensory function. Such methods are known as quantitative sensory
testing (QST). QST are subjective tests and so are dependent on the
psychophysical interpretation of a stimulus by the subject being tested. This
means that subjective tests, such as QST, have higher coefficients of
variation than objective tests, such as nerve conduction velocities (109).

As described in table 1, different nerve fibres convey different sensations and
therefore different tests measure different types of fibre: vibration perception
thresholds can be used to measure large myelinated Aβ fibre function, cooling
thresholds measure small lightly myelinated Aδ fibres and warm temperature
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thresholds measure small unmyelinated C-fibres (101). Generally these tests
involve determining the sensory threshold or minimal stimulus intensity that
the subject can perceive.

Vibration perception thresholds

Vibration perception thresholds (VPT) are a useful method of QST to measure
myelinated nerve function. VPTs can be measured with a biothesiometer or
neurothesiometer; although the neurothesiometers tend to read a little lower
than the biothesiometers this is of no clinical significance (110). The usual
method of measuring the VPT is the ascending method of limits: where the
head of the device is balanced under its own weight, on the apex of the great
toe and the vibration stimulus is increased until the subject can feel it (111).
This is a fairly reliable method of testing and the intra-subject coefficient of
variation is less than 10% (109). Bloom and colleagues published some age
specific normal ranges for the biothesiometer (112): equivalent ranges for the
neurothesiometer have not been published. VPT is considered to be abnormal
at two published levels >12 (113) and > 15 (114). The neurothesiometer
appears to be more sensitive than vibration testing using the Computer Aided
Sensory Evaluator IV (CASE IV) type of QST device in detecting neuropathy,
although both were similarly correlated to sural nerve action potential
suggesting they are both markers of myelinated nerve function (115).
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Thermal thresholds

During the establishment of any new test it is important to have normative
data. This allows the subsequent differentiation between normal and
abnormal. To improve reliability computers have been programmed to follow
algorithms with null stimuli to improve accuracy and reliability. There are a
myriad of different protocols and computerised machines to perform QST,
therefore, the reliability of QST relies not only on the machine used, but also
on a host of other factors such as: the equipment, thermode size,
methodology, population studied, number of examiners, baseline skin
temperature and stimulus site (116). This means that the reproducibility of
QST varies wildly: the reproducibility of QST can be acceptable when the
correct machine is used by the same operator in the same manner (117;118)
but unacceptable in the context of multicentre trials where there are multiple
examiners and centres (109). Moreover QST is time consuming and depends
on the attention and cooperation of patients (119) and the equipment is
cumbersome and expensive (43). Despite these disadvantages, QST has
remained in clinical use due to the paucity of other reliable measures of small
fibre function.

Most QST devices rely on forced-choice methods where the subject is
presented with two time periods. The stimulus is given in one of these time
periods and the subject has to identify in which of the two time periods the
stimulus was given. The main disadvantage of this method of testing is that it
is time consuming. The CASE IV is a computer driven QST device whose
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4,2,1 stepping algorithm with null stimuli makes it quicker than forced choice
tests. The CASE IV system measures the subject’s sensation in terms of just
noticeable differences (JNDs). The CASE IV measures the subject’s ability to
discriminate 2 levels of stimuli. The CASE IV uses a set of 25 standardised
vibration and thermal levels that it uses to calculate the just noticeable
difference (JND). The JND is the point where the subject can feel the level
above but not the level below. This on a scale of 1 to 25 with a higher JND
reflecting a larger change in temperature or vibration needed before the
subject can perceive a difference. The test starts at 13 and then with each
“yes” from the subject the JND level drops by 4. If the stimulus is then not
perceived then the intensity is increased by 2 steps. Then, if it is perceived it
is dropped by one step. This stepping process finds the JND where the
patient can barely distinguish between the two levels. Random null stimuli are
interspersed to prevent the subject pressing yes to every stimulus. A positive
response from the subject to 2 null stimuli prompts re-instruction and retesting
of the subject.

The CASE IV has been shown to be sensitive enough to pick up nerve
function deterioration over a period of a year, which was not detected with
vibration perception using a neurothesiometer (120).

Many studies have examined the frequency of QST abnormalities in diabetic
neuropathy. Studies on people with diabetes with minimal or no neuropathic
symptoms have a higher frequency of thermal testing abnormalities compared
with vibratory or nerve conduction abnormalities (121-124). These findings

57

suggest that small fibres are damaged earlier than large fibres in diabetes.
Conflictingly, some studies have shown that VPT (125-129) and nerve
conduction studies (125;128;130) are more frequently abnormal than thermal
studies. The disparity of these results may be due to the lack of accuracy or
reproducibility of the testing or the biased selection of subjects towards those
with small fibre involvement.

The NeuroQuick device is a novel handheld screening device, which uses a
fan to produce a wind chill, which is perceived as cold (131). The fan has ten
settings to produce ten different forces of wind. The distance from the fan to
the patient is kept constant by the visual point of intersection of two
converging laser beams on the patient’s skin. The device can consequently
be used as a quantitative bedside test of cold thermal perception threshold.

A study has examined the effectiveness of the NeuroQuick at diagnosing
diabetic polyneuropathy (131). Diabetic polyneuropathy was said to exist if
two or more of the following were present: 1) Slowing in nerve conduction
velocity in at least 2 out of 4 nerves. 2) Elevated metatarsal and or malleolar
vibration perception thresholds and/or increased warm or cold thermal
perception threshold on the foot 4) absent ankle reflexes or 5) reduced
sensation on the foot (131).

This trial suggested that the NeuroQuick measures thinly myelinated and
unmyelinated nerve fibre function because the NeuroQuick results correlated
highly with that of the Medoc thermal sensory analyser unit used to measure
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the thermal thresholds, which is known to be a measure of small fibre function
(131).

The area under the ROC curve drawn for the diagnosis of diabetic
polyneuropathy for the NeuroQuick (0.764) is equivalent to that of thermal
testing with the Medoc TSA unit (0.795). The intra-individual coefficient of
variation for the NeuroQuick in diabetics is low at 8.4% (131).

Electrophysiology

Nerve conduction velocities (NCV) are the most objective way of assessing
peripheral neuropathy because they are independent of patient
psychophysical interpretation. In addition they provide reliable and
quantitative assessment of nerve function (132;133). NCV are slowed by
demyelination and their action potential amplitude is proportionate to the
number of conducting fibres (134;135). Large myelinated nerve fibres conduct
the electrical stimulus but only make up 25% of the nerve (136). Therefore,
NCVs predominantly test the function of these myelinated fibres, and so,
normal results do not exclude neuropathy. The sural nerve is most commonly
assessed for the diagnosis of diabetic peripheral neuropathy, because it is
first to be affected and correlates most closely to neuropathological findings
(125;126). The sural nerve action potential amplitude is the most sensitive for
the diagnosis of diabetic peripheral neuropathy and although nerve
dysfunction progresses inexorably, the axon potential amplitude only
decreases slowly over long periods of time. Tracking these changes in
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amplitude can be difficult due to the high measurement variability: tracking
changes in conduction velocity, which is less variable, is easier (137).

The disadvantages of NCVs are that: they are uncomfortable, their availability
is limited and they need to be performed by skilled personnel. Recently a
near-patient NCV device has been validated, that can be performed by nonskilled personnel and may make it easier to measure NCVs (138).

Composite Scores

Composite scores have been developed for use in clinical trial to
quantitatively summarise information gained from clinical examination, QST,
autonomic function testing and electrophysiology.

The score most commonly used in clinical trials is the neuropathy impairment
scale in the lower limbs + 7 tests (NIS (LL) + 7) (139). The NIS (LL) is the
basis of the NIS (LL) +7 and scores clinical examination in the lower limbs,
where normality scores 0 and total paralysis and sensation loss in the lower
limbs scores 88. The NIS then has 7 tests including, vibration perception QST
using the CASE IV computer, heart rate variability to deep breathing to
measure autonomic function and 5 measures from nerve conduction velocities
to make a composite score of nerve function. Tables 4 and 5 illustrates how
the scale is scored.
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This scale was used in the Rochester Diabetic Neuropathy cohort, a
longitudinal study which investigated the minimal criteria for the diagnosis of
diabetic polyneuropathy and tracked changes in neuropathy with the score in
200 patients with diabetes(139). It demonstrated that the average NIS (LL) +7
could expect to deteriorate by 0.34 points/year and the average patient with
diabetic polyneuropathy worsened by 0.85 points/year. Using this information
the Peripheral Nerve Society consensus group decided that 2 NIS point
improvement would be clinically relevant for a 3 year intervention trial
investigating the treatment of neuropathy (139).

The disadvantages of the NIS (LL)+7 is that it is very time consuming and
therefore can’t be used in a general diabetes clinic. Nevertheless it is a good
tool to simplify the complicated clinical examination and investigation in to a
single number for research purposes. It unusually uses the 165Hz tuning fork
for the sensory in contrast to the more widely used 125Hz tuning fork.
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Neuropathy Impairment scale in lower limbs + 7 tests
Motor

Right

left
Muscle Strength Scoring

Hip Flexion
Hip Extension
Knee flexion
Knee extension
Ankle dorsiflexion
Ankle plantarflexion
Toe extension
Toe flexion
Motor score

Score
0
1
2
3
3.25
3.5

/64
3.75
4

Sensory

Muscle Strength
normal
25% weak
50% weak
75% weak
Movement Against
gravity
Movement with gravity
eliminated
Muscle flicker
paralysis

Pin prick
touch
Vibration (165 Hz)
Joint position sense
Sensory score
Reflexes
Quadriceps
Ankle
Total Reflex score
Total NIS score

Sensory Scoring

/16

/8

Score
0
1
2

Sensation
normal
Reduced
Absent

Reflex Scoring
Score
0
1
2

Reflex
normal
Reduced
Absent

Table 4 - NIS (LL)
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+ 7 tests
The 7 tests in addition to the NIS (LL) are scored according to their percentile
abnormality.
Score

Percentile abnormality

0
1

< 95th centile or > 5th centile
≥95th- 99th centile or ≤5th-1st centile

2

≥99th- 99.9th centile or ≤1st –0.1th centile

3

≥99.9th centile or ≤0.1th centile

For Quantitative Sensory Testing
Score each leg according to the percentile abnormality obtained for the CASE
IV VPT at each great toe. Total is therefore 6.
For Autonomic function testing.
Score the heart rate deep breathing according to the percentile abnormality.
Total score of 3.
For Nerve Conduction Studies
Motor nerve conduction
velocity (MNCV) peroneal
nerve
Compound muscle action
potential (CMAP) peroneal
nerve
Motor nerve distal latency
(MNDL) peroneal nerve
Motor nerve distal latency
(MNDL) tibial nerve
Sensory nerve conduction
velocity (SNCV) sural nerve

Score out of 3 dependent
on percentile abnormality
Score out of 3 dependent
on percentile abnormality
Score out of 3 dependent
on percentile abnormality
Score out of 3 dependent
on percentile abnormality
Score out of 3 dependent
on percentile abnormality

Sum the points for the NCS divided by the number of attributes with
obtainable values (as MNCV and MNDL cannot be estimated when CMAP is
0) multiplied by 5

Table 5 - NIS (LL) + 7 tests

63

Methods using axon reflex mediated flare
The flare component of the triple response has been harnessed to measure Cfibre function because it is neurogenic (10;86;140-142). Aronin et al. were the
first to show that the neurogenic flare was reduced in those with neuropathy and
diabetes (143). Subjects were identified as neuropathic if they had symptoms
and signs of neuropathy. Subjects with type 1 and type 2 diabetes received
intra-dermal injections of histamine, capsaicin or substance P. The border of the
flare was assessed visually, its outline marked on clear plastic, and the flare
area calculated. The flares induced by intradermal injections were reduced in
those with neuropathy and diabetes, compared to normal subjects and patients
with diabetes but not neuropathy. The authors indicated that the actual cause of
the diminished flare size in people with diabetes was difficult to delineate
because the size of the flare was dependent on several factors including: an
intact cutaneous nerve fibre, sufficient neurotransmitter, responsive mast cells
and cutaneous blood vessels that were able to dilate (143). It was already
known that maximum blood flow was reduced in those with diabetes (52), but
Aronin et al. suggested that C-fibre neuropathy was the likely cause of reduced
flare in these subjects.

It is impossible to conclude from the Aronin study alone that that the reduced
flare in those with diabetes was due solely to C-fibre dysfunction. It is possible
to speculate that the glycaemic burden of those with neuropathy was greater
than those without.
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Another explanation for these findings may be the excess glycation of cellular
proteins may hinder the diffusion of these chemical mediators through the skin
resulting in a reduced flare in those with neuropathy (144). Alternatively,
differences in glycaemic burden could affect the endothelial function resulting in
impaired vasodilatation.

Iontophoresis

Iontophoresis is a non-invasive method of introducing soluble ions into the skin
using electricity. See figure 3 below:

Figure 3 - Iontophoresis

In figure 3 the cathode a) is a cathode chamber containing the solution. The
ions are attracted to the anode b) and consequently the ions move into the skin
c).
The dose of drug delivered and thus the response is dependent on the product
of time and current (145). Theoretically, in the absence of any background salts,
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the drug dose delivered by iontophoresis should be independent of the drug
concentration because the current is carried solely by the drug ions (145).

One of the main substances used to stimulate the axon reflex is Ach. Douglas
et al. demonstrated that Ach directly stimulates non-myelinated C-fibres (146).
The effects of Ach are blocked by the nicotinic receptor antagonist,
hexamethonium, but not the muscarinic receptor antagonist, atropine.

Ach has also been shown to affect the vasculature by causing endothelium
dependent vasodilatation. The binding of Ach to its receptor on the endothelium
causes activation of the phosphatidylinositol system, which results in an
increase in intracellular calcium and subsequently the generation of nitric oxide
(NO) from arginine, resulting in vasodilatation (147).

Position A
Outer
chamber
Inner
chamber

Single point
laser doppler
Position B
Additional
single point
laser doppler
present in
some
experiments

Figure 4 - Circular capsule used by many investigators in cross section

Berghoff et al. looked at the vascular and neural mechanisms of Ach mediated
vasodilatation in the cutaneous microcirculation of the forearm. They specifically
looked at the effect of prostaglandin blockade with aspirin and neural blockade
with topical cream containing a Eutectic Mixture of Local Anaesthetics (EMLA™
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cream) (148). Acetycholine was iontophoresed into the skin of the ventral
forearm in a dose response manner. There were two single-point laser
dopplers, one located in the iontophoretic capsule to measure the direct
response (Position A, Fig.4) and another 8mm distant to it to measure the flare
response (position B, Fig.4). The authors gave increasing doses of aspirin (81,
648, 972 and 1944mgs) and then repeated the iontophoresis on the other
forearm. The Laser Doppler flux (LDF) was measured using a single point laser
Doppler. Their results showed that maximum hyperaemia was very mildly
impaired by the highest dose of aspirin but that lower doses did not affect the
response. The axon reflex flare was not affected.

In a similar experiment, topical local anaesthetic cream was applied to the skin
and anaesthesia was confirmed by the absence of pinprick sensation. The Ach
and a sodium chloride control solution were iontophoresed in a dose response
manner. The LDF was measured at the iontophoresis site and in an axon reflex
position 8mm away from it (148). Whilst the maximum hyperaemia induced by
Ach was reduced slightly by local anaesthetic; the increase in blood flow within
the flare area was reduced from 500% to 200% above baseline. The mild
increase in cutaneous blood flow may have been due to incomplete neural
blockade of Ach or migration of the effects of Ach (148). From this study it
appears that the flare response elicited by the iontophoresis of Ach is mainly
neurogenic, as the blood flow was still twice that at baseline despite the
application of local anaesthetic.

Parkhouse et al. measured the flux of the flare elicited by Ach iontophoresis on
the soles of feet of controls and compared them to subjects with diabetes with
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varying degrees of neuropathy (142). Using a capsule similar to that in figure 4
with one single point laser doppler, Ach was iontophoresed from the outer ring,
with a current of 1mA for 5 minutes. The dose of drug iontophoresed can be
expressed as a product of the current and the time; therefore, the dose in this
case was 5 mAmins. The flux was measured at rest, and after iontophoresis.
They stimulated the direct chemically induced, non-neurogenic reaction by
iontophoresing the 10% Ach or 1% pilocarpine with 1mA for 5 minutes through
the central chamber and measured the flux with the laser doppler mounted in
the central capsule.

To confirm the neurogenic origin of the axon reflex flare 1% lidocaine was
injected deeply into the subcutaneous tissue to anaesthetise 4 cm2 of tissue.
There was no increase in flux when Ach was iontophoresed from the outer ring
but the direct, non-neurogenic chemically-induced vasodilatation occurred when
pilocarpine was iontophoresed from the central well. The same was found when
the same experiment was repeated on surgically transferred free flaps, where
complete nerve degeneration must have occurred (142).

The authors demonstrated that the flux of the direct reaction was similar to the
controls in three out of four of the groups with diabetes: those with longstanding
diabetes, those with neuropathic plantar ulcers and those with
neuroarthropathy. The flux of the direct reaction was reduced in a group of
diabetics with miscellaneous skin lesions. When flare was measured by
iontophoresing Ach from the outer ring, there was an increase in flux in those
with diabetes without neuropathy and the controls, whereas the neuropaths
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showed no rise from baseline. Furthermore they demonstrated that the
neurogenic flare was reduced in the people with diabetes and neuropathy (142).

Walmsley and Wiles refined the method used by Parkhouse et al.: by using the
dorsum of the foot, Walmsley and Wiles ensured that the laser doppler readings
only measured capillary and subpapillary plexus flows because the dorsum of
the foot has very few AVAs and no callus (149).

The iontophoresis technique used by Caselli et al. was similar to Walmsley and
Wiles. Caselli et al. iontophoresed Ach in the outer well and measured the flux
produced by the flare by the centrally located laser Doppler. The authors
measured the flux in this flare position before and after local anaesthetic (86).
They found that the flux was dramatically reduced in the flare position by the
local anaesthetic in the controls and non-neuropathic diabetics but was
unchanged by the anaesthetic in the neuropaths. They concluded that the Cfibre is the main factor that influences axon reflex mediated vasodilatation (86).

Walmsley and Wiles went on to iontophorese 10% Ach with 0.2, 0.4, 0.8 and 1
mA currents (150). This enabled them to plot a dose-response curve of
cutaneous blood flow against current strength. Ach caused a maximal increase
in blood flow at 1 mA and half maximal at 0.2 mA. They thought that reduced
nerve function would shift the dose-response curve to the right and reduced
blood vessel vasodilatation would reduce the maximum hyperaemia. The
results were inconclusive because there was a shift to the right and a reduced
maximum effect. Flare responses were most impaired in those with a history of
neuropathic ulceration suggesting those with small fibre neuropathy were more
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at risk. Patients without large fibre neuropathy had small flares suggesting they
might have an undiagnosed, pre-clinical, small fibre neuropathy (150).

Arora et al. examined the differences in foot and forearm skin microcirculation in
diabetic patients with and without neuropathy (151). Maximum hyperaemia was
elicited by skin heating to 44oC and the resultant flux was measured with a
single point laser doppler. The iontophoresis was done using a dual chamber
capsule (figure 4) where 10% Ach was iontophoresed for 1 min with 0.2mA (0.2
mAmins). The LDF was measured at a flare position (Position B, Figure 4),
5mm from the edge of the iontophoresis capsule. The flux was expressed as a
percentage over the baseline flux. The maximum hyperaemia response elicited
by heating was similar both at the foot and forearm in each of the three groups.
However, the flux at the flare position steadily decreased from control subjects
to the subjects with diabetes, to the subjects with both diabetes and neuropathy.
This pattern was identical at both the forearm and foot level; however the foot
had a much lower flux than the forearm. This illustrates the length dependent
pattern of diabetic neuropathy with the feet being affected more than the arms
(151).

Hamdy et al. compared the vasodilatation (flux) within the flare area to the
vasodilatation (flux) of directly stimulated area in subjects with diabetes, with
and without neuropathy (152). Ach (1%) was iontophoresed at 0.2mA for 1min
(0.2 mAmins), from the outer chamber. LDF was measured in the outer
chamber of the iontophoresis capsule to measure maximum hyperaemia
(Position B, Figure 4) and at centre of the capsule to get the axon reflex
contribution of the vasodilatation (Position A, Figure 4). The percentage of the
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flare area flux to the directly stimulated flux was calculated and compared, at
the foot and the forearm, in many different subgroups with diabetes, including
those with: neuropathy alone, Charcot neuroarthropathy, neuropathy and
peripheral vascular disease, as well as diabetes without any complications
(152). At the forearm level no difference in the LDF ratio (nerve axon LDF/max
hyperaemia LDF) was found between healthy controls (n=69) and subjects with
diabetes (n=42). Controls (n=27) were compared to subjects with diabetes: and
neuropathy (n=33), and Charcot neuroarthropathy (n=23), and neuropathy and
peripheral vascular disease (n=32), and without complications (152). In the feet,
the percentage contribution of the flare area flux to the directly stimulated flux
was similar in the subjects with diabetes without complications (26%) to the
controls (36%). However, in the neuropaths the contribution was significantly
reduced at 8%, inferring that the small fibre nerve function was reduced in this
group.

Caselli et al. recently validated the flare area flux for the assessment of small
nerve fibre function (141). These authors used a capsule similar to figure 4;
iontophoresing Ach from the outer capsule, measuring maximum hyperaemia
from a laser Doppler probe in the outer capsule and the flare response from a
probe in the centre of the capsule. The authors considered subjects with
diabetes to have neuropathy if 3 of 5 of the following tests were abnormal:
neuropathy symptom score, NDS, QST, electrophysiological studies and
cardiovascular autonomic function tests. The group with neuropathy was then
subdivided in to mild, moderate and severe using the NDS. Ach (1%) was
iontophoresed for 1 min using 0.2mA (0.2mAmins). Vasodilatation was
expressed as percent over baseline LDF. ROC curves were plotted to assess
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the accuracy of the test. The area under the curve was 0.83. The ROC analysis
showed that a flux 50% above baseline was the best for detecting peripheral
neuropathy. The main disadvantage of the test was that the coefficient of
variation (CV) for Ach-induced vasodilatation was high at 37%. The authors’
definition of neuropathy meant that most of the patients had neuropathy, which
was already detectable by clinical or neurophysiological means. For that reason
this trial failed to capitalise on the main advantage of axon reflex tests: that they
are potentially abnormal in the pre-clinical stages, i.e. before clinical or
neurophysiological tests were abnormal.

Quantitative sudomotor axon reflex test

The Quantitative Sudomotor Axon Reflex Test (QSART) uses iontophoresis of
Ach to stimulate sweating and employs capacitance hygrometry for the
quantification of sweat output. Around 59-80% of those with small fibre damage
will have abnormal results (153).

Berghoff et al. compared the impairment of the QSART and axon reflex flux in
diabetic neuropathy (154). They measured the LDF with a single point doppler
in the flare position of an iontophoresis chamber (i.e. 8mm outside the
iontophoresis chamber). Ach (10%) was iontophoresed at 0.5mA for 9mins and
20 seconds (4.6 mAmins) to stimulate sweating and the flare response. They
compared 14 people with Type 1 diabetes to 12 people with Type 2 diabetes to
controls. No difference was demonstrated in LDF between the subjects with
Type 1 diabetes and controls, but LDF was reduced in the group with type 2
diabetes compared to controls. The authors felt that the difference may be due

72

to the age difference between the groups: 45yrs in the type 1 group compared
to 59yrs in the type 2 group.

This study also demonstrated that subjects with type 1 diabetes produced more
sweat than controls, however, this difference was not seen when controls were
compared to those with type 2 diabetes.

The most likely explanation for this is that regenerative sprouting by the nerve
makes propagation of the sudomotor axon reflex more likely (155). A proposed
mechanism for the flare being bigger in those with type 1 diabetes is that the
flare propagated outwards (155).

There are many potential disadvantages of iontophoresis, only some of which
can be overcome by methodology. Many of the trials measuring the axon reflex
with iontophoresis are let down by their reliance on the single point laser
Doppler. The single point laser Doppler, as the name suggests, measures the
LDF in a small area of skin. The LDF is subject to large amount of variation from
one point of skin to another, which results in a large CV. Rayman and
colleagues reduced the CV in their trial by using the average of 9 points (52).
The laser Doppler scanner measures a larger area and therefore gives a more
precise reading of the overall LDF and consequently variability associated with
scanner experiments are smaller (51).

The effect of Ach is dependent on the dose delivered to the endothelium and
nerve fibres. This is dependent on two main factors: dose applied to the skin
and the permeability of the skin. This assumes that the ions are freely mobile to

73

pass into the skin; however this is influenced by skin permeability. The
permeability of skin is dependent on a number of different factors and can even
vary from season to season (156), consequently skin permeability can affect the
dose of Ach delivered and therefore lead to variations in its effect.

The direct effect of Ach in contact with the skin is independent of nerves and
due to the action of Ach on the endothelium. Ach also directly stimulates
unmyelinated nerve fibres, results in neurogenic flare. Local anaesthetic
abolishes the neurogenic effect, but Ach may cause its direct effect on the
endothelium if it diffuses outside the boundaries of the capsule or is carried from
there by the bloodstream. This has been demonstrated by the fact that local
anaesthetic does not completely obliterate the flare response (157).
Additionally, the current driving the absorption of Ach may itself cause excitation
and depolarisation of the nerves. Using smaller currents can reduce the chance
of this; however this reduces the amount of drug delivered and consequently
increases delivery times. The concentration of the solution and the charge
density also influences the current induced vasodilatation (145;158;159). These
differences, if confirmed, may reduce the accuracy of the iontophoresis in
measuring nerve function.

The Neuropad is a new indicator test of sudomotor function. It is a pad that is
applied to the skin underneath an occlusive dressing on the sole of the foot
between the first and second metatarsal heads. It absorbs sweat from the skin
and changes colour from blue to pink when sufficient sweat has been absorbed.
The time taken to complete this colour change is recorded to the nearest 10
seconds.
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Papanas et al. examined the effectiveness of the Neuropad for diagnosing and
staging patient’s diabetic neuropathy (160). One hundred and twenty subjects
with type 2 diabetes were divided into four stages of severity of neuropathy
using the Michigan classification system. The Michigan classification system
uses clinical examination and nerve conduction studies to grade the severity of
neuropathy into 4 classes: class 0, 1, 2 and 3 respectively. The time taken for
the pad to changed colour was timed to the nearest 10 seconds. The
investigators found that there was an excellent correlation (Kendall’s tau-b
=0.848, p=0.001) between the time for the colour to change and the Michigan
class of neuropathy (160). They also discovered that that these classes could
be predicted with excellent accuracy by grouping the times taken for the
Neuropad to change colour into 4 groups: < 530 seconds, between 530 and
1000 seconds, between 1000 and 1440 seconds and above 1440 seconds
(160).

The main disadvantage of the neuropad is that any condition that could affect
sweating will affect the test result. Consequently any subjects taking drugs such
as: antihistamines, corticosteroids and psychoactive drugs or with skin
conditions such as: psorasis, hyperhydrosis and Raynauds syndrome, were
excluded from the trial. This would influence the performance of this test in a
group of diabetics who represented the cross section of the diabetic population.
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Electrically stimulated flares

Kramer et al. compared flare areas produced by electrical stimulation in subject
with diabetes and small fibre neuropathy, subjects with diabetes but no
neuropathy, and normal controls (161). The authors moved to electrical
stimulation of the C-fibres, because they felt that neurogenic flare elicited by
histamine iontophoresis was too variable to be used as a diagnostic tool for
small fibre neuropathy. These authors selected 12 patients with presumed
diabetic small fibre neuropathy, diagnosed by a history of neuropathic pain in
conjunction with the neuropathic impairment score (139). There were 5 patients
with diabetes with no evidence of neuropathy and 14 healthy controls. Two
microdialysis fibres were inserted intradermally for 1.5 cm at a depth of 0.6 mm.
After insertion-related vasodilatation subsided, the current was increased from
6mA to 20mA. The resultant flare area was measured with a LDI. The flare was
defined as the area of flux, which was above two standard deviations above the
baseline flux. The minimum current needed to elicit a flare reaction was noted
as the electrical threshold.

A higher intensity of electrical stimulation was required to induce a flare in those
with diabetes compared to controls; however, the threshold wasn’t significantly
different between the controls and the subjects with diabetes but no neuropathy.
Subjects with small fibre neuropathy had significantly reduced flare areas in the
feet and thighs compared to controls, but the flux was not significantly different.
The pain of the electrical stimulation limited the current that the authors could
use. The authors used up to 20mA however 80mA may have produced flares
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equivalent in size to that of capsaicin administration (162). The small diameter
of unmyelinated nerves may be the reason for the higher electrical threshold
needed to excite them (163;164).

Overall, electrical stimulation is an excellent way of eliciting neurogenic flare to
diagnose diabetic neuropathy. The main disadvantage of this technique is the
need for placement of the microdialysis needles, which makes this procedure
invasive, and difficult to do in the clinical setting. There is also the concern that
insertion of a microdialysis needle may cause a flare reaction on its own.

Contact Heat Evoked Potential Stimulator

Heat Evoked Potential Stimulator (CHEPS) is a new technique that stimulates
Aδ and C-fibres in the skin by rapid heating and measures the resultant evoked
potentials in the brain with scalp electrodes.

Atherton et al. examined 41 subjects with neuropathy and 9 controls (165). The
authors compared several different modalities of measuring small fibre function.
They used CHEPS, IENFD from skin biopsies and flare area elicited by intradermal injection of histamine and measured with a LDI. The nerves in skin
biopsies were identified using two stains: an antibody to the pan-axonal marker
Protein Gene Product 9.5 (PGP 9.5) and the capsaicin receptor, TRPV1.

A correlation was demonstrated between Aδ evoked amplitude and both
histamine-induced flare area (R=0.4 p=0.01), and IENFD from skin biopsies
stained both with PGP 9.5 (R=0.51, p=0.0006) and the capsaicin receptor,
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TRPV1 (R=0.48, p=0.0012). These results strongly suggest that CHEPS is an
accurate measure of small nerve fibre function if the central nervous system is
not damaged.

Although the signals can be obtained from both Aδ fibres and C-fibres the
authors found that the signals from Aδ fibres were more robust. Therefore, it
remains to be seen whether CHEPS could actually be used to measure C-fibre
function. The advantage of using skin biopsies and flare areas to measure small
nerve fibre function is that they localise the abnormality within the peripheral
nervous system whereas abnormalities in contact heat and laser evoked
potentials may lie within the central nervous system, unless this possibility is
excluded.

Heat-induced axon reflex flare

Heat has been advocated as a more physiological stimulus for the axon reflex
and Krishnan et al. investigated the heat induced axon mediated flare area
measured with an LDI (10). The skin proximal to the first and second metatarsal
heads on the dorsum of the foot was heated with a 0.78cm2 circular skin heater
to 440C for 20 minutes. An area of skin surrounding the heated area was
scanned using a LDI. This allowed measurement of not only the increase in
blood flow in the heated area (the maximum microvascular hyperaemia was
termed the LDI max). In addition, it allowed measurement of the spread of
vasodilatation in unheated skin surrounding the heating probe (which was
termed the LDI flare). On the flux image the region of interest demarcated by
the edge of the flare was drawn and the area of the LDI flare was calculated
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using the Moor LDI version 3.11 software (Moor instruments, Devon, UK).
Screening for the presence of large fibre neuropathy was performed with simple
screening tools such as: the NDS, NSS, pressure perception using SemmesWeinstein monofilaments and vibration sensation with neurothesiometer. Small
fibre neuropathy was screened for using the CASE IV.

Figure 5 - the LDI flare technique

This study showed flare area was reduced in those with diabetes compared to
controls and further reduced in those with neuropathy as well as diabetes. The
technique was able to demonstrate loss of C-fibre function in people with type 2
diabetes before its detection by other currently available methods including
CASE IV (10). More recently the same authors have also shown that the flare
area correlates to the dermal nerve fibre density (166).
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The LDI flare technique has much potential because heat is a natural stimulus
of the C-fibre; consequently it is a “clean” way of stimulating C-fibres without
activating other processes. It is non-invasive, accurate and has an excellent
coefficient of variation. However, its main disadvantage remains the duration of
the test, which takes about 30 minutes.

Histological methods
Sural nerve biopsy studies

Malik examined sural nerve histology of those with varying stages of neuropathy
(164). He found a significant relationship between myelinated nerve density and
the clinical severity of neuropathy. This study found no difference in the
neuropathological findings between type 1 and type 2 diabetes. It also
demonstrated a high degree of regeneration associated with the degeneration
illustrating the regenerative capacity of small fibres (164).

The same author also examined the pathological findings of sural nerve
biopsies from patients with diabetes with minimal neuropathy (22). The study
demonstrated normal myelinated nerve fibre density; reduced unmyelinated
axon diameter but increased unmyelinated axon density. This was thought to be
a picture of unmyelinated nerve fibre degeneration associated with
unmyelinated nerve fibre regeneration (22).
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Skin biopsies

Singleton et al. examined those with idiopathic neuropathy with a large battery
of blood tests together with clinical examination and NCVs to discover the
aetiology of their neuropathy (16).

The authors found a much higher incidence of prediabetes in those with
“idiopathic” neuropathy, than in the normal population; in fact over a third (34%)
of those analysed had IGT, providing a strong statistical link between IGT and
neuropathy (16).

The same authors later compare IENFD from skin punch biopsies, NCVs and
QST in subjects with IGT and diabetes. The punch biopsies were stained with
anti-PGP 9.5 antibody and the IENFD calculated. The IENFD was found to be
reduced in those with diabetes and IGT. The nerve conduction studies indicated
there was more large fibre involvement in the patients with diabetes (37).

Polydefkis et al. induced skin denervation by putting capsaicin on the thigh
under an occlusive dressing (91). Capsaicin increased the heat pain threshold
by 3.87 0C. Skin biopsies were taken from the capsaicin site to determine the
rate of nerve regeneration. Regenerative capacity of those with diabetes was
44% less than that of controls and the regenerative capacity of those with
diabetes and neuropathy was 77% less than that of controls. This study
demonstrated that the regenerative capacity of nerve cells is affected by both
diabetes and neuropathy (91).
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Smith et al. measured IENFD from punch biopsies taken from the thigh and
distal calves of subjects with IGT, before and after, a year of lifestyle
intervention (33). The lifestyle intervention involved diet and exercise
counselling and at the end of one year this had resulted in significant falls in
body-mass index, 2-hour glucose during the oral glucose tolerance test and
total cholesterol. The biopsies following a year of lifestyle intervention showed a
significant increase in IENFD (33). Of those in the study who didn’t have
prediabetes the rest had signs of the metabolic syndrome (28;33).

Skin biopsy with IENFD quantification is the most reliable method at present to
diagnose small fibre dysfunction (28;33;167-170). The main disadvantage of
skin biopsies is that the quantification of the nerve fibre density is a skilled, time
consuming and laborious process. In addition repeated biopsies are possible,
but unpopular, because they are invasive and heal with a scar. Because
functional abnormalities in tissues normally precede pathological abnormalities,
further work needs to be done to identify a test, which accurately and noninvasively measures C-fibre function.

In-Vivo Microscopy

Corneal confocal microscopy

In vivo corneal confocal microscopy is a novel way of examining the nerve fibre
density without the need for skin biopsy (171). C and Aδ nerve fibres densely
innervate the cornea and confocal microscopy allows direct visualisation of
these structures so that their nerve density and morphology can be ascertained
(171). Malik et al. compared the corneal nerve fibre density, length and branch
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density of 18 diabetic subjects in 18 control subjects (11). All of these
parameters were significantly reduced in the diabetic subjects compared to the
controls. Also corneal nerve fibre density, length and branch density were
significantly correlated to the severity of neuropathy assessed using a
combination of VPTs, peroneal nerve conduction velocities and NDS (11).
Another group demonstrated that the corneal nerve fibre density correlated
significantly to the severity of somatic neuropathy using the Michigan
Neuropathy screening instrument (23). Malik’s group went on to demonstrate
that nerve fibre density increases with improved glycaemic control (172).

Summary
The ability to treat a condition effectively depends on first being able to
diagnose it accurately so that potential treatments can be evaluated. Diabetic
neuropathy affects all the different nerve fibre types, from large myelinated
nerve fibres to small unmyelinated nerve fibres (95). There is not a test that can
measure the functioning of each fibre type well, and our armamentarium of
nerve function tests is biased towards those which measure large myelinated
fibres. Small nerve fibre function is difficult to measure and the search for a noninvasive, reliable, quick, sensitive and specific test for small fibre neuropathy
remains elusive.

The function of small nerve fibres can be assessed by many different methods
but the published evidence suggests that small unmyelinated and thinly
myelinated nerves are damaged early in diabetes and even in prediabetes
(10;11;22;23;37;173).
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The tests to examine small fibre function can be split into histological tests and
functional tests. Most of the functional tests designed to measure small fibre
function non-invasively are based on the axon reflex. Heat (10), electricity (161)
or drugs can stimulate the axon reflex (86;141) and although each of these
methods has their advantages and disadvantages; heat appears to be the best.
Of the histological tests, confocal corneal microscopy (11) appears to be the
best simply because it is non invasive and so can be repeated easily.

Sural nerve biopsy work suggests that unmyelinated nerve fibres have the
ability to regenerate even in severe neuropathy (164), and this is corroborated
by skin biopsy (33) and confocal corneal microscopy studies (23;174). These
findings suggest that they are ideal nerves to study when examining the efficacy
of drugs used for the treatment of neuropathy.

In the same manner, as identifying and treating microalbuminuria is an excellent
way of preventing diabetic nephropathy, identifying and treating abnormalities in
small nerve fibre function may help to prevent diabetic neuropathy and may also
provide insights into the pathogenesis of the disease. Moreover, earlier
diagnosis of neuropathy would allow more time for the optimisation of glycaemic
control and consequently reduce the morbidity associated with neuropathy.
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Chapter 3 - Methodology

Ethical Approval
The study was approved by the Suffolk local research ethics committee.

Subject Recruitment
All the subjects with type 1 diabetes were recruited from patients attending the
Ipswich Diabetes Centre for their annual review. Subjects with IGT were
recruited from the surrounding area through local family practitioners and the
MRC epidemiology unit, Cambridge.

Inclusion Criteria
•

Subjects with type 1 diabetes for greater than 10 years

•

Subjects with IGT

•

Normal healthy controls

•

Able to give informed consent

Exclusion Criteria

•

Age less than 18 years or greater than 80 years

•

Medication other oral hypoglycaemics, insulin, thyroxine, lipid lowering
therapy, aspirin and antihypertensives

•

Systolic BP greater than 170mmHg

•

Diastolic BP greater than 100mmHg

•

Ankle brachial pressure index of less than 0.8
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•

Neuropathy detectable by clinical examination or Quantitative Sensory
Testing

Consenting the subjects
Full written informed consent was obtained from all subjects before any study
procedure was performed. Prospective subjects had the information leaflet
(appendix 1) and consent forms sent out to them in advance so that they might
read it and formulate any questions that they might have about the study.

Then at the start of the visit, any questions the subject may have about the
study were answered and full written informed consent taken.

Defining the groups
An oral glucose tolerance test was performed on controls subjects and those
with IGT to ensure that they were allocated to the correct group. The oral
glucose tolerance test was performed as follows:

Subjects who were due to have an oral glucose tolerance test were advised to
have a normal diet in the days leading up to the test and have a normal meal
the night before the test. The subjects were also advised to drink only water
from midnight onwards and then attend the research unit at 09:00. On arrival,
the subject confirmed that they had adhered to the pre-test guidelines and that
there were no other factors that might influence the tests; such as an acute
infection or illness. If there were no interfering factors a 5ml blood sample was
taken directly into a fluoride tube. The subject then consumed 75g of oral
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glucose. This took the form of 116mls of Hycal (Smithkline Beecham, Brentford,
U.K.) dissolved in 184mls of water. Two hours later another 5mls of venous
blood was taken from the arm and the samples sent for analysis.

Impaired glucose tolerance (IGT) is defined as a state where fasting plasma
glucose is less than 7.0mmol/L and the plasma glucose 2 hours after a 75g
glucose load is between 7.8mmol/L and 11.1mmol/L (175). Impaired fasting
glucose (IFG) was defined as fasting plasma glucose above 5.6mmol/L but
below 7.0mmol/L (175). Only subjects with a 2 hour glucose between
7.8mmol/L and 11.1mmol/L were entered into the impaired glucose tolerance
group. Therefore, subjects with isolated IFG were excluded. The presence of
IGT was thought to be important as it represents increased muscular insulin
resistance, where as IFG is thought to be more representative of hepatic insulin
resistance (36). Normal glucose tolerance was defined as a fasting glucose
less than 5.6mmol/L and a plasma glucose 2 hours after 75g glucose load is
less than 7.8mmol/L (175).

Subjects with type 1 diabetes had their diagnosis confirmed by examining the
case notes. Subjects with type 1 diabetes had either presented with a typical
history of weight loss, ketonuria and hyperglycaemia and started immediately
on insulin or had had an episode of ketoacidosis.
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Anthropomorphic data collection

Waist and hip measurement

Using a standard tape measure the subject was stood up and asked to breathe
normally. The waist was encircled with the tape measure and the waist
circumference at the level of the umbilicus measured. Likewise the hips were
encircled with the tape measure and the hip circumference was measure at the
level of the greater trochanters (176).

Height and weight

The subjects’ height was measured using the stadometer in the diabetic foot
clinic. The subjects’ were weighed using Seca digital scales (Vogel and Halke,
Hamburg, Germany) in kg.

Neurological Assessment
All subjects had detailed neurological examination to exclude detectable
neuropathy. As described in chapter 1 clinical examination is subjective
therefore, to make the examination as objective as possible three scoring
systems were used in combination with two methods of QST. The three scoring
systems used were the NSS (177), NDS (5) and the Toronto Clinical Scoring
System for Diabetic Polyneuropathy (108). The two methods of quantitative
sensory testing were: vibration perception thresholds (VPTs) with a
neurothesiometer (Horwell Scientific Laboratory Supplies, Nottingham, UK) and

88

quantitative sensory testing for vibration, warming and cooling thresholds using
the Computer Aided Sensory Evaluator IV (CASE IV) (WR Medical Electronics,
Stillwater, MN, USA).

Vibration perception was assessed using a neurothesiometer (Horwell Scientific
Laboratory Supplies, Nottingham, UK) on the pulp of the great toe with the
ascending method of limits as described on page 41 (111). A mean of three
values was taken for analysis and expressed in volts. Subjects were excluded if
the value was greater than age defined norms (112).

The vibration stimulator arm of the CASE IV instrument was applied to the
epinychium of the great toe and the thermode for measuring warm and cold
detection thresholds was applied to the dorsum of the midfoot. All three
detection thresholds were measured using the 4, 2 and 1 stepping algorithm
with null stimuli described by Dyck et al. (43) [described in full on page 42]. For
vibration and cold detection thresholds the software compares the subject’s
data to normative data and allocates a centile according to their age, height,
weight and gender. Subjects were excluded if their results were greater than
the 95th centile for their age, height, weight and gender.

Macrovascular assessment
Subjects with a past medical history of peripheral vascular disease were
excluded. Each subject had palpable dorsalis pedis and posterior tibial pulses
bilaterally and an ankle brachial pressure index of greater than 0.8.
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Assessment of ankle-brachial pressure index (ABPI)

The current guidelines published by the American Diabetic Association define
ABI as the quotient of the higher of the systolic blood pressures (SBPs) of the
two ankle arteries of that limb (either the anterior tibial artery or the posterior
tibial artery) and the higher of the two brachial pressures of the upper limbs
(178).

Study conditions
Skin blood flow is very sensitive to environmental temperature therefore both
the LDI flare and iontophoresis techniques were conducted in temperature
controlled conditions. At Ipswich hospital, the studies were performed in the
research room of the diabetic foot clinic.

Ideally, the room would be set at a temperature warm enough to relax the
sympathetic vasoconstrictor system, which is usually tonically active at
thermoneutral temperatures (60;63).

At Ipswich hospital the central heating is set to 23 ±1oC; this is slightly too cold
for the studies so the room was additionally heated with an electric radiator to
maintain a temperature of 25 ±1oC. The room temperature was checked at 10
minute intervals with a temp-hygro room thermometer during the studies to
ensure the room temperature remained in this range.

To release central and peripheral sympathetic tone, the subject was covered
with a heated electric blanket. Warm peripheral skin temperature is normally
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above 30oC; therefore skin temperature on the dorsum of the foot was checked
to ensure that it was greater than 30oC before conducting any studies. This
was performed using an non-touch scanning infrared thermometer (Exergen
Corp, Watertown, MA). Additionally, we ensured all peripheral vasoconstriction
was released by checking there was no temperature gradient between the
midfoot and great toe of the foot being tested. Measures were taken to minimise
the effects of cold draughts of wind on skin temperature. The subjects were
allowed to acclimatise in the room for 20 minutes to allow their feet to adjust to
the room temperature.

Skin Microvascular Blood Flow measurement
The present studies used a Moor laser doppler imager to measure skin
microvascular blood flow (Moor instruments, Axminster, Devon). Moor laser
Doppler imager uses a stable helium neon gas laser with a wavelength of
632.8nm. A moving mirror deflects a laser beam to create a raster pattern on
the surface of the skin. The reflected laser light from the moving blood is
Doppler-shifted whereas the reflected laser light from static tissue is not shifted.
Both the Doppler-shifted and non-shifted light are directed back via the same
mirror into two detectors. The imager interprets the fluctuations in the
wavelength to calculate the flux, which is proportional to tissue blood flow. A
computer used the Moor LDI software (version 3.11) to record the data.
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Subject positioning

The subject was then laid semi-recumbent. It was essential that the leg was
horizontal so that any postural sympathetic vasoconstriction was abolished
(179).

Site selection

The dorsum of the foot was selected as the site for heating as it is relatively free
of arteriovenous anastomoses and callus. The skin proximal to the first and
second metatarsal heads on the dorsum of the foot is also generally free of
surface veins. It is important to heat an area devoid of surface veins as the
maximum microvascular hyperaemia is a test of microvascular function not
macrovascular function and vasodilatation of these major vessels that can
dramatically alter the flux recorded by the laser doppler imager. The skin
proximal to the first and second metatarsal heads on the dorsum of the foot also
contains enough subcutaneous fat to allow the heater to be affixed flat to the
skin so that the same amount of pressure is applied to all parts of the skin,
allowing the skin to be heated evenly.

LDI flare technique
The LDI flare technique requires the skin to be heated to 44 0C for 20 minutes.
To ensure that the procedure was reliable and reproducible the procedure for
heating the skin was strictly adhered to.
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Skin heating technique

The skin heater is a Moor instruments skin heater with a SH02 heating probe
(Moor Instruments, Devon, UK). The heating probe consists of two parts the
central skin heater and a supporting plastic collar. The central skin heater has a
diameter of 1 cm and an area of 0.79cm2. The skin heater has an integral
thermistor which regulates the heater temperature and ensures the heater
remains at a constant temperature. The heater is affixed to the skin by sticking
a double-sided adhesive disk (3M, St Paul, MN, USA) to the supporting plastic
collar of the heater. To gauge the pressure needed to make good skin-heater
contact the supporting ring was depressed slightly. The correct amount of
pressure was sufficient to make the skin just bulge into the hole of the
supporting collar. The central heater was clicked in place and a piece of sticky
tape was used to press the heater to the skin, at the pressure described, to
ensure there was good heater-skin contact. The heater then heated the foot to
44oC for 20 minutes.

Before and immediately after heating a laser doppler scanner was positioned 30
cm above the foot and a 7.5x4cm area of skin scanned.
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5) Laser doppler imager detects
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Figure 5 - The LDI Flare technique

The definition of flare
The Moor software generated the flux image using a palette of 16 equally
spaced colours where dark blue represented the lowest perfusion and red
represented the highest perfusion. The flux image could be altered by changing
the threshold flux for the blue colour and the threshold flux for the red colour.
The other fourteen colours are then equally spaced between these two levels of
perfusion. The upper level of upper perfusion was termed the upper bar and the
lower level the lower bar. It was important that these colours on the flux image
correspond to our definition of flare.
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The images obtained after performing the LDI flare technique
Photograph of dorsum of foot

Laser doppler image of dorsum of foot

The heat causes direct
vasodilatation
underneath the heater.

Low flux
Blue set at
100 PU

There is C-fibre mediated
flare around the heater

High flux
Red set at
300 PU

Figure 6 - Images generated after performing the LDI flare technique

Even after adequate acclimatisation resting blood flow may show gradual
undulations over a twenty minute period, furthermore these undulations are
characteristically overlaid with more short term fluctuations in flow. Thus, to
ensure that a change was meaningful, an adequate hyperaemic response was
arbitrarily defined as three-times resting blood flow. As resting blood flow is
seldom above 100 PU, the colour palette was set so that 100 PU or less would
appear blue and 300 PU or above: red. Hyperaemia above the natural baseline
physiological function was thus clearly defined as red areas on the image.
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Flare area determination

The investigator (AG) viewed the scan images, identifying the edge of the flare
as the interface of the red and the blue colours. This interface was demarcated
on the scan and the Moor software was used to calculate the flare area (cm2).

This demarcation process is a potential source of error should two investigators
outline the flare. To quantify any error, 16 flare areas were measured by 2
investigators and their results compared. The intra-observer coefficient of
variation for this demarcation process and was found to be 8%. To eliminate
this error the same investigator (AG) viewed and outlined all of the flare images.

Similarly, the region corresponding exactly to the size of the heater probe was
defined and the mean flux within that region was calculated. This area of the
maximum hyperaemia has been termed the LDI max and the results were
expressed in PU.

Iontophoresis technique

The iontophoresis was performed by affixing a Periont LI 611 iontophoresis
capsule (Perimed, Sweden) on the skin proximal to the first and second
metatarsals heads on the dorsum of the subject’s right foot to the using its
integral adhesive ring. Then, 10% Ach or vehicle (distilled water) was
iontophoresed from the capsule at 0.2mA for 10 minutes using a Perimed PF
382b power supply (Perimed, Sweden). The Ach was manufactured by the
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hospital’s pharmacy. An LDI was positioned 30 cm above the foot and a
7.5x4cm area was scanned immediately before and after iontophoresis.

Acetylcholine in capsule

Cathode

+++

+++

+++

Figure 7 - Acetylcholine iontophoresis

Anaesthetising the skin

EMLA™ (AstraZeneca, UK) was applied to anaesthetise the foot skin. EMLA™
is an emulsion where the oil phase includes of a eutetic mixture of the local
anaesthetics: prilocaine 2.5% and lidocaine 2.5%. The local anaesthetic cream
was restricted to the skin drug delivery test site by protecting the surrounding
skin from the cream using a thin adhesive occlusive dressing (with an aperture
cut to the size of the skin heater or iontophoresis capsule. This was to shield the
surrounding skin from the cream as local anaesthetics may have vasoactive
properties (180). A thick layer of local anaesthetic cream was applied to the
unoccluded skin exposed by the aperture and held in place with a second,
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adhesive, occlusive dressing for 3 hours. Anaesthesia was confirmed by absent
pinprick and temperature sensation.

Figure 8 - Anaethetising the skin

All dressings and local anaesthetic cream were then removed and the heater or
iontophoresis capsule was placed exactly on the anaesthetised area. The
iontophoresis or LDI flare techniques were then employed.

Skin biopsies
To minimise the likelihood of infection full aseptic technique was observed. The
dorsum of the subject’s foot was cleaned with industrial methylated spirit (70%
w/v) [Adams Healthcare, Leeds, UK] solution. When the alcohol had dried the
area of the between the first and second metatarsal was infiltrated with
lidocaine 2% with an insulin syringe. Once the skin was anaethetised, two 3mm
punch biopsies were taken from the skin using 3mm biopsy puncher (Stiefel
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Laboratories Ltd, Bucks, UK). The biopsy wounds were dressed with lyofoam
dressing for 3 days then covered with a normal plaster. The patients were given
telephone numbers to contact if the wounds did not heal as expected.

One of the biopsies was sectioned in half and then one and a half of the
biopsies were transferred to 4% formaldehyde solution. The remaining half a
biopsy sample was immediately frozen in liquid nitrogen and then kept at -70oC
until sectioning.

Blood analysis

Insulin Assay Summary

Samples are assayed in singleton on a 1235 AutoDELFIA automatic
immunoassay system (Perkin Elmer Life Sciences, Waltham, Massachusetts,
USA) using a two-step time resolved fluorometric assay (Kit No. B080-101
manufactured by Perkin Elmer Life Sciences, Waltham, Massachusetts, USA)
(181). All reagents, standards and consumables are those recommended and
supplied by the manufacturer. The calibrators are referenced to WHO 1st IRP
66/304. Cross-reactivity with intact pro-insulin is < 0.5 % at 2736 pmol/L, 32-33
split pro-insulin 1% at 2800 pmol/L, C-peptide <0.1% at 5280 pmol/L. Typical
between run coefficients of variation are 3.1% at 29.0 pmol/L, 2.1% at 79.4
pmol/L, 1.9 % at 277 pmol/L and 2.0 % at 705 pmol/L respectively (n=174 in
each case). The limit of detection has been shown to be 1.3 pmol/L. Assay
range, without dilution, approx. 1100 pmol/L (Batch dependant).
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Adiponectin Assay Summary

Samples were assayed in duplicate on a 1235 AutoDELFIA automatic
immunoassay system using an in-house two-step time resolved fluorometric
assay with Duoset Kit No.DY1065 from R&D Systems Europe, Abingdon, UK
(182). Standards were prepared from Recombinant Human Adiponectin also
purchased from R&D Systems. All other reagents and consumables were those
recommended and supplied by Perkin Elmer Life Sciences, Waltham,
Massachusetts, USA. Typical between run coefficients of variation were 6.7% at
3.0 µg/ml, 6.0% at 8.3 µg/ml , 6.2 % at 14.5 µg/ml respectively. The limit of
detection has been shown to be better than 0.1 µg/ml. Assay range, without
dilution is 25.0 µg/ml.

Glucose Assay Summary

Samples were assayed in singleton on a Dade-Behring Dimension AR
AutoAnalyser (Dade-Behring are now part of the Siemens Group, Surrey, UK)
using an Hexokinase enzymatic assay (183). Reagents and standards were
purchased from Dade-Behring (Siemens). Typical between run coefficients of
variation were 3.6% at 3.0 mmol/L and 2.5% at 19.8 mmol/L. The limit of
detection has been shown to be approximately 0.5 mmol/L. Assay range,
without dilution was approximately 28.0 mmol/L (batch dependant).
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HOMA calculations

Values for HOMA S, HOMA IR and HOMA B were calculated using the HOMA 2
calculator available on the Oxford Diabetes Trials Unit website (184).

Analysis of Lipids

HDL, TG and total cholesterol were assayed as described below with an
Olympus 2700 analyser (Olympus UK, Hertfordshire, UK). LDL cholesterol was
calculated with the Friedewald formula (185;186).

Total Cholesterol assay

Cholesterol esters in serum were split to release free cholesterol by use of an
esterase enzyme.

HDL Cholesterol assay

The sample was mixed initially with an antibody reagent which binds to
lipoproteins other than HDL (ie LDL,VLDL and HDL). The antigen-antibody
complexes formed block any further reaction for cholesterol in these
lipoproteins, leaving only HDL cholesterol free to react following a similar
reaction pathway to that for total cholesterol (above).
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Triglyceride assay

Triglycerides in the sample were split to glycerol and fatty acids by use of a
lipase enzyme. The released glycerol reacted with ATP to form glycerol-3phsphate and ADP. Glycerol-3-phsphate reacted with oxygen via an oxidase
enzyme to form dihydroxyacetone and hydrogen peroxide. Hydrogen peroxide
under the influence of a peroxidise enzyme reacted with 4 aminoantipyrine and
N,N-Bis(4sulfobutyl)-3,5 dimethylaliline (MADB) to form a blue dye measured
spectrophotometrically at 660nm.

LDL (Friedewald formula)

LDL cholesterol was calclulated using the Friedewald formula (185;186):
LDL Cholesterol = Total Cholesterol – HDL Cholesterol – (Triglycerides/2.19)
This calculation was not used when the triglyceride concentration exceeded 4.5
mmol/L.

HbA1c Measurement

HbA1c was measured with a finger prick blood sample using a DCA 2000
analyser (Siemens Medical Solutions Diagnostics, Dearfield, Illinois). The
analysers were tested against a high and a low value control solution whenever
they were used. The coefficients of variation for the analyser during the study
period were 2.7% for the low value control solution and 4.7% for the high value
control solution.
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Histological examination
Intra-epidermal nerve fibre density calculation

This technique for determining IENFD was developed by Polydefkis et al (187).
The biopsy specimens were immediately fixed in 4% paraformaldehyde and
after 18–24 h was rinsed in Tris-buffered saline and soaked in 33% sucrose (2–
4 h) before cryoprotection in OCT and rapid freezing in liquid nitrogen. Sections
(50 µm) were cut using a cryostat (model OTF; Bright Instruments, Huntington,
U.K.), and floating sections were transferred onto a 96-well plate. Melanin
bleaching (0.25% KMnO4 for 15 min and then 5% oxalate for 3 min) was
performed on four sections per case followed by a 4 hour protein block with a
Tris-buffered saline solution of 5% normal swine serum, 0.5% powdered milk,
and 1% Triton X-100; sections then were incubated overnight with 1:1,200
Biogenesis polyclonal rabbit anti-human PGP9.5 antibody (Serotec, Oxford,
U.K.). Swine anti-rabbit secondary antibody 1:300 (1 hour) was then applied;
sections were quenched with 1% H2O2 in 30% MeOH-PBS (30 min) before a 1
hour incubation with 1:500 horseradish peroxidase– streptavidin (Vector
Laboratories, Peterborough, UK). Nerve fibres were demonstrated using 3,3_diaminobenzidine chromogen (Sigma-Aldrich, Manchester, UK). Sections were
mildly counterstained with eosin to better localise the basement membrane.
Negative controls comprised sections that underwent the same run except that
the primary antibody was omitted and the developing time was exactly the same
for all sections that were processed synchronously.
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Image analysis

Patterns of immunostaining were examined by light microscopy (Leitz DM RB
microscope, Leitz, Troisdorf, Germany). Digital images were captured at x400
magnification with a Nikon digital camera and analysed with Leica QWin
Standard V2.4 (Leica Microsystem Imaging, Cambridge, U.K.) set to detect
colour intensities in a fixed and constant range. IENFD was defined as the
number of fibres per millimetre of basement membrane length and expressed
as numbers per millimetre (nerve density per length). If two nerve endings
appeared closer than five fibre diameters they were counted as one single
nerve.

Definition of the metabolic syndrome

The metabolic syndrome was defined using the 2005 International Diabetes
Federation criteria (188).

A person was defined to have the metabolic syndrome if:

They had central obesity defined as a waist circumference ≥94cm for Europid
men and ≥80cm for Europid women, with ethnic specific values for other
groups)

Plus any two of the following 4 factors:
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Raised triglyceride level (TG): ≥1.7mmol/L or specific treatment for this lipid
abnormality.

Reduced HDL cholesterol: ≤ 1.03mmol/L in males and less than ≤ 1.29mmol/L
in females or specific treatment for this lipid abnormality.

Raised blood pressure: systolic BP ≥ 130 or diastolic BP ≥ 85mmHg or
treatment for previously diagnosed hypertension.

Raised fasting plasma glucose (FPG) ≥ 5.6 mmol/L, or IGT, or previously
diagnosed type 2 diabetes

Statistics
Since the main outcome measures of LDI flare and LDI max are normally
distributed; all data is presented as mean ± standard deviation and reported in
systeme internationale units.

Power calculation

All data are expressed as means ± standard deviation. The mean values
between groups were compared with a two-tailed student’s t test since the
mean area of flare and LDI max were normally distributed.

For the power calculation, the inter-individual coefficient of variation was
conservatively assumed to be 20% (the actual inter-individual CV from two
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repeated measures in 16 individuals was 13% for the LDI flare and 6% for the
LDI max). A difference of 20% in mean area of flare was considered to be
clinically relevant. Therefore, to detect a difference of 20% with 80% power 16
patients were needed in each group.

Calculation of within subjects’ coefficient of variation

When assessing the accuracy and reliability of a new test the measurement of
the within subjects’ coefficient of variation gives an indication of the reliability
and accuracy of the test. To calculate the coefficient of variation for the LDI flare
area, 16 control subjects were recruited and LDI flare area was measured twice
on each subject. The within subjects’ coefficient of variation was calculated by
the method suggested by Bland (189).

When using this method it was important to determine whether the error
depended on the value of the measurement. Usually the error is larger for larger
measurements. It was demonstrated that this was so in data from the present
study by plotting the mean of each subject’s two flare measurements against
the absolute difference between the subject’s two flare measurements. This can
be seen graphically in figure 9.
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Figure 9 - Graph plotting mean flare area against difference between the two
measurements

The data shows that the larger the flare the larger the error. Bland suggests in
datasets where the error increases with the value of measurement then the log
method of coefficient of variation method should be used (189). In this method,
natural logs are taken of each flare area; the variance calculated of these two
values; the mean of the variance is calculated then square rooted and
delogged. The coefficient of variation is calculated by subtracting one from this
ratio. This calculation is seen in table 4.
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This was calculated as follows below:

Flare
Flare
ln flare1 ln flare2 varience
Subject 1
2
1
1.630 1.850
0.489
0.615
0.008
2
2.970 2.050
1.089
0.718
0.069
3
4.500 4.700
1.504
1.548
0.001
4
7.200 5.810
1.974
1.760
0.023
5
4.620 4.660
1.530
1.539
0.000
6
6.290 5.960
1.839
1.785
0.001
7
7.000 5.850
1.946
1.766
0.016
8
5.070 4.800
1.623
1.569
0.001
9
3.990 4.480
1.384
1.500
0.007
10
3.840 4.110
1.345
1.413
0.002
11
7.290 6.610
1.987
1.889
0.005
12
2.170 1.810
0.775
0.593
0.016
13
3.660 3.160
1.297
1.151
0.011
14
6.160 7.200
1.818
1.974
0.012
15
6.180 7.990
1.821
2.078
0.033
16
9.430 7.020
2.244
1.949
0.044
5.002
mean
0.016
sqrt
0.125
delog
1.133
minus
one
0.133
percent
13.302
Table 6 - Calculation of coefficient of variation

When the LDI max was examined in the same manner, it was seen that error
did again rise with the value of measurement. So the same technique for
calculated the coefficient of variation was used.
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Difference between absolute values of flux (PU)
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Figure 10 - Graph plotting mean flare area against difference between two LDI max measurements
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Chapter 4 - Validating the neurogenic nature of
acetylcholine iontophoresis and the LDI flare technique
The laser Doppler flux underneath the iontophoresis capsule is accepted to
represent endothelium-dependent vasodilatation, or the direct response (termed
Ion Max in this study [see figure 11]) (51;142;190). The flux outside the capsule,
also known as the indirect response (termed OC flux in this study) is thought to
be a measure of small nerve fibre function (86;142;148;157).

The direct response (Ion max) is caused by the binding of acetylcholine to
muscarinic receptors on endothelial cells of the vasculature, stimulating the
release of nitric oxide. Nitric oxide diffuses across the intercellular gap into the
smooth muscle, where it binds to guanylate cyclase causing an increase in
cyclic guanosine monophosphate and smooth muscle relaxation (190). A
different mechanism may be the cause of the vasodilatation observed outside
the iontophoresis capsule (OC flux). The accepted mechanism is that Ach
depolarises unmyelinated C-fibres in the skin directly under the capsule. This
generates a nerve impulse, which is conducted orthodromically to the spinal
cord, and antidromically to a network of nerves which abut local blood vessels,
including those under the capsule as well as those in the surrounding skin.
Release of neurovascular transmitters from these nerves is thought to be the
cause of the observed vasodilatation (142;191). Thus, this method, combined
with single point laser doppler measurement of the resulting vasodilatation, has
been used to assess small fibre function in a variety of neuropathies including
diabetic neuropathy (86;141;142;152;154). However, it is also possible that the
vasodilatation is caused by Ach diffusing beyond the limits of the iontophoretic
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chamber and acting directly on the surrounding blood vessels rather than
through the axon reflex.

Terminology
Acetylcholine Iontophoresis

Outside capsule
flux = OC flux

Flux underneath
capsule = Ion max

Area outside capsule
= OC area

LDI flare technique

Outside heater flux
= LDI flux

Flux underneath
Heater = LDI max

Area outside heater =
LDI flare

Figure 1

Figure 11 - terminology

In view of the physiological possibility that iontophoresis may not measure small
fibre function some preliminary experiments were performed to ensure that OC
area and LDI flare were measures of small fibre function.
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Preliminary experiments

Blocking the LDI flare with infiltrated lidocaine

To confirm that both the LDI flare technique and the iontophoresis technique
were neurogenic in nature lidocaine was infiltrated into the skin and the LDI
flare technique and the iontophoresis technique were performed.

Method
5mls of lidocaine were injected subcutaneously with an insulin syringe which
has a very small needle to minimise the axon reflex elicited by the needle
trauma.

Then sequential LDI scans were taken until the flare elicited by the injection of
lidocaine had subsided. Then the LDI flare technique was performed. Figure 13
shows the dorsum of the foot immediately after injection of lidocaine, 5 minutes
after injection of lidocaine and after the LDI flare technique had been performed.
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Figure 12 – LDI flare after infiltration of lidocaine

Results
The flare appeared to have been blocked except a thin rim of hyperaemia
outside the edge of the heater, which was probably due to conduction of heat
into adjacent tissue.
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Attempt to block the flare outside the iontophoresis capsule with
infiltrated lidocaine

Method
5mls of lidocaine were injected subcutaneously with an insulin syringe which
has a very small gauge needle to minimise the axon reflex elicited by the needle
trauma.

Then sequential scans were taken until the flare elicited by the injection of
lidocaine had subsided.

The iontophoresis technique was performed using 10% Ach and a current of
0.2mA for 5 minutes.
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Figure 13 - LDI flare after infiltrated lidocaine

Results
The hyperaemic area spreads a distance outside the edge of the iontophoresis
capsule indicating that the hyperaemia outside the iontophoresis capsule might
not be neurogenic in nature.
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Attempt to block the flare outside the iontophoresis capsule with
topically applied local anaesthetic cream: EMLA

The iontophoresis technique was performed as described in the methodology
section with 10% Ach with 0.2mA for 5 minutes. All experiments were
completed at lease 2 days apart.

A 7.5 x 4cm area of skin including the webspace of the first and second toe was
anaesthetised with EMLA cream. To do this, a 7.5 x 4cm frame of spongifoam
with 0.5cm thick walls was stuck to the dorsum of the foot and filled with EMLA
cream. The frame containing the EMLA cream was covered in the transparent
adhesive dressing and left in place for 1 hour. Dermal anaesthesia was initially
confirmed by absent pinprick sensation and then additionally confirmed by the
absent sensation of cold as the iontophoresis solution was added to the
iontophoresis capsule and the absent prickling sensation of iontophoresis.
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Figure 14 - Right foot. Ach iontophoresis without EMLA

Figure 15 - Right foot. Ach iontophoresis with EMLA

This panels show the same result when the same is performed on the other foot
of the same subject.

Figure 16 - Left foot. Ach iontophoresis without EMLA
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Figure 17 - Left foot. Ach iontophoresis with EMLA.

Figure 16 shows the LDI image after iontophoresis of Ach at 0.2mA for 10
minutes. Figure 17 shows LDI image after iontophoresis of Ach at 0.2mA for 10
minutes when the skin has been previously anaesthetised with EMLA cream.

Conclusions
The hyperaemic area outside the edge of the iontophoresis capsule does not
look smaller when the skin is anaesthetised with local anaesthetic cream: in fact
the area looks bigger. The further suggests that the hyperaemic area outside
the iontophoresis capsule is not blocked by EMLA cream.
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Comparison of acetylcholine iontophoresis and LDI flare
techniques in assessing C-fibre function

Method

Ten healthy control subjects (7 females, 3 males, mean age 44 years SD ±7)
were recruited. The iontophoresis was performed as described on page by
affixing a Periont LI 611 iontophoresis capsule (Perimed, Sweden) on the skin
proximal to the first and second metatarsals heads on the dorsum of the
subject’s right foot using its integral adhesive ring.

Preliminary experiments revealed that doses of 1 mAmins (0.2mA for 5 mins)
did not produce reliable and reproducible vasodilatation outside of the boundary
of the iontophoresis capsule in all cases, whereas a dose of 2mAmins (0.2mA
for 10mins) did.

Thus, 10% acetylcholine or vehicle (distilled water) was iontophoresed from the
capsule at 0.2mA for 10 minutes using a Perimed PF 382b power supply
(Perimed, Sweden). The current used to drive the iontophoresis can itself elicit
an axon reflex independent of the drug diffused (192). Therefore, iontophoresis
was also performed with vehicle (distilled water) to assess the magnitude of this
current-induced vasodilatation. As described previously the laser Doppler
scanner was positioned 30 cm above the foot and a 7.5 x 4cm area was
scanned immediately before and after iontophoresis.
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The foot skin was anaesthetised with the local anaesthetic cream, EMLA™
(AstraZeneca, Luton, UK) as described in the methods section.

Experiments

All subjects had the 5 experiments listed below, performed on separate days:

1) LDI flare technique
2) LDI flare after skin anaesthetisation
3) Ach iontophoresis
4) Ach iontophoresis after skin anaesthetisation
5) Vehicle (distilled water) iontophoresis

Flare measurement and analysis

The investigator viewed the scan images. The edge of the flare was identified
as the interface of the red and blue colours. The edge of the hyperaemic area
was demarcated using the Moor LDI version 3.11 software and the area of the
hyperaemia (cm2) calculated (known as OC area for iontophoresis and LDI flare
for heating). As previously mentioned the inter-observer variation for this
demarcation process was 8%. The direct response, namely the flux in the area
beneath the heater (LDI max) or iontophoresis capsule (Ion Max) was also
measured

As the contact area of the heater was smaller (0.78cm2) than the contact area
of the iontophoresis capsule (1.54 cm2), the resulting flare areas were
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expressed as the ratio of the flare area to stimulus area (size of capsule or
heater).

With both the Ach iontophoresis and the LDI flare techniques the area
underneath the capsule or heater is non-neurogenic and the area beyond the
stimulator (iontophoresis capsule or heater) believed to be neurogenic (10;142).
Therefore, by comparing the ratios of the hyperaemic area with and without
local anaesthetic cream the neurogenic nature of each of the methods can be
compared. A large reduction in this ratio would suggest that the flare is indeed
neurogenic whereas a small reduction or no change in this ratio would suggest
that the flare is largely non-neurogenic.

The hyperaemic areas (OC area and LDI flare) expressed in cm2 and the flux
measurements [Ion Max, LDI max, and OC flux and LDI flux] expressed in
perfusion units [PU] were compared using the paired t test with SPSS statistical
software. The coefficient of variations for the components of the LDI flare
technique, calculated by testing 16 individuals twice using the method
suggested by Bland (189), were 13% for LDI flare, 6% for LDI max and 4% for
LDI flux. The coefficient of variations for the components of Ach iontophoresis,
by testing 8 individuals twice with the same method, were 35% for the OC area,
9% for the Ion Max and 8% for the OC flux.
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Results

Comparison of indirect areas (LDI flare vs OC area) before and
after EMLA
After the application of local anaesthetic cream, the ratio of flare area to
stimulus area for the LDI flare was significantly (p=0.0001) smaller (6.84 ±1.33
vs 2.33 ±0.67; ratio ±SD) [right panel, figure 18; and figure 19]. In comparison
for Acetylcholine Iontophoresis (AI) induced vasodilatation, there was no
difference in this ratio in studies with and without the use of local anaesthesia
(2.61 ±0.57 with EMLA vs 2.67 ±1.27 without) [left panel, figure 18; and figure
19].

Iontophoresis of water resulted in a small current induced flare (1.55 ±0.73; ratio
±SD) but this was significantly smaller than the flare to stimulus area ratio
elicited by either iontophoresis of Ach (p=0.008) or iontophoresis of Ach after
the application of EMLA (p=0.0004).
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AI without EMLA

LDI flare without EMLA

AI with EMLA

LDI flare with EMLA

Figure 18 - Effect of EMLA on AI and LDI flare
Left panel: Shows a representative LDI image of the AI group with and without EMLA. The solid
circle represents the extent of the iontophoresis capsule. The dashed line is drawn 5mm outside
the iontophoresis capsule to illustrate where studies using single point laser dopplers often
measure the axon reflex related flux.
Right panel: Shows a representative LDI image of the LDI group. The solid circle represents the
extent of the skin heater.
The solid circles in the left panel are larger than the solid circles in right panel because the
iontophoresis capsule is larger in diameter than the skin heater.
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Flare area to stimulus area ratio
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Figure 19 - Graph to show the effect of local anaesthesia on the ratio of flare area to
stimulus are elicited by heat or iontophoresis
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Figure 20 - Ach Iontophoresis compared to water iontophoresis
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Comparison of the direct response fluxes – LDI max vs. Ion
Max
The LDI max without EMLA (581±94; PU±SD) was not significantly different to
the LDI max with EMLA (576 ±83). Similarly, the Ion Max was unaffected by
local anaesthetic cream (Ion Max without EMLA: 520 ±88 versus Ion Max with
EMLA: 510 ±108). Heating and iontophoresis resulted in similar maximal
hyperaemic responses (581±94 vs 520 ±88; PU±SD).

Comparison of the indirect response fluxes – LDI flux vs. OC
flux
The degree of hyperaemia outside the heated or iontophoretic areas was not
significantly different between the two methods (heating- 447±38 and
iontophoresis- 416±67 PU±SD respectively).

Correlations
There was no correlation between the hyperaemia in the flare area (LDI flux)
and the size of the flare (LDI flare), likewise there was no correlation between
the hyperaemia in the flare area induced by acetylcholine (OC flux) and the size
of the flare (OC area). The lack of correlation between the LDI flare and the LDI
max is consistent with the interpretation that the LDI max measures
microvascular function, whereas LDI flare measures of small fibre function.
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Discussion

This is the first study to use laser Doppler imaging to examine the size of the
flare induced by iontophoresis of acetylcholine, and to compare it with that
following heating, before and after local anaesthesia, to determine their
respective neurogenic natures. This study has demonstrated that whereas local
anaesthesia significantly reduces the flare produced by heating, it has little
effect on the OC area produced by acetylcholine iontophoresis. These findings
confirm the neurogenic nature of the LDI flare but suggest that the OC area
produced by AI is non-neurogenic.

The above findings differ from other studies, which demonstrate a reduction in
the hyperaemia outside the iontophoretic capsule following local anaesthesia
(86;142;148;157;193). An important methodological difference is that the latter
studies used single point laser doppler flowmetry and simply determined
percent increase in flux over baseline at a fixed distance away from the
iontophoresis chamber rather than the extent of the flare. This has a number of
inherent problems. Firstly, the single point laser dopplers samples a very small
area of skin; point to point differences in microvascular and nerve fibre density
will therefore have affected the result. Indeed, the images obtained using the
laser scanner during iontophoresis demonstrates that the vasodilatation is not a
uniformly circular penumbra surrounding the capsule, but is quite irregular in its
form (see figure 18). A probe placed at a fixed distance could therefore be
placed over a less vascular or less innervated area (see dashed circle in Figure
18), which may have contributed to the very large coefficient of variation for this
technique (86;142;148;157). A second factor which may have contributed to this
variation is the definition of the axon reflex in terms of percent change over
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baseline flux (blood flow) rather than absolute values. This is necessary with the
single point laser doppler because baseline flux may vary point to point by as
much as 20 fold (54). Defining flare in terms of baseline flux means the same
absolute value of flux may be recorded as two different levels of vasodilatation
in two individuals if their baseline fluxes were different. This makes the
comparison of flux between individuals difficult. For this reason, the flare should
be defined in terms of absolute values of flux, which is possible with the LDI
because it scans an area rather than a fixed point. In this study, a value of
300PU was used to define the hyperaemia of the axon reflex and the LDI flare
area was determined from the hyperaemic area on the scanned image.

Another potential problem with the iontophoretic technique relates to skin
permeability and diffusion of the Ach through the dermis. The effect of Ach is
dependent on the dose delivered which is dependent on two main factors: dose
applied to the skin and the permeability of the skin. Theoretically the dose
applied to the skin is decided by the investigator, because it is dependent on the
current driving the iontophoresis and the time over which it is delivered. This
assumes that the ions are freely mobile to pass into the skin; however, this is
influenced by skin permeability. The permeability of skin is dependent on a
number of different factors and can even vary from season to season (156),
consequently skin permeability can affect the dose of Ach delivered and
therefore lead to variations in its effect.

Finally, electrical current has been demonstrated to induce vasodilatation and
could therefore explain the vasodilatation observed during Ach iontophoresis
independent of an effect of Ach itself (194). This study has demonstrated that
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this is not the case because when vehicle (water) was used the flares were
significantly smaller that those produced with Ach, either with or without EMLA.

AI may be preferred to the LDI flare technique as it takes less than half the time
(15 minutes compared with 30 minutes). However, it is less reproducible as
shown in this study, requires relatively freshly prepared Ach solution, and filling
the iontophoretic chamber can be difficult. When small doses of Ach were used,
it was unreliable at producing vasodilatation outside the iontophoresis capsule,
and most importantly at higher doses, as demonstrated in this study, the flare is
non-neurogenic.

The vasodilatation outside the iontophoresis capsule may have been secondary
to Ach diffusion outside the limits of the capsule, causing vasodilatation by
acting on microvessels, and therefore obliterating any axon reflex that may have
been present. There was no evidence that the vasodilatation outside the
iontophoresis capsule was due to surface leakage of Ach solution out of the
iontophoresis capsule.

In contrast, this study demonstrates that the LDI flare technique reflects C fibre
function. This is supported by previous work where the size of the flare was
shown to be proportional to nerve fibre density (166). Furthermore, the fact that
there was no correlation between LDI flare and LDI max supports our
understanding that LDI flare is a measure of small fibre function, whereas the
LDI max is a measure of microvascular function. The fact that there was no
correlation between the LDI flare and the flare following iontophoresis (OCarea)
supports the suggestion they are not measuring the same thing.
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In conclusion, this study confirms the neurogenic nature of the LDI flare. Its noninvasive nature and reproducibility make it highly suitable for the investigation of
small fibre neuropathy. However the results of this study cast doubt on the
reliability of acetylcholine iontophoresis for the assessment of small nerve fibre
function.
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Chapter 5 - C-fibre function in subjects with impaired
glucose tolerance and established Type 1 diabetes.

Introduction
As described in chapter 1, there is increasing evidence that small nerves
dysfunction early in the natural history of diabetes and there is evidence of
damage even in pre-diabetes (16;24;37). The presence of neuronal damage in
pre-diabetes questions the importance of hyperglycaemia relative to the factors
associated with the metabolic syndrome in the development of neuropathy.
There is also evidence that implicate other metabolic factors in the development
of neuropathy (33;34;38;38;195).

To examine the question of the relative importance of glycaemia versus factors
associated with the metabolic syndrome; this study compared the C fibre
function with the LDI flare technique of a group with IGT to a group with
longstanding Type 1 diabetes.

Research Design and methods
For a full description of the methods used please refer to chapter 3. The LDI
flare technique (10;196) was used to compare the small fibre function in 14
subjects with IGT, 16 subjects with type 1 diabetes and 16 control subjects. The
groups were matched for age, height and BMI.
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All subjects were fully assessed for factors associated with the metabolic
syndrome. All subjects had their body mass index, waist to hip ratio and blood
pressure measured. Fasting blood was taken for analysis of LDL, HDL,
triglycerides, total cholesterol and adiponectin in all subjects. Subjects with type
1 diabetes also had an HbA1c measured.

To exclude clinically detectable neuropathy , all subjects had a detailed
neurological examination, which included a thorough clinical examination;
assessment of the NDS (5); measurement of VPTs with a neurothesiometer and
QST using the CASE IV computer to measure heat, cold and vibration detection
thresholds.

It was important to assess how the metabolic factors were associated with flare
area. To maximise the number of subjects available for these correlations, the
control and IGT groups were combined.

Results
The groups were well matched for age, height and BMI (see table 5). However,
waist circumference was greater in the IGT group (103cm ±16 [mean waist
circumference ± SD]) compared to the type 1 diabetes (87cm ±20) and the
control groups (88cm ±11), p=0.03 and 0.005 respectively. Neither hot, cold nor
VPTs using the CASE IV computer, nor vibration perception thresholds
measured using a neurothesiometer were significantly different between the
three groups (see Table 5).
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Small fibre function assessed using the LDI flare technique was significantly
impaired in the IGT group compared with the control group [2.95 cm2 ±1.0 vs
5.22 cm2 ±1.8 (mean LDI flare area ±SD) p=0.0002] (Figure 21). It was also
significantly reduced in the IGT group compared with the type 1 diabetic group
[2.95cm2 ±1.0 vs 5.24 cm2 ±2.2 (p=0.002)]. In contrast, there was no significant
difference in small fibre function between the type 1 diabetic and control groups.

The mean LDI max for the IGT group was not significantly different from the
type 1 diabetes group, or the control group (Table 5). LDI max was however
lower in the longstanding type 1 group compared with the control subjects
(p<0.05). There was no correlation between LDI max and LDI flare either within
the groups or across the groups combined.

The three groups had markedly different lipid profiles. Mean total cholesterol
was significantly higher in the IGT group compared with that of the group with
type 1 diabetes (5.61mmol/L ±1.0 vs 4.80mmol/L ±1.0; p=0.036), which is
probably due to the higher number of subjects on lipid lowering therapy in the
latter group (Table 5).

The IGT and control groups were combined to identify potential predictors of
flare size (n=30). It was found that triglycerides (R= -0.39, p=0.044) and 2 hour
glucose from the oral glucose tolerance test (R= -0.48, p=0.0066) were
significantly associated with flare size. Though waist circumference was greater
in the IGT group, there was no association between waist circumference and
flare size. In the IGT group, subjects’ height were negatively correlated to flare
size (R=-0.61, p=0.02).
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IGT

Type 1 diabetes

Controls

No of subjects

n=14

n=16

n=16

age
(yrs)
2 hour glucose of
OGTT (mmol/L)

50 ±5

46 ±7

50 ±8

9.1 ±1.0

-

4.8 ±0.94

Duration of
diabetes (yrs)

-

29 ±14

-

No of smokers

1

1

1

No on BP
medication
BMI

3

1

3

31 ±7

27 ±4

27 ±5

Waist diameter
(cm)
VPT (V)

103 ±16

87 ±20*

88 ±11†

7 ±4

8 ±4

7 ±4

NDS

0

1

1

CASE IV Vibration
(JND)
CASE IV Cooling
(JND)
CASE IV Warming
(JND)
BP

16 ±3

17 ±5

16 ±3

11 ±6

10 ±4

10 ±3

19 ±4

19 ±3

18 ±3

124/70

129/71

124/75

Number (%) on lipid
lowering therapy

4/14 (29%)

8/16 (50%)

0/16 (0%)

Total Chol
(mmol/L)
HDL
mmol/L
LDL
(mmol/L)
TG
(mmol/L)
Number (%) with
metabolic
syndrome (IDF)

5.61 ±1.0

4.80 ±1.0*

5.44 ±1.3

1.30 ±0.4

1.71 ±0.3†

1.59 ±0.3*

3.26 ±1.3

2.74 ±1.0

3.26 ±0.9

1.97 ±0.6

0.84 ±0.4‡

1.26 ±0.4†

10/14
(71%)

1/16
(6%)

0/16
(0%)

LDIflare (cm 2)

2.78 ±1.1

5.16 ±2.3†

5.23 ±1.7‡

LDI max (PU)

504 ±78

489 ±90§

550 ±86

Table 7 – Comparison of the 3 groups of subjects

All results: Mean ±SD. All groups not significantly different unless marked
* p<0.05 vs IGT, † p<0.01 vs IGT, ‡ p<0.001 vs IGT, § p<0.05 vs controls
OGTT = oral glucose tolerance test
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P=NS
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Figure 21 - Flare areas elicited by the LDI flare technique in subjects with type 1 diabetes,
IGT and controls.
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Figure 22 - Graph to show correlation between serum triglycerides and flare area.
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Figure 23 - Graph showing the correlation between 2 hour glucose of the oral glucose
tolerance test and flare area.
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Figure 24 - Graph of flare area vs height in the IGT group

Conclusions
This study has yielded a number of significant and important observations.
These relate to the use of the LDI flare methodology for the assessment of
small fibre function, the comparison of small fibre function in subjects with IGT
to that of subjects with type 1 diabetes, the relationship between small fibre
function and features of the metabolic syndrome and the relationship between
heights and flare area.

The first important finding was that the LDI flare technique detected differences
when other measures of small fibre function, including heat detection thresholds
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using the CASE IV computer, were normal. This is in keeping with a previous
study, where it was found that people with type 2 diabetes free from clinical
neuropathy and with normal CASE IV assessments, had abnormal LDI flares
(10). The difference may be explained by the greater accuracy of the LDI flare
technique, which is objective, in contrast to the subjective nature of thermal
discrimination tests. Of relevance, it has also recently been demonstrated that
the LDI flare technique correlates with the structural assessment of small fibre
neuropathy determined by dermal nerve fibre density (166). This and the
previous study support the use of the LDI flare technique in the detection of
small fibre dysfunction particularly in its early stages. Furthermore, as the
method is non-invasive it has advantages over skin biopsy in certain situations,
for example when repeated measurements are required such as when
assessing changes in small fibre function during pharmacological interventions
or when following the natural history of the condition in relationship to metabolic
parameters and lifestyle changes.

The second important finding was of abnormal small fibre function in subjects
with IGT. This confirms and supplements the evidence from the limited number
of relatively recent studies, which demonstrate small fibre abnormalities, albeit
of structure rather than function, in this group (16;24;37). Since functional
defects probably precede structural change and are more likely to be reversible,
the demonstration of small fibre dysfunction by this technique in the pre-diabetic
stage may be of relevance in studies aimed at assessing early interventions in
this condition.
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The third and perhaps most intriguing finding was the difference in small fibre
function between the IGT and type 1 diabetes groups, an observation which
may be important in relationship to the pathogenesis of neuropathy in the two
conditions. Thus, the type 1 group, despite having had diabetes for a long
duration, and therefore a relatively high glycaemic burden, had LDI flare areas
indistinguishable from those of the control group. On the other hand, the IGT
group whose glycaemic burden is likely to be closer to that of the normal
subjects had markedly reduced small fibre function compared with both the
control and long duration type 1 groups. This strongly suggests that factors
other than hyperglycaemia are implicated in the development of small fibre
dysfunction in both conditions. In this regard, the study found a significant
association between features of the metabolic syndrome and the flare size.
Thus, within the IGT group, 71% (10/14) fulfilled the IDF definition of the
metabolic syndrome whereas only 6% (1/16) of the type 1 diabetes group did.
Furthermore there was a significant association between 2-hour glucose and
triglyceride level with flare size. It could be argued that the association with 2hour glucose implicates hyperglycaemia, however, as previously mentioned; the
normal small fibre function in the type 1 group whose glycaemic burden is
greater does not support this. The association with 2-hour glucose may simply
reflect the fact that insulin resistance is associated with both a raised 2-hour
glucose and impaired small fibre function. With regards to the subjects with type
1 diabetes, it should be noted that these were selected to be subjectively free
from clinical neuropathy and were therefore relatively free from microvascular
complications. There were only 3 subjects with retinopathy (background only)
and none with nephropathy (raised ACR). A non-selected group of patients with
type 1 patients of this duration would typically be expected to have more in the
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way of microvascular complications and therefore neuropathy. These results
lend support to the microvascular hypothesis for the development of neuropathy
in type 1 diabetes (197;198).

The flare response is not only dependent on intact small fibres but also the
ability of the microvasculature to vasodilate sufficiently for a flare to be detected
by the LDI. Subjects in all three groups were able to vasodilate sufficiently to the
direct heat stimulus for us to discount restriction in microvascular vasodilatation
as a reason for the smaller flare sizes. This is supported by the lack of
correlation between LDI max and LDI flare confirming that they measure
different parameters. In addition, LDI max was significantly lower in the type 1
group compared to the control group, in keeping with previous studies (199) but
their flare responses were not reduced.

There is a clear negative correlation between height and small nerve fibre in the
IGT group however no such relationship exists in the controls or those with type
1 diabetes. This indicates that in the IGT group, longer nerves work less well
than shorter nerves. Therefore, a length dependent small fibre neuropathy is
clearly present in those with IGT but not present in controls. Long neurones
may be more vulnerable because abnormalities in protein synthesis or axonal
transport may affect longer neurones more than shorter ones (200).
Abnormalities in neurotropic molecule synthesis may lead to impaired nerve
regeneration and the dying back of the nerve fibre (200;201). Alternatively, as
described on page long unmyelinated nerve fibres may be energetically
vulnerable due to their large surface area to volume ratio. The length dependent
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neuropathy seen in IGT may suggest that the longer nerves with higher energy
demands are preferentially damaged.

If the more metabolically active cells are preferentially affected in the
neuropathy of IGT then this implicates energy production in the pathogenesis of
small fibre dysfunction in IGT. Several investigators have linked insulin
resistance to mitochondrial dysfunction. Petersen et al. demonstrated using
magnetic resonance spectroscopy that insulin resistant offspring of subjects
with type 2 diabetes have impaired oxidative phosphorylation compared to
healthy controls (202). If oxidative phosphorylation is reduced in subjects with
insulin resistance then this provides a plausible mechanism by which
unmyelinated nerve fibres are damaged in insulin resistance and IGT.

Finally, maximum hyperaemia is an accepted method for assessing endothelial
function (52) and it has previously been suggested that impaired endothelial
function underlies the development of neuropathy (199;203). The absence of a
correlation between LDI max and small fibre function in this study does not
support this hypothesis as far as early disease is concerned but does not
exclude a role for microvascular disease and associated endothelial dysfunction
at a more advanced stage of diabetes.

In summary, this study demonstrates that the LDI flare technique can noninvasively detect early C-fibre dysfunction and may thus be valuable in studies
of the pathogenesis of small fibre neuropathy and in assessing therapeutic
interventions. It also demonstrates that small fibre dysfunction is a feature of the
metabolic syndrome but not necessarily of type 1 diabetes in the absence of
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advanced microvascular disease. Finally, it supports a metabolic as opposed to
a hyperglycaemic cause for the neuropathy seen in type 2 diabetes.
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Chapter 6 – Comparing LDI flare to IENFD and plasma
markers of insulin resistance

Introduction
In chapter 5, it was demonstrated that subjects with IGT had reduced small fibre
function compared to matched controls and subjects with type 1 diabetes. The
glycaemic burden of those with type 1 diabetes was much greater than those
with IGT, but flare areas of those with type 1 diabetes were similar to controls;
this suggests that the small fibre neuropathy seen in IGT is probably not related
to glycaemia, and could be related to insulin resistance or factors related to the
metabolic syndrome. To explore these ideas further, a group of patients with
IGT was combined with a group of control subjects to form a group with a wide
range of insulin resistance. This experiment had two main aims: to examine
how the LDI flare area was related to insulin resistance and to asses the
accuracy of this new measure of small fibre function by comparing it existing
established measures of small fibre function such as IENFD and QST.

Methods
A group of 15 subjects with IGT was combined with a group of 16 controls. This
produced a group of 31 (mean age 53.8 ±8yrs; 10 male, 21 female) with a wide
distribution of insulin resistance. Flare areas were obtained using the LDIflare
technique on each of the subjects as described in chapter 3. Anthropomorphic
data such as weight, height, BMI, waist and hip circumference together with
metabolic factors including total cholesterol, LDL, HDL, triglycerides and oral
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glucose tolerance test results were collected. Fasting samples of blood were
collected for plasma insulin and glucose so that HOMA IR and HOMA S could
be calculated. A 3mm punch biopsy was taken from the dorsum of the foot
between the first and second metatarsals to obtain tissue for IENFD
determination. These factors were then correlated with flare area to help
understand the factors which influence small fibre function.

Results

The metabolic syndrome and LDI flare and IENFD

Flare area was significantly correlated to insulin resistance. Both HOMA IR and
HOMA S were significantly correlated to flare area (R= 0.36, p=0.048 and R= 0.36, p=0.048 respectively).

144

9
8
7
6

Flare area (cm2)

5
4
3
2

R=0.48

1

p=0.006
0
0

50

100

150

200

250

300

350

HOMA S

Figure 25 - Graph demonstrating the relationship between flare area and HOMA S
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There was no correlation between IENFD and HOMA IR or HOMA S suggesting
that flare is a better method than IENFD. Flare area was correlated against
many factors associated with the metabolic syndrome including total
cholesterol, waist circumference, HDL, LDL and 2-hour glucose of the oral
glucose tolerance; however only TGs were significantly associated (R= - 0.38, p
= 0.04). IENFD was not correlated to TGs, nor were the other lipids HDL and
LDL. In contrast and conflicting to the HOMA data, there was no correlation
between adiponectin and flare or IENFD. There was a significant correlation
between waist circumference and IENFD (R= -0.33, p=0.02), however, whilst
there was a strong trend, the correlation between waist circumference and LDI
flare was just outside statistical significance (R= -0.27 p=0.07).

LDI flare and existing measures of small fibre function.

There was an excellent correlation between IENFD and flare area (R=0.57,
p=0.00002) confirming that flare area is a measure of small nerve fibre function.
There was no correlation between heat, cold or vibration detection thresholds
using the CASE IV computer and either IENFD or flare. Likewise there was no
correlation between VPTs measured with a neurothesiometer and either the
IENFD or the LDI flare.
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Figure 27 - Graph to show the correlation between IENFD and flare area

Unfortunately not all subjects recruited for the study in Chapter 3 were willing to
undergo a skin biopsy for IENFD determination. Recruiting young subjects with
IGT who were willing to undergo skin biopsy was difficult and it was impossible
to match the IGT group to the young type 1 group.

This meant that the IENFDs of the 3 groups of subjects could not be formally
compared because their ages were unmatched. Nonetheless, LDI flare area
data was available on all subjects; so it was possible to compare flare area to
IENFD in each of the groups of patients. This data is illustrated in figure 26 and
27.
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Discussion
In this chapter, it has been demonstrated that LDI flare is strongly correlated to
IENFD and has also been demonstrated that LDI flare is proportional to both
HOMA IR and HOMA S. This suggests that there might be a relationship
between small fibre function and insulin resistance. However this data showed
no such relationship between IENFD and HOMA, which could have two
explanations:
1) That the small sample size of the study has led to a type 1 error and there is
no relationship small fibre function and insulin resistance.
2) There is a relationship between small fibre function and insulin resistance but
the IENFD is not sensitive marker of small fibre function to pick it up.

The IENFD is a marker of structure, where as the LDI flare is a marker of
function; therefore, the LDI flare test may be more sensitive than the IENFD and
able to pick up dysfunction in nerves caused by insulin resistance before
IENFD.

If insulin resistance were associated with small fibre dysfunction then the LDI
flare test should be associated with other features of the metabolic syndrome
which are known to be associated with the insulin resistance. There was no
correlation between waist circumference, blood pressure or HDL and the LDI
flare area; however, TGs were significantly associated with flare area (R= -0.38,
p=0.04). TGs are well known to be correlated to insulin resistance (204) and
TGs are one of the best components of the metabolic syndrome to predict
insulin resistance (205;206).
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Could the inability of the blood vessels to vasodilate be a reason for the
association with LDI flare and insulin resistance? Jaap et al. demonstrated a
reduction in maximum microvascular hyperaemia with increasing insulin
resistance (207). Could the reduced maximum microvascular hyperaemia of
those with insulin resistance explain reduced flare areas of those with insulin
resistance? The present study, in contrast to the study of Jaap et al., could not
find any correlation between LDI max and insulin sensitivity. All subjects
mounted a sufficient maximum hyperaemic response to turn their flare red
(>300 PU) so a flare area could be measured. Therefore there is no evidence
that reduced microvascular function in those with IGT reduced the LDI flare
area and so influenced the correlation between LDI flare and HOMA IR.

There is some data to support the conclusion that insulin resistance is related to
small nerve fibre function. By comparing the figures 26 and 27, it can be seen in
each of the three groups that the abnormalities in nerve structure, measured by
IENFD determination, mirror abnormalities in small fibre function, measured by
LDI flare determination. This suggests that if matched groups of IGT, type 1
diabetes and controls were available, then a similar shaped graph would be
obtained, which would again lead to the conclusion that small nerve fibres are
damaged in IGT but not necessarily a consequence of type 1 diabetes.
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Chapter 7 - Conclusions

To perform the experiments in this thesis an accurate, sensitive and reliable
measure of small fibre function was needed. This study confirmed the LDI flare
technique as an accurate measure of small fibre function. In chapter 3, LDI flare
technique was demonstrated to measure small fibre function, in contrast to one
of the other purported measures of small fibre function, acetylcholine
iontophoresis. The LDI flare technique has been strongly correlated to both
dermal nerve fibre density (166) and in this thesis, IENFD, proving its utility as a
measure of small fibre function. Moreover the LDI flare technique demonstrated
that it was capable of detecting abnormalities in small fibre function, which were
not detectable by conventional QST.

The main aim of this thesis was to investigate whether small fibre dysfunction
was caused by insulin resistance. It has been shown that the LDI flare area was
reduced in subjects with IGT compared to controls. In contrast, subjects with
long standing type 1 diabetes, and therefore a high glycaemic burden, had
similar LDI flare areas to that of controls. If hyperglycaemia were the cause of
small fibre neuropathy one would expect flare areas to be reduced in subjects
with type 1 diabetes when compared to controls. This suggests that factors
other than hyperglycaemia were responsible for the difference in small fibre
function observed between IGT and Type 1 diabetes groups.

The main differences between the groups of subjects with type 1 diabetes and
the IGT group were anthropomorphic and metabolic factors known to be linked
to insulin resistance. Of the IGT group 71% satisfied the IDF definition of the
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metabolic syndrome, whereas only 6% of the type 1 diabetes group did. This
highlights insulin resistance as a potential cause difference in small fibre
function observed between the IGT and type 1 diabetes groups. Supporting this
assertion chapter 6 demonstrated there was a significant association between
insulin resistance measured with HOMA IR and LDI flare.

How might insulin resistance cause small fibre neuropathy?
Endothelial Dysfunction

The endothelium regulates vascular tone and the interaction of the vessel wall
with circulating substances and blood cells. These functions are mediated by
endothelial production of vasodilators and vasoconstrictors, which are in
equilibrium during normal physiology. Endothelial dysfunction leads to an
imbalance in the production of these mediators, which may promote vasospasm
and vessel occlusion and thrombosis (208). Therefore endothelial dysfunction is
a key early factor in the development of atherosclerosis.

There are many ways of measuring the function of the endothelium.
Endothelium-dependent vasodilatation is a widely used and reproducible
method of measuring endothelial function (209).

Reduced maximum hyperaemia

Heating the skin to 44oC induces maximum hyperaemia (210;211). The
maximum hyperaemic response determined by laser doppler flowmetry was
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reduced in diabetics compared to controls (212). Subsequently, reduced
microvascular hyperaemia was found at the time of diagnosis of type 2 diabetes
(213), and then in subjects with fasting hyperglycaemia (214). Later it was found
that microvascular hyperaemia was reduced in those with a hereditary risk of
diabetes and that there was a correlation between insulin sensitivity and
microvascular hyperaemia (203;215;216).

Nitric oxide (NO) is produced by the conversion of L-arginine to L-citrulline, by
nitric oxide synthase (NOS) in vascular endothelial cells, in response to many
stimuli such as acetylcholine, bradykinin and mechanical shear stress. NO
diffuses locally causing vasodilatation, and inhibits platelet aggregation and
smooth muscle cell proliferation. The substrates for the production of NO are
not normally rate limiting in vivo, so NO production is determined by the
expression of NOS (217).

The main mechanism for the reduced hyperaemia in diabetes is thought to be
the reduced amount or effect of NOS. Immunohistochemical staining for NOS in
foot skin biopsies is reduced in those with diabetes and neuropathy compared
to healthy controls (218). The fact that NOS knockout mice are obese,
hypertensive and insulin resistant re-enforces the pivotal role of NOS in the
pathogenesis of insulin resistance (219).

How hyperglycaemia causes cell damage in Type 1 diabetes.

Cells that can regulate the entry of glucose into the cell are relatively protected
from hyperglycaemia, as intracellular glucose concentrations remain constant.
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Cells, such as endothelial cells, which cannot do this, are more vulnerable
(220;221).

The electron transport system of the mitochondrion is normally tightly regulated.
Metabolism of glucose in the tricarboxycylic acid cycle produces electron
donors. Electrons are donated to the electron transport system and their energy
is used to pump protons across the mitochondrial membrane. The resultant
voltage gradient is used to synthesize ATP (222). Unrestricted access of
glucose into the cell results in an excess of electron donors generated by the
TCA cycle. Consequently more electrons are fed into the electron transport
system increasing the voltage gradient across the mitochondrial membrane.
When a critical point is reached, electron transfer along the system is blocked
(223) and electrons reverse direction and are donated to molecular oxygen by
coenzyme Q producing superoxide. This free radical is converted into hydrogen
peroxide by superoxide dismutase.

There are four mechanisms by which hyperglycaemia causes cell injury:

1)

Increased flux through the polyol pathway.

2)

The formation of advanced glycation end products

3)

The hyperglycaemia induced activation of protein kinase C

isoforms.
4)

The formation of glucosamine modified transcription factors which

alter gene expression.
The substrate for all of these pathways increases when the key enzyme
glyceraldehyde-3 phosphate dehydrogenase (GAPDH) slow the rate of
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glycolysis. Reactive oxygen species (ROS), such as superoxide, increase the
expression of poly (ADP-ribose) polymerase (PARP), an enzyme which mends
DNA strand breaks. Increased PARP activity leads to the accumulation of its
end product, polymers of ADP-ribose, on GAPDH. This inhibits its function and
leads to the accumulation of the upstream glycolytic precursors, these provide
substrate for the four mechanisms which lead to hyperglycaemic damage (39).

Possible mechanisms by which endothelial function is impaired in type 2
diabetes and IGT.

If mitochondrial dysfunction is the inherited cause of insulin resistance as
Petersen et al. suggest (202;224), then it may well result in excessive ROS
production. There is also excessive ROS production in other conditions where
mitochondria are dysfunctional (225-227). ROS have additional deleterious
effects to those described above. NO reacts and detoxifies ROS; therefore,
large amounts of ROS can reduce the amount of NO available for
vasodilatation, which is a possible explanation for the reduced maximum
hyperaemia in diabetics. ROS, such as superoxide, can also inactivate NOS
leading to decreased generation of NO, further compounding the relative NO
deficiency (228).

In healthy volunteers there is a close correlation between insulin sensitivity and
basal NO production further supporting the link between insulin resistance and
endothelial function (229). Moreover, insulin resistant subjects have reduced
endothelium-dependent vasodilatation (230;231).
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Insulin resistance may lead to increased fatty acid flux into the endothelial cell.
These free fatty acids are metabolised by B-oxidation in the mitochondria
leading to the generation of electron donors. Excess electron donors leads to
the production of ROS in a similar manner to that of hyperglycaemia (39).

Endothelial Dysfunction Causing Neuropathy.

It is thought that endothelial dysfunction reduces the availability of nutrients
such as glucose and oxygen to the nerves which leads to neuropathy. This
theory is suggested by the fact that exercise increases nerve conduction
velocity in normal subjects, and diabetic subjects without neuropathy, but not in
diabetic neuropathic subjects (232). The Eurodiab trial that showed vascular
risk factors were strongly associated with neuropathy further emphasizing the
connection between endothelial function insulin resistance and neuropathy (34).

Applying GTN patches to the feet reduces painful neuropathy. The NO donated
by the GTN is thought to increase blood flow to the nerve and increase nerve
function (233;234). In the same manner the microcirculation supplying the small
nerves within the skin may be affected by impaired endothelial function, leading
to reduced small nerve fibre function. Greenman et al. demonstrated using
hyperspectral imaging that the oxygen saturation in the skin of those with
diabetes was reduced compared to normal controls (235). Further studies are
needed to decide whether the abnormalities in endothelial function in IGT are
severe enough to cause such abnormalities in IGT.
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The results of the study in chapter 5 are not readily explained by this model of
endothelial dysfunction. Maximum microvascular hyperaemia or LDI max is a
measure of microvascular function and correlates with plasma markers of
endothelial function (236). This study did not show a significant difference
between the LDI max of the IGT subjects and the controls. This is different to
previously reported results (207) and this may be due to a type 1 error caused
by a small sample size. The fact that LDI flare area was significantly reduced in
the IGT group compared to the control group argues against that possibility.
Additionally the type 1 diabetes group had a lower LDI max suggesting
increased endothelial dysfunction in the type 1 group, but small fibre function
measured with the LDI flare area was no different than the controls. The fact
that endothelial function measured by the LDI max technique was discordant
with small fibre function measured with the LDI flare technique suggests that
endothelial dysfunction is not involved in the pathogenesis of small fibre
neuropathy in this setting. Consequentially the other models for the
pathogenesis of small fibre function in the setting of IGT should be considered.

Paradigms of nerve fibre function
The conclusions of this thesis are contrary to the current paradigms of nerve
physiology. Nerves are thought to be not insulin sensitive and therefore glucose
entry into nerves is not thought to be insulin dependent (237). Additionally it is
thought that nerves do not use any substrate except glucose for energy (237). If
these tenets are true then it is difficult to see how insulin resistance might affect
nerve function.
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One possible explanation is that insulin resistance may be caused by a
mitochondrial defect. Petersen et al. demonstrated that adenosine triphosphate
(ATP) synthesis in insulin resistant offspring of subjects with type 2 diabetes
was reduced by 30% compared to matched insulin sensitive offspring. These
reductions in ATP synthesis were not associated with any change lipolysis or
plasma concentrations of tumour necrosis factor, interleukin-6, resistin or
adiponectin. This inferred that insulin resistance was related to reduced
mitochondrial oxidative phosphorylation (202). The present study highlights
how reduced mitochondrial performance might be related to neuropathy.
Mitochondria are essential for making ATP, the energy “currency” of the cell, by
oxidative phosphorylation. If mitochondrial function is compromised then the
most energy dependent cells will be the most vulnerable. Nerve cells are very
long and therefore require large quantities of energy to maintain their
membrane potential.

Unmyelinated nerves may be more vulnerable than myelinated nerves because
myelinated nerves only have to maintain their membrane potential at the nodes
of Ranvier whereas unmyelinated nerves need to maintain it all over their cell
surface. Additionally when unmyelinated nerves depolarise, their membrane
potential has to be recovered over a greater area than myelinated nerves,
where depolarisation only occurs at the nodes of Ranvier (238). Consequently
unmyelinated nerves require large amounts of energy. Their energy is supplied
by ATP which is produced by oxidative phosphorylation in the mitochondria. If a
cell’s vulnerability to damage is proportional to its energy requirements then
long unmyelinated nerve fibres should be affected first. This provides a
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plausible explanation for the length dependent neuropathy described in chapter
5 of this thesis: the longer more metabolically active nerves are damaged first.

The current evidence suggests that this explanation is too simplistic.
Impairments in muscle oxidative capacity could potentially arise from a defect in
mitochondrial function and/or reduction in the number of mitochondria. Boushel
et al. found that when oxygen flux was normalised for markers of mitochondrial
content oxidative phosphorylation and electron transport capacity in muscle
extracts obtained from those with type 2 diabetes was not different from agematched control subjects (239). Therefore, there is no evidence that the quality
of mitochondria is different between those with type 2 diabetes to those without.
Boushel et al. did discover that the oxidative capacity of the muscle of those
with type 2 diabetes was lower than controls, suggesting that the total mass of
mitochondria may be less than the controls (239). If the quality of the
mitochondria in subjects with type 2 diabetes are similar to those without, but
the number of them are reduced, then this suggests a problem with
mitochondrial biogenesis.

Do subjects with type 2 diabetes have a genetic predisposition to poor oxidative
phosphorylation in their mitochondria or does their impaired mitochondrial
capacity arise from their environment? Evidence for an environmental cause is
that in muscle, insulin action is enhanced by exercise in those with type 2
diabetes and obesity and it appears that exercise induced mitochondrial
biogenesis is responsible for this change (202;240).
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Recently Asmann et al. examined whether the reduction in mitochondrial
oxidative capacity seen in type 2 diabetes is secondary to abnormal blood
glucose and insulin levels instead of an intrinsic defect in mitochondrial function
of those with type 2 diabetes (241). These authors suppressed endogenous
insulin secretion by infusing somatostatin, in controls and subjects with type 2
diabetes. The authors then infused insulin at two rates: a low insulin infusion
rate (0.25 mU/kg/min) which was meant to represent a post-absorptive (fasting)
insulin level, and a higher rate (1.5 mU/kg/min), representing a post-prandial
insulin level. The mitochondrial ATP production rate (MAPR) was measured and
was not different between the two groups at the lower insulin infusion rate, but
was reduced in those with type 2 diabetes at the higher insulin level (241). The
lack of increase in MAPR, together with the reduced expression of peroxisome
proliferator-activated receptor gamma coactivator 1 alpha (PGC-1α), citrate
synthase and cytochrome C oxidase in mitochondria in subjects with type 2
diabetes, suggested that the reduced oxidative capacity of mitochondria with
type 2 diabetes may be due to an impaired response to insulin and was not an
intrinsic defect in mitochondrial function (241).

The study by Asmann et al. suggests that the impaired response of the
mitochondria to insulin stimulation may be responsible for the reduced oxidative
phosphorylation rates seen in those with diabetes (241). If this mechanism is
responsible for the neuropathy seen in those with insulin resistance then nerves
would need to express insulin receptors, and this has been shown to be the
case. It is unclear what function these receptors perform and they may play a
role in nerve cell growth or regeneration (242;243). Huang et al. used real-time
whole cell fluorescence video microscopy to analyse the mitochondrial inner
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membrane potential, which drives ATP synthesis, in cultured adult sensory
neurons (244). The authors found that insulin not only modulated the
mitochondrial inner membrane potential through the phosphoinositide 3-kinase
pathway but also increased the NAD(P)H pool, increased hexokinase activity
and ATP synthesis (244). Insulin receptors on peripheral nerves share
homology with other receptors in the periphery and are different from those in
the central nervous system (242;243). Therefore, changes in signal
transduction, which may occur as part of insulin resistance, may occur in nerves
and may lead to decreased intracellular effects of insulin (245). If the
intracellular effects of insulin are required to stimulate mitochondrial function
then insulin resistance may lead to reduced mitochondrial oxidative
phosphorylation, decreased ATP production and neuropathy.

Summary
Within this thesis, it has been demonstrated that the LDI flare technique is a
non-invasive, accurate and reliable method of testing small fibre function. It was
also demonstrated that it had an excellent coefficient of variation in comparison
to other non invasive axon reflex tests.

IGT subjects have reduced flare areas compared to both the controls and
subjects with longstanding type 1 diabetes. This suggested that hyperglycaemia
may not be the major determinant of small fibre neuropathy in subjects with IGT
and implicated features of the metabolic syndrome. Supporting this supposition,
flare area was significantly negatively correlated to estimates of insulin
resistance derived from fasting plasma insulin and glucose levels (HOMA IR).
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There was a clear negative correlation between height and small nerve fibre in
the IGT group; however, no such relationship existed in the control group or the
group with type 1 diabetes. This indicated that in the IGT group, longer nerves
worked less well than shorter nerves. Therefore, a length dependent small fibre
neuropathy was clearly present in those with IGT but not present in controls.

The fact that abnormalities in nerve structure, measured by IENFD
determination, mirrored abnormalities in small fibre function, measured by LDI
flare determination, in all 3 groups of subjects tested, suggested that small
nerve fibres were damaged in IGT, but were not necessarily damaged as a
consequence of type 1 diabetes.

These findings provide evidence that insulin resistance may influence neuronal
function and therefore question the paradigm that nerves are not insulin
sensitive. Consequently, further studies are necessary to identify the differences
in neuropathy between type 1 and type 2 diabetes.

162

Chapter 8 - Limitations and further studies

Limitations
The main limitation of this study was the difficulty in recruiting young people with
IGT. It was straightforward to recruit subjects with both IGT and type 1 diabetes;
however, the subjects with IGT were on average older than those with Type 1
diabetes. Consequently, young people with IGT were needed to age match the
groups of subjects with type 1 diabetes and IGT. It was impossible to recruit
older subjects with type 1 diabetes to match the groups because older subjects
with type 1 diabetes generally had developed complications from diabetes,
particularly neuropathy, and consequently were not eligible for the study.
Greater numbers would ensure that the findings were not subject to a type 1
statistical error, something which is acknowledged with the current small
numbers of subjects.

In chapter 5, the IGT group thus represents the metabolic syndrome with
minimum hyperglycaemia and the group with type 1 diabetes represents a
heavy glycaemic burden in the absence of the metabolic syndrome. Although it
was felt that the IGT group represented the metabolic syndrome with minimum
hyperglycaemia; subjects with longstanding type 1 diabetes may also have
insulin resistance and/or lipid abnormalities (246). However, it was felt that
recruiting a group without these confounders might prove very difficult given the
time constraints. It is likely that the hyperglycaemic effects of longstanding type
1 diabetes would have greater effects on neuronal function than the mild lipid
abnormalities seen in this group. Nevertheless, the metabolic profiles of the
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subjects with type 1 diabetes were measured allowing the impact of each of
these factors on neuronal function to be independently assessed.

Subjects who volunteer for studies are different from an unselected group.
Study volunteers may be more motivae to look after themselves and so have
better glycaemia than those who don’t volunteer for studies. Nevertheless, the
glycaemic burden of subjects with type 1 diabetes for an average of 30 years
should be greater than those with IGT, no matter how well the sugars are
controlled in the diabetes group. It was thought that the duration of diabetes
would offset and effect caused by the self selection of the type 1 group.

In chapter 5, there were many more subjects on lipid lowering therapy in the
group of subjects with type 1 diabetes than either control group or the group
with IGT. This resulted in the group with type 1 diabetes having a lower total
cholesterol, LDL cholesterol and triglycerides compared to the other two groups,
which may have affected the results of the study. It would have been
impossible to recruit subjects with longstanding type 1 diabetes who weren’t on
lipid lowering therapy because statin treatment is the accepted standard of care
(247).

Unfortunately not all subjects recruited for the study in Chapter 5 were willing to
undergo a skin biopsy for IENFD determination. Recruiting young subjects with
IGT who were willing to undergo skin biopsy was difficult and it was difficult to
match the IGT group to the young type 1 group. Having a matched group of
subjects with type 1 diabetes and IGT would have enabled the study to
demonstrate categorically that subjects with type 1 diabetes without clinical
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neuropathy have better small fibre function when compared to a matched IGT
group.
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Further studies
Confirm findings of studies with larger more detailed studies.

It would be useful to repeat these studies with bigger numbers to ensure that
the findings were not subject to a type 1 statistical error. To enable the
comparisons of the severity of diabetes to be made the NIS (LL) +7 should be
used on each of the three groups. This would enable the severity of neuropathy
to be compared with other groups using the same scale. Additionally the NCS
would provide us with better information on the large nerve involvement in each
of these 3 groups. The heart rate deep breathing data would enable
researchers to study the extent of small fibre damage within the autonomic
nervous system and see how the damage correlates to small fibre function
within the skin. Additionally a subset of subjects could have sural nerve biopsies
to evaluate whether the LDI flare area correlates to unmyelinated nerve fibre
density within large peripheral nerves or whether the reduced flare area just
represents a “dying-back” phenomenon of the intra-epidermal nerves.

Prospective Data

These 3 groups of subjects should be followed up prospectively. This would
enable researches to determine whether reduced flare area was a marker for
reduced large fibre function in the future. This would then allow possible
interventions to be investigated. Ideally other markers of small fibre function
such as corneal confocal microscopy (11) and IENFD should also measured
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and followed up prospectively to identify the best means of predicting future
large fibre neuropathy.

Define the normal distribution of flare areas

At present not enough people have had their LDI flare area tested to clearly
define the normal distribution of flare. It is necessary to gain this data so that
individuals can be clearly compared to a set of normative data. It would be very
time consuming to collect this volume of data using the present LDI flare
technique. It would be valuable to investigate the shortening the present
technique by heating the skin to a higher temperature for a shorter time, to
facilitate collecting the normative data.

Glycated haemoglobin measurement

In future studies it should be imperative to have HbA1c values on all 3 groups to
enable researchers to compare the glycaemic burden of the 3 groups.

Further investigation in to painful and painless neuropathy

Krishnan et al. have recently shown that unlike clinical examination, QST using
the CASE IV computer and IENFD, the LDI flare technique was able to
differentiate patients with painful neuropathy from patients with painless
neuropathy (248). This study should be repeated with larger numbers to
validate its results.
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Hyperglycaemia

The non-invasive nature of the LDI flare test lends it to the testing of
interventions. Currently there are no licenced therapies for the treatment of
diabetic neuropathy in the UK. There are many treatments which have been
shown to be effective in animals and it is possible that we are testing the
therapies too late in the natural history of diabetes for them to be effective. The
probable reason for this is our reliance on nerve conduction studies. Until now
these have been the only reliable, objective measure of nerve function.
Unfortunately NCVs measure the function of large myelinated nerve fibres
which are damaged late in the natural history of neuropathy (134;135). Up to
recently the only measure of small nerve fibre function has been thermal
thresholds assessed by QST. Thermal thresholds have poor coefficients of
variation and therefore are unsuitable for detecting improvements with drug
therapy (109). Measurement of IENFD in skin biopsies has been shown to be a
reliable method of determining small fibre function and has shown to be
abnormal in diabetes and pre-diabetes (10;12;16;37;44;173). As previously
mentioned IENFD improves with lifestyle intervention (33). Additionally, studies
examining similar fibres in the cornea have shown that improvements in the
density of these fibres can be tracked after pancreatic transplant (172). The
regenerative capacity of small fibres makes them attractive to evaluate the
effectiveness of drugs in the treatment of diabetic neuropathy. The main
disadvantage of IENFD measurement is the invasive nature of the process. In
contrast the LDI flare technique is non invasive and has been shown to
correlate highly to IENFD.
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One treatment which might be a good therapy for the neuropathy induced by
hyperglycaemia is benfothiamine. Three of the biochemical pathways implicated
in the pathogenesis of hyperglycaemia induced vascular damage are activated
by increased availability of the glyceraldehyde-3-phospate and fructose-6phosphate. These products can be reduced by benfothiamine. Benfothiamine
activates transketolase (TK), which activates the pentose phosphate pathway,
diverting these substrates away from the hexosamine pathway, AGE formation
and PKC activation (39).

Damage caused by hyperglycaemia may be exacerbated by concurrent
thiamine deficiency (249). Clinical thiamine status is usually assessed by
percentage unsaturation of TK and the activity of TK. Thiamine deficiency
assessed by these markers may be masked by changes in the expression
thiamine transporter, THTR-1, and TK in red blood cell precursors. Thornalley et
al. examined the plasma level of thiamine in addition to the usual markers of
thiamine deficiency, TK saturation and TK activity (249). These authors
discovered that thiamine concentration was reduced in the plasma of patients
with diabetes by about 78%. The conventional measure of thiamine sufficiency,
activity of the intracellular enzyme transketolase was maintained by increased
expression of the thiamine transport protein, THTR-1 (249).

A small double-blind placebo-controlled study remarkably showed a significant
difference in a neuropathy score which comprised of vibration perception
thresholds and patient symptoms after just 3 weeks of benfothiamine treatment
(250). The effectiveness of benfothiamine as an effective treatment of
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hyperglycaemia induced damage could be assessed by measuring the LDI flare
before and after treatment with benfothiamine.
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Appendix

Patient Information Sheet For the ‘LDI Flare’ project.

You are being invited to take part in a research study. Before you decide it is
important for you to understand why the research is being done and what it will
involve. Please take time to read the following information carefully and
discuss it with others if you wish. Ask us if there is anything that is not clear or if
you would like more information. Take time to decide whether or not you wish
to take part.
Thank you for reading this.
Introduction: Nerve damage to the feet is a common and important cause of illness to people
with diabetes. It is the main cause foot ulcers and amputations. It is important to
detect nerve damage at an early stage to prevent progression to these
complications. Unfortunately there is no easy reliable method do so. We have
developed a method, which involves heating an area of skin to 44 oC so the
smallest blood vessels or capillaries open up, and the skin becomes red. The
area surrounding the heated area also becomes red, this area or "flare" is
caused by nerve fibres being stimulated, and causing the small blood vessels to
open up. We have found that this response is diminished in people with
diabetes. This technique is called the ‘LDI flare’ technique and could be used to
measure the damage diabetes has on these nerve fibres.
What are the objectives of the study?
There are two main objectives of the study:
To compare the small fibre function in patients with different types of diabetes
(type 1 and type 2) and those with pre-diabetes (impaired glucose tolerance)
and those with a family history of diabetes.
To compare the ‘LDI flare’ method with the existing best methods of measuring
small fibre function. At present there are two main methods of measuring small
fibre nerve function: Iontophoresis and skin biopsy.
Iontophoresis is a method of administering a drug to the skin circulation by the
use of a small electric current. A drug called acetylcholine will be administered
using iontophoresis to stimulate the nerves, to open up the blood vessels and
make the skin go red. The effect of the iontophoresis will be measured using the
laser Doppler camera. The small fibre function assessed using this method will
be compared to that of the LDI flare technique
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Skin biopsies can be used as a measure of small fibre function. Skin is taken in
the form of a 3mm punch biopsy. The nerves in the biopsy sample can be
counted and serve as an objective index of small fibre function.
Why have I been chosen?
You have been chosen to take part in this study, as you diabetes (type 1 or type
2) or have impaired glucose tolerance or a family history of diabetes and are
suitable to take part in the study. You may have none of the above conditions
and you will therefore serve as a normal comparison.
How much time does it take to participate in the trial?
Two visits of 1.5-2 hours.
Do I have to take part?
It is up to you to decide whether or not to take part. If you volunteer for the
research then you will be required to participate in the LDI flare section, as that
is the basis of the research. You can also volunteer to participate in one or more
the three other sections. Consent will be taken for each of the sections
separately on the consent form. If you do decide to take part you will be given
this information sheet to keep. If you decide to take part you are still free to
withdraw at any time and without giving a reason. A decision to withdraw at
any time, or a decision not to take part, will not affect the standard of care you
receive.
What will happen to me if I take part?
You would come up to the research room situated in the Diabetic foot unit,
Ipswich Hospital to enable us to perform the tests.
Each of the three sections of research are described below:
1) LDI FLARE TECHNIQUE
This study involves examining the blood flow changes in the small blood
vessels of the foot (capillaries) in response to heat using Laser Doppler camera,
which is a non-invasive way of measuring the blood flow.
On arrival you will have your height, weight and waist diameter measured. You
will then be asked to lie on the couch comfortably, with your shoes and socks
off. A period of 30 minutes will be allowed for your body temperature to adjust to
the room temperature. During this time, your blood glucose will be checked
using finger prick test, blood pressure measurements will be taken from your
arm and your foot sensation checked. We will assess the blood flow in your feet
with an ultrasound probe. You will also fill in a questionnaire about symptoms
you experience in you feet. Towards the end of the 30-minute period a baseline
laser scan will be taken of your foot.
After that a small electric heater will be affixed to your foot using sticky discs.
The heater in the holder will be switched on and the skin will be heated up to 44
degree Celsius. This should cause no more than a slight discomfort normally in
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the form of mild itching. After heating the skin for 20 minutes, another laser scan
will be performed.
The whole procedure should take less than 90 minutes in total.
There are no particular side effects expected with this test.
2) SKIN BIOPSY
After a 10-minute rest period, small area of skin will be anaesthetised (made
numb) with a small injection of Lignocaine (local anaesthetic agent). When the
skin is fully insensitive, a small area (3mm) of the skin will be biopsied.
The biopsy site will be closed with a suture or steristrips. It may cause slight
discomfort for 1-2 days. If a suture is applied it will be removed after 5 days.
3) IONTOPHORESIS
The study involves examining the blood flow changes in the small blood vessels
of the foot (capillaries) in response to a drug administered with a small electric
current using Laser Doppler flowmetry, which is a non-invasive way of
measuring the blood flow.
On arrival, you will be asked to lie on the couch comfortably, with your shoes
and socks off. A period of 30 minutes will be allowed for your body temperature
to adjust to the room temperature. Towards the end of this period we will take a
baseline laser picture of the blood flow to your feet.
After that a small (3cm) plastic holder, which contains a small amount of the
drug, will be attached to the top of your foot. Another sticker will be attached to
your leg higher up.
A small electric current will be passed through the device; this will suck the drug
through you skin. After a few minutes the current will be stopped; the chamber
removed; and another laser picture of your foot will be taken.
The change in blood flow due to the drug will be measured and used as a
marker for small nerve fibre damage caused by the diabetes.
The electric current can sometimes cause mild discomfort. It is unlikely to be
painful but if you are unable to tolerate it just say so and the experiment will be
stopped.
What do I have to do?
You should continue to take all your normal medications. You should not smoke
and drink coffee or tea for at least 6 hrs before the LDI technique is performed.
What are the possible benefits of taking part?
The information we get from this study may help us to prevent or treat foot
complications due to diabetes in the future patients.
What are the disadvantages and possible risks in taking part?
LDI technique: the heating can some times cause mild discomfort in the form of
itching. Blood tests are a minor discomfort.
Skin biopsy: The skin biopsies are a minor discomfort. The procedure will be
done under local anaesthetic to minimize the discomfort. There is a very
minimal risk of infection at the biopsy site. Rigorous aseptic precautions will be
taken to prevent any infection. Our previous studies and those of other
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investigators show that this is a safe procedure. In our previous study 45
subjects had similar biopsies without any complications.
Iontophoresis: The electric current can sometimes cause some mild tingling.
What if something goes wrong?
If taking part in this research project harms you, and if you wish to complain or
have any concerns about any aspect of the way you have been approached or
treated during the course of this study, the normal National Health Service
complaints/compensation mechanisms is available to you.
Will my taking part in the study be confidential?
Yes, all the personal data we collect about you will be kept strictly confidential.
Any information that leaves the hospital/surgery will have your name and
address removed.
What will happen to the results of the research study?
The results will be analysed and published in medical journals. You will not be
identified in any report or publication.
Contact for further information.
If you require any further information about the study, please ring Dr Alistair
Green on 01473 704759 alternatively write to him at The Diabetes foot clinic,
Ipswich hospital, Heath Road, Ipswich IP4 5PD
We would like to thank you for taking the time to read this information leaflet
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Centre Number:
Study Number:
Patient Identification Number for this trial:

CONSENT FORM
Small fibre function assessed using the ‘LDI flare’ technique in people with a hereditary risk of
Type 2 diabetes, IGT and Type 1 and Type 2 Diabetes.
To compare the ‘LDI flare’ technique to existing measures of small fibre function including
iontophoresis and skin biopsy.
C-fibre cellular function, assessed by using the ‘LDI flare’ technique to measure the time taken
to recover form chronic capsaicin therapy.
Name of Researcher:

Dr A. Green.
Dr G. Rayman.
Please initial box

1. I confirm that I have read and understand the information sheet dated
19/8/05 (version 2) for the above study and have had the opportunity
to ask questions.
2. I understand that my participation is voluntary and that I am free to withdraw
at any time, without giving any reason, without my medical
care or legal rights being affected.
3. I understand that sections of any of my medical notes may be looked at by
the researchers where it is relevant to my taking part in research. I give
permission for these individuals to have access to my records.





4. I agree to take part in the following sections of the above study:
(please place a cross in the box if you do not want to participate in a
particular section of the trial)
LDI flare technique
Iontophoresis
Capsaicin therapy
Skin Biopsy







5. I agree for my GP to be informed about my participation in the study.
_______________________
________________
____________________
Name of Patient
Signature
Date
_________________________
Name of Person taking consent
(if different from researcher)

________________
Signature

____________________
Date

_________________________
Name of Person taking consent

_______________
Signature

___________________
Date

1 for patient; 1 for researcher; 1 to be kept with hospital notes
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Publications arising from thesis
C-fibre function assessed using the laser doppler imager flare technique and
acetylcholine iontophoresis. Green AQ; Krishnan ST; Rayman G. Muscle and
Nerve. In press.
Altered C-fiber function as an indicator of early peripheral neuropathy in
individuals with impaired glucose tolerance compared to those with type 1
diabetes. Green AQ; Krishnan ST; Finucane FM; Rayman G. Diabetes Care. In
press.
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