


“In saecvla saecvlorvm”






Acknowledgements

Firstly, | would like to acknowledge the financial support of Diabetes UK, which funded the

studies conducted during the course of the fellowship.

| am extremely grateful to Professor Solomon Tesfaye for his support and expert supervision
throughout this work. | am also indebted to Professor lain D Wilkinson for his mentorship and
valuable advice over the years. Together they gave me the benefit of their generosity and
intelligence. | should also acknowledge the important contribution and support of Dr Celia
Emery whose role of research coordinator ensured the smooth running of studies. Much of
this work would not have been possible without the hard work and skill of the magnetic

resonance radiographers at the Academic Unit of Radiology, University of Sheffield.

The initial ideas for the spinal cord studies came from Prof Tesfaye, Prof Wilkinson, Dr Nigel
Harris and Dr Simon Eaton. Prof Tesfaye, Prof Wilkinson, Dr Harris and myself designed
these studies jointly. Subsequent spectroscopy and perfusion studies were designed by Prof
Tesfaye, Prof Wilkinson and myself. The painful neuropathy clinical trial was designed by
Prof Tesfaye, Dr Emery, Ms Helen Bowler, and myself. For each study | was responsible for
the recruitment of all patients. All correspondence, secretarial duties, neuropathy
assessments, data collection, data input, statistical analysis, graphics and presentation
aspects were performed by myself. | would like to thank the statistical services unit of
University College London as they provided advice on the appropriateness of individual
statistical tests. | am also grateful to every teacher who gave me kindness and inspiration.
These studies would not have been possible without the generous help of the participants,

many of who selflessly endured uncomfortable studies for the benefit of diabetes research.

I'm grateful as well to Nicky, for her patience and constant support. And, everlastingly, to my
parents for inspiring, nurturing and ensuring in a thousand ways, every single step
throughout my education. Finally, | want to acknowledge the deep debt | owe in this and

everything else to my parents by dedicating this thesis to them.



(M5 & $#)%) %+ %$)1F8 I 1 '+ + ' +5 #&IS% #$% #S$!
(&UO1$+ '+ YIS+ % (145 + &S+ "% ( $% "IF '+ % ‘%3 ( &S+ )I$+
B# &%& "&(% $%& 8 (!, (* (M 3+$4+ 'S )I$)* $($5* +" %(*+5
8 '"%& +!$ ' HE& " '+(*F+! V%) W(+%S *! > 24!

&HW( +%$ *1 > 2 +$( + %(!,(*$ %S$3"8 1" +"%I3+

+" B+"I$ 4+, 151 +$( + + 8

8 #$%  '%3+5 $+ )+( &$%" " %, 4"+ $H" 1 1&+<
JEE L)@ IS )%S, | )% & S+ '+ I&& W& $# &S%" &% &! $+(
%' ' % +18 S H&IS+ 4% ) H"IS<(F&SHWS( " 4 & %

%)$%! " + ') % -8

8 ) %HS% " +@,,$ &% @ & $+( BH!& % $++& 55 $H! &%, &'( )+ +"
%)$%! " " +& $# )+( &$%" % +35 >1%$)*? + '+( > ) % 278
IS4 )+ &$%" 1%$) * IS+ '%(* ) +$ +$+ )% + L+ +  &(+&(

8 1 )+(&$%" | &"M()$UWIS+ $#H! 1 +$( +H " < 1S+

41 %! % +I1$$ % +$("8

28 +5 )&I%$&S)* 9 +"I'C & +$( + + '+ > )% A?8

") %+ +&( &St "% B1AFIS(($1$ + $%* +#5% 1S+ +1 % +5
L%+ '+ % )$+ ((#5% B (1$+ $# + $%r +H#$% 1S+ )% $% 1S )% +I'1 S+ IS |
&% %'(&$%I98 " S+ I & $& &'('+$% (! &$+ 1+141)$ (
+ S+ (" HA&IS+ +)1 41 41 "+( 8
A8 "SH1%S+ $# 1 & + %SH( H+EIS+ 4+ 55 1 11
+8( 1 (1M ) H( &% IS % )$%I+ %' % )$+ ( #S%
$'1$ +$%* ) %&)S+ *($S +$("8 (1$5 ! IS5+ $H!'( &
+$( 4 #3+BA+ 1 (31T S & (% US(&HE&ISW I+

)&+ )I$5+  $# % +$("8 + NWA 9 +"1 )% (



role of metabolic factors in the pathogenesis of thalamic neuronal dysfunction in DPN. Using
MR spectroscopy, | demonstrated a significant elevation in thalamic glutamine/glutamate in
patients with diabetes. Glutamate is the most abundant excitatory neurotransmitter and
implicated in various models of neuronal cell death. Astrocytes, which play an important role
in glutamate/glutamine metabolism, were impaired in the thalamus of diabetic patients in this
study. The combination of elevated glutamate and impaired thalamic astrocytes may provide

a pathophysiological explanation for thalamic dysfunction in DPN.

5. In Chapter 5, an alternative hypothesis for thalamic neuronal dysfunction in DPN was
tested. Using dynamic contrast enhanced MR perfusion imaging, | demonstrated that Painful
DPN is associated with unique thalamic perfusion abnormalities. Intriguingly, these

abnormalities were present in patients with Painful but not Painless DPN.

6. Finally, in Chapter 6, | conducted a randomised, double blind and placebo-control trial
(RCT) comparing the efficacy and tolerability of sativex, a cannabis based medicinal extract
(CBME), with placebo in the symptomatic treatment of painful DPN. This is the first ever
RCT using a CBME in painful DPN. We report no significant difference in the primary
outcome measure due to a massive placebo effect and that depression is a potential major

confounder in such clinical trials.
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Patient studies:
1. Cervical cord CSA to AP canal diameter ratio

The CSA measurement method that proved most accurate and reproducible in the TTP
studies was subsequently used to calculate cervical cord CSA at the level C2/C3. This level
was chosen as: 1) the greatest difference in cord area between Painless DPN and Healthy
Volunteers in the pilot study was at the cervical level (Eaton, Harris et al. 2001); 2) CSF
encircles the cord and the contrast between CSF (bright) and spinal cord (dark) allows the
use of a semi-automated voxel based thresholding method to measure cord crc.ass-sectional
area (Figure 3.1, (Losseff, Webb et al. 1996); 3) positioning the patient to ensure that the
cord was in the middle of the spinal canal (i.e. not touching bone) was facilitated as the neck
is kept in the more comfortable, neutral position and 4) there are fewer disc prolapses at this

level (Thorpe, Kidd et al. 1993).

Using a scaled ruler provided by the Twinstar (Philips Medical Systems, Cleveland, Oh,
USA) software, the AP diameter of the spinal canal was measured and the ratio of cord CSA
and AP canal diameter was calculated. The inter- and intra-observer reproducibility of this

technique was assessed by both an expert (myself) and a novice (CJE).
2.4.2 Statistical Analysis

Accuracy

Accuracy was assessed as the difference between the observed value and the actual

target value for each end point of TTP studies.

Absolute accuracy was calculated as follows:

(Observed — Target)
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The percentage accuracy was calculated as follows:

[(Observed — Target) x 100]
Target

The number of significant measurement errors was determined for each TTP measurement

end point. Measurement error for each end point was defined as greater than + 2% of target.

The accuracy of both measurement techniques were assessed by measuring the constant
and proportional bias compared to known reference measurements of each TTP. The ideal
measurement technique will produce equivalent results with reference measurements and
therefore have a constant bias of 0 and proportional bias of 1. The hypothesis test compares
constant and proportional bias of each measurement technique against the ideal values. If

the p-value is statistically significant then the bias differs from this ideal value.

Precision

Overall reproducibility was assessed by determining the coefficient of variation (CV =
standard deviation/mean) of each end point across all measurements compared to the

reference standard.

Finally, we compared the agreement between the two measurement techniques using
Bland Altman plots (Bland and Altman 1986). In the human studies, reproducibility was
expressed as both the mean centred coefficient of variation and the standard deviation of the

amount of variation in the observed values.

2.5 Results

2.5.1 Test Tube Phantom Studies

Actual CSA of the three TTP used for QC analysis were 63.63mm?, 78.55 mm? and 95.04
mm?. The absolute and percentage accuracy of both measurement techniques for each TTP

is displayed in Table 2.1. Percentage and absolute accuracy of the semi-automated inner
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test tube CSA measurement technique was significantly lower compared to the manual
outlining method at each level. Of the 24 measurements made for each TTP, the number of
measurement errors for the semi automated technique ranged from 6 to 11 compared with
14 to 20 for the manual outlining method. Accuracy of CSA measurements using semi-
automated technique was far superior with constant bias closer to zero and proportional bias
closer to 1 across all TTP sizes (Table 2.1). These biases were not significantly different
from the hypothetical ideal value. Whereas, the proportional bias for measurements made
using the manual outlining technique was significantly different from the ideal value
(proportional bias = 1.07, p = 0.03; 95% Cl 1.03:1.11). The scatter plot (Figure 2.9) shows

the observations of reference (X) plotted against the test method (Y).

The coefficient of variation for the semi-automated technique for repeated measures
of different size TTPs ranged from 1.3% to 2.5%. The CV range for the manual outlining
technique was much higher between 5.2% to 6.6%. Figure 2.10 contains precision plots (see
below) showing the standardised observations from the mean for each measurement
technique applied to each TTP. Most observations derived from the semi-automated
technique were within two standard deviations of the mean and hence this proved to be the
most reproducible technique. The Bland Altman plots show little correlation between the two
measurement techniques. The average difference (bias) between measurement techniques

ranged between 2.57 t0 4.38 (Table 2.2).

Reference value of outer test tube AP diameter was 42mm. Mean AP diameter of
measured using the analysis software was 40.7(0.17); 95% Cl 0.12:0.36. The coefficient of

variation for the AP diameter of repeated measures was 0.4%.

2.5.2 Human Studies

The intra-observer standard deviation and coefficient of variation for the experienced
observer were 0.01 and 1.0% respectively. The novice observer had a standard deviation of

0.02 and a coefficient of variation of 2.0% for repeated measurements of the same image.
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2.6 Discussion

Having analysed the original pilot study by Eaton et al. (Eaton, Harris et al. 2001), we
identified certain aspects of its methodology and analysis plan, that if modified may improve
the accuracy and precision of cord CSA. The adoption of a new image acquisition protocol, a
semi-automated cord CSA measurement technique and the ratio of cord CSA to AP canal
diameter as an end point theoretically minimised error and improved reproducibility of spinal
cord CSA. Before adopting these changes, however, we designed a QC study to test the
hypothesis that these modifications will result in improved accuracy and reproducibility of
study end points. This QC study enabled a uniform assessment of new versus old
procedures using in-house manufactured TTP and human patients. These results provide
insight into the accuracy and reproducibility associated with the measurement of spinal cord

CSA due to the procedural changes proposed.

Test tube phantom studies demonstrated a high degree of accuracy with relatively
lower number of measurement errors and high degree of reproducibility of the semi-
automated computer assisted technique. The cumulative change in percentage accuracy
was overall low using both measurement techniques. With lower percentage scores,
however, the semi-automated technique had the least accuracy drift over the three different
inner test tube size ranges. Hence, the semi-automated technique was chosen to measure
spinal cord CSA in the QC human studies. These latter inter- and intra-observer variability

studies demonstrated acceptable coefficient of variation.

Potential sources for error in cord CSA measurements are summarised in Figure
2.11. Once identified, measures can be put in place to minimise these errors. Errors can be
divided into sampling and measurement errors. Each of these can be divided into two further
categories; random and systemic errors. Individually these errors can originate from study

patients, investigators, MR acquisition protocols and MR equipment and the spinal cord CSA

measurement technique.
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Systemic sampling and measurement errors of cord CSA estimation were assessed
by the TTP accuracy protocols. Accuracy is a function of systemic error (i.e. the greater the
error the less accurate the variable) and defined as how closely the measurement is to the
actual or true value. The reference standard used was a specifically commissioned TTP,
built to set dimensions to mimic a range human spinal cord CSA. Two main additional
sources of errors, which can affect the accuracy, were identified as being investigator bias
and instrument bias. Investigator bias is defined as the consistent distortion on the reporting
of a measurement whether conscious or subconscious. Standardising the MR acquisition
technique and introducing the semi-automated computer assisted cord CSA measurement
method reduced the impact of this bias. In addition, investigators will be blinded to the spinal

cord images of patients during analysis.

Instrument bias is the result of a faulty function of a mechanical instrument (MR
scanner) and/or measurement technique. The MR scanner is calibrated on a regular basis
and will proceed as per departmental and manufacturer specified guidelines. The
introduction of a new acquisition protocol has improved the contrast between spinal cord and
CSF. thereby improving the efficiency of the semi-automated cord CSA measurement
technique. Furthermore, statistical tests comparing constant and proportional bias against
ideal values demonstrated that the semi-automated measurement technique was not
significantly different from the ideal value and hence has greater overall accuracy.
Percentage absolute accuracy calculations showed that the manual outlining methods was
particularly flawed at the extreme ends of inner test tube CSA sizes. The semi-automated

measurement technique, on the other hand, displayed less drift in accuracy over the size

ranges.

The second set of errors assessed in this study is random sampling and
measurement errors, which were assessed by precision TTP and human QC studies.
Precision is defined as the ability to provide the same results from the same patient on 2 or

more occasions and is susceptible to random errors. The precision protocol utilised TTP and
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human patients to test the reproducibility and inter/intra-observer variability of both the
sampling and the chosen CSA measurement technique. With smaller coefficient of variations
in both TTP and human studies, the semi-automated CSA measurement technique

appeared to be less susceptible to random errors.

In this study, precision was dependent on three factors, first the equipment used (MR
scanner and cord CSA measurement technique), second the investigator and finally the
patients studied. Inter- and intra-operator repeatability using the semi-automated computer
assisted technique confirmed it was also more reproducible. Additional strategies that will be
employed to improve reproducibility include standardising measurement methods (operating
manuals detailing protocols in use for the acquisition of images, recording procedure,
positioning patients and step by step guide to using the semi-automated cord CSA
measurement technique will be employed), training (investigators will be trained in methods
| for image post processing for measuring spinal cord CSA), automating (introduction of a
semi-automated spinal cord measurement technique will improve precision by reducing
human error) and repetition (repeating measurements [spinal cord CSA and AP canal

d'i_ameter] and taking the mean will reduce the impact of random error).

Another strategy that will be employed to minimise errors of spinal cord CSA
measurement is supplementation. By measuring several different variables to represent the
characteristics of interest (spinal cord CSA) will add both accuracy and precision to the
study. An index (spinal cord area:AP canal diameter ratio) which, combines several
measurements can also enhance precision. This index has the added benefit of accounting

for both inter-patient variations of cord CSA and errors caused by slice positioning

(described above).

This QC study has aspects that may limit its interpretation. We did not test accuracy
of measurement techniques on human patients. The accuracy would be expected to fall

because of the introduction of MR susceptibility artefacts. In summary, this study provides a
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quantitative assessment of the accuracy and reproducibility of two cord cross-sectional area
measurement techniques using simulated testing of TTP and human patient. Overall,
because of the better accuracy and precision of the semi-automated computer assisted

technique, we chose to use this in the subsequent larger spinal cord DPN study.

Errors
Sampling errors Measurement errors
Random Systemic Random Systemic
Precision Test ~ Accuracy Test Precision Test Accuracy Test
| I | |
TTP and Human  TTP Studies TTP and Human  TTP Studies
Studies Studies

Figure 2.11: Measurement and sampling errors.
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3 EARLY INVOLVEMENT OF THE SPINAL CORD IN DIABETIC DISTAL
SYMMETRICAL POLYNEUROPATHY

3.1 Introduction

Distal symmetrical diabetic sensorymotor polyneuropathy is the commonest form of
neuropathy in the western world with important health and financial implications (Boulton
1997; Vinik, Park et al. 2000; Boulton, Kirsner et al. 2004). Although various vascular and
metabolic factors have been implicated, a complete understanding of the pathogenesis of
DPN remains elusive (Dyck and Giannini 1996; Cameron, Eaton et al. 2001). Consequently,
apart from glycaemic control, we have no proven rational treatments. DPN has hitherto been
considered a disease of the PNS only with CNS involvement largely overlooked. However,
knowledge of the full extent of nervous system involvement is crucial for a greater
understanding of the pathogenesis of DPN and may have an important role in the

development of effective therapies.

Involvement of the spinal cord was first suggested by post mortem studies in the
1960’s and 1970's. Pryce, Leichtentritt and Williamson described loss of myelinated fibres
and gliosis of the dorsal columns of the spinal cord in diabetic patients (Leichtentritt 1893;
Pryce 1893; Williamson 1904). Further histopathological changes reported within thé spinal
cord include long tract, nerve root and dorsal root ganglion degeneration with demyelination
and axonal loss (Reske-Nielsen and Lundbaek 1968; Reske-Nielsen, Lundbaek et al. 1970).
However, many of these studies did not examine patients with DPN specifically and it is
therefore impossible to conclude whether these changes were due to neuropathy or diabetes
per se. More recently, the observation that electrical spinal cord stimulation failed in relieving
neuropathic pain in patients with severe loss of vibration and joint position sense, suggests

that the spinal cord may be involved in the disease process (Tesfaye, Watt et al. 1996).

In a recent pilot study, Eaton et al have demonstrated a significant reduction in cross-

sectional area of the cervical spine using MR imaging in patients with advanced DPN

72



compared to Healthy Volunteers (Eaton, Harris et al. 2001). However, as the relevance of
these findings to the pathogenesis of DPN is dependent on whether spinal cord shrinkage

occurs early, a larger, adequately powered study was conducted.

3.2 Methods

3.2.1 Patients

Two hundred and twenty type 1, male diabetic patients from the Royal Hallamshire Hospital
Diabetes Register were screened for the study (October 2001-January 2004). Selection
criteria included, type 1 diabetes diagnosed for more than five years and age between 18 -
65 years. Exclusion criteria included significant back problems (defined as either known
degenerative back disease or symptoms which have occurred on a regular basis, or have
required consultation for investigation and treatment), history of spinal trauma, non-diabetic
neuropathies, history of alcohol consumption of more than 20 units a week, painful
neuropathy, diabetic neuropathies other than DPN (e.g. mononeuropathies, proximal motor
neuropathies etc), claustrophobia or other factors which precluded MR imaging. A total of
122 diabetic patients fulfilled the inclusion and exclusion criteria and were willing to undergo
neurophysiological asséssments (detailed below). Of these, 98 subsequently underwent MR
imaging. Seventeen withdrew from the study before imaging and seven had
contraindications to imaging. We also recruited 24 age and sex matched Healthy Volunteers
and eight patients with hereditary sensory motor neuropathy. Patients with hereditary
sensory motor neuropathy were diagnosed following nerve conduction studies and genetic
testing, and all had the disease phenotype. Members from the same family were excluded to
avoid bias. All patients gave written, informed consent to enter the study, which had prior

approval by the South Sheffield Regional Ethics Committee.
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3.2.2 Assessment of neuropathy

All patients underwent: 1) assessment of neuropathic symptoms [Neuropathy Symptom
Score (NSS); (Dyck and Thomas 1999)] and 2) neurological examination from which the
Neuropathic Impairment Score of the Lower Limbs [NIS (LL); (Dyck and Thomas 1999)] was
derived and 3) 7 tests of nerve function, in order to determine the “NIS LL+7 tests”
Neuropathy Composite Score (NCS) (Dyck, Davies et al. 1997; Dyck, Litchy et al. 2003).
Further details of the neurophysiological assessments and a summary how the NCS, was
calculated (Dyck and Thomas 1999) please refer to Appendix 2. Vibration perception
threshold was assessed using the Computer Assisted Sensory Evaluation IV (CASE IV,
Minnesota, USA) system employing standard techniques (Dyck, O'Brien et al. 1993; Dyck,
Zimmerman et al. 1993). The electrophysiological measurements (peroneal motor nerve
conduction velocity, distal latency and compound muscle action potential; sural sensory
nerve action potential; and tibial motor nerve distal latency) were assessed with surface
electrodes at a stable skin temperature (31°C; Medelec, Synergy Oxford Instruments,
Oxford, UK). Autonomic function assessment of heart rate variation with deep breathing was
pgrformed with continuous electrocardiographic monitoring (Dyck and Thomas 1999). The

same, trained physician (DS) performed all the above assessments on each patient.

According to Dyck et al., the minimum criterion for the presence of DPN is a NCS >
4.5 (Painless DPN, as patients with painful DPN were excluded from this study) (Dyck,
Litchy et al. 2003). Patients with a NCS of 0 were classified as having No DPN (Dyck and
Thomas 1999). Diabetic patients with NCS between 1 and 4.5, and hence objective
evidence of functional nerve impairment, were classified as having Subclinical DPN. In all

patients, assessments to stage the severity of neuropathy were made within 7 days of MR

imaging.
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3.2.3 Magnetic resonance imaging protocol

All patients underwent MR imaging of the cervical spine using a standard spinal phased-
array receive only radiofrequency coil on a system operating at 1.5 Tesla (Eclipse, Philips
Medical Systems, Cleveland, Oh, USA). T2* weighted imaging was performed axially from
C1-T2 using a gradient echo technique [echo time (TE) = 17.9 ms, repetition time (TR) =
800ms; slice thickness = 4mm, in plane resolution = 0.78nim X 0.96mm). Cord cross-
éectional area was measured at the level of disc space C2/C3 in all the patients. Total

imaging time was 15 minutes.

Before the analysis was performed, an experienced neuroradiologist reviewed the
standard images acquired (axial T2, sagital T1 and T2) to exclude any anatomical
abnormalities. A simple four point scoring system was employed to quantify the degree of
degenerative vertebral disease affecting patients in this study (normal = 0, thecal indentation
only = 1, thecal indentation touching the cord = 2, cord compression = 3). There were no
significant differences in the scores for degenerative disc disease between the five groups

studied. None of the patients recruited had cord compression.

3.3 Data analysis
3.3.1 Spinal cord area measurements

Figure 3.1 shows an example of the images obtained. Average cord area measurements
from three slices through disc space C2/C3 were calculated. An assessor, who was blinded

to patient identity, performed the analysis.

Absolute cord area measurements can be of limited value in cross-sectional studies
because of substantial inter-patient variation in cord area. In addition the cord cross-
sectional area is also dependent on the angle at which the cord image is acquired. Although
axial slices of the spinal cord were aligned parallel to cervical disc C2/C3, the spinal cord

may not have been sectioned perpendicularly due to variations in patient positioning. The
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resultant errors and further details of the correction methods employed are discussed in
Chapter 2. In summary, as all structures in an image will experience the same amount of
artificial scaling from such effects (Pelletier, Garrison et al. 2004), we also measured the AP
diameter of the spinal canal and used it as a “correction tool” in all our subsequent analyses.
The AP diameter of the spinal canal was measured in the slice below the C2/C3 inter-
vertebral disc using the tools on the proprietary MR system’s software (Eclipse, Philips

Medical Systems, Cleveland, Oh, USA).

Hence, in order to account for both inter-patient variations and errors caused by patient

positioning in the scanner, we subsequently analysed the actual cord area measurements in

two ways:
e Actual cord area adjusted for patient demographics and spinal canal AP diameter

a) To account for errors caused by patient positioning in the scanner, we adjusted

actual cord area means for AP diameter of the spinal canal and

b) To account for errors caused by inter-patient variability we included age, weight

and height as additional covariates in the analysis of covariance (see below).

o Normalised cord area

a) To account for errors caused by patient positioning, we calculated a “normalised”
cord area by dividing each individual's actual cord area with their AP diameter of

the spinal canal (cord canal ratio) and

b) Subsequently adjusted normalised cord area for age, weight and height to

account for inter-patient variability.
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3.3.2 Statistical analysis

All analyses were performed using the statistical package SPSS 11.1. Baseline
characteristics were described as means and standard deviation for normally distributed
variables and as medians and 5" and 95" percentiles for variables with a skewed
distribution. Nerve conduction velocities were below the detection threshold in 18 patients for
the sural nerve and 4 patients for the peroneal nerve. In all analyses, these extremely low

values were assumed to equal 0.

We used analysis of covariance (ANCOVA) to compare differences in actual cord
areas between groups (Healthy Volunteers, those with hereditary sensory motor
neuropathy, No DPN, Subclinical DPN and Painless DPN) using age, height, weight and AP
spinal canal diameter as covariates. The relation between actual cord area and individual
attributes of nerve function (e.g. nerve conduction velocities, vibration perception threshold
etc.) and NCS was analysed in more detail among patients with diabetes (n=98), using
linear regression. For the final analysis we used ANCOVA to analyse differences in

normalised cord area between groups and on this occasion used age, height and weight as

covariates.

3.3.3 Reproducibility

The reproducibility of both MR acquisition and cord area measurement techniques
was assessed (Chapter 2). A series of 18 patients, representing the range of spinal cord
size, were selected. Each patient was scénned, removed from the scanner, repositioned and
then rescanned (scan-rescan series). One set of images was then analysed twice by two
investigators using the same cord area measurement technique as described above. One
investigator was experienced with the technique having analysed all patients, and the other
with no previous experience of the technique except a brief instruction beforehand. Images
from both acquisitions (scan-rescan series) were then analysed by the experienced

investigator to assess the variation in cord area caused by the MR acquisition technique.
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3.4.2 Reproducibility

The intra-observer standard deviation and coefficient of variation for the experienced
observer were 0.01 and 1.0% respectively. The novice observer had a standard deviation of
0.02 and a coefficient of variation of 2.0% for repeated measurements of the same image.
The inter-observer reproducibility coefficient of variation was 1.4% and standard deviation of
0.014. The coefficient of variation and standard deviation of the measurements made by the

experienced operator on the scan-rescan series of images were 2.0% and 0.02 respectively.
3.4.3 Spinal cord area assessments

Figure 3.2 shows the mean actual cord area per group, after adjustment for age, height,
weight and AP diameter of the spinal canal. Diabetic patients with no neuropathy (No DPN
group) had a similar, adjusted mean actual cord area as the Healthy Volunteers and the
patients with hereditary sensory motor neuropathy. We found that adjusted actual cord area
was progressively smaller in Subclinical DPN and Painless DPN groups. Compared to
diabetic patients with No DNP, those with Subclinical DNP had an actual cord area that was
3.“8 mm? smaller (95 percent confidence interval: -0.8-8.4) and those with Painless DPN had
a cord area that was 9.1 mm? smaller (95 percent confidence interval: 4.9-13.4). The test for

an inverse linear trend across the three diabetic groups showed a p-value of 0.001.

20.5 percent and 10.3 percent of Painless DPN and Subclinical DPN patients
respectively had spinal cord atrophy as defined by an adjusted actual cord area less than
two standard deviations below that of normal controls. Table 3.4 and 3.5 shows the relations
between the actual cord area and the measures of nerve conduction velocity, NSS and
NISLL among the patients with diabetes. Adjusting for age, height, weight and AP diameter
of the spinal canal, we found that higher sural and peroneal nerve conduction velocities were
associated with larger spinal cord areas. The amplitudes in both nerves were not related to
the actual cord area at a statistically significant level. Adjusted actual cord area was

inversely related to NCS with each point associated with a cord area reduction of 0.36 mm?
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(95 percent confidence intervals 0.16-0.56). Heart rate variability and vibration perception

threshold (“just noticeable difference”) were not related to actual cord area.

Normalised cord area, obtained by dividing calculated cord area with the AP canal
diameter (as described above), was subsequently analysed. Figure 3.2B shows the mean
normalised cord area per group, after adjustment for age, height and weight. We confirmed
all the relations described above between normalised cord areas and nerve conduction
vélocities, and NCS (Table 3.5), except the relation with the peroneal motor nerve
conduction velocity. Comparison of normalised cord area after adjustment for age, height
and weight, revealed that both Painless DPN (mean 58.8mm, 95 percent confidence interval
56.7-60.7) and Subclinical DPN (61.5mm, 58.8—64.2) groups had a significantly lower
normalised cord area compared to No DPN patients (67.8mm, 64.7-70.9) [p<0.0001 and
p=0.02 respectively]. The difference in normalised cord area measurements between
Painless DPN and Subclinical DPN did not reach statistical significance [p=0.11)}.
Furthermore, diabetic patients with No DPN had normalised cord area measurements, which
were not statistically different from Healthy Volunteers (69.2mm, 66.4-72.0) and hereditary
sensory motor neuropathy patients (69.1mm, 64.2-74.1) [p=0.51 and p=0.98 respectively].
When compared with hereditary sensory motor neuropathy, diabetic patients with Subclinical

DPN and Painless DPN had a lower normalised cord area [p<0.0001 and p=0.01

respectively).
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Figure 3.2: Group spinal cord area measurements

A Actual spinal cord area (mm?, mean + 95 percent confidence interval) per group, adjusted for age, height, weight and antero-

posterior diameter of the spinal canal. P-value for trend inverse linear relation of actual cord area in diabetic groups: 0.001.

B Normalised spinal cord area (mm, mean + 95 percent confidence interval) per group, adjusted for age, height and weight.
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3.5 Discussion

Distal symmetrical diabetic polyneuropathy has traditionally been considered a disease of
the peripheral nerve only, with potentially important areas such as the spinal cord being
largely overlooked. In a pilot study, using an MR imaging technique, Eaton et al
demonstrated that cervical spinal cord area was significantly reduced in advanced DPN
compared to normal control patients (Eaton, Harris et al. 2001). In this larger study we
confirmed the results of the pilot study and, more importantly, also clearly demonstrate that
spinal cord atrophy is an early process being present not only in Painless DPN but also even
in patients with relatively modest impairments of nerve function (Subclinical DPN). The
significant trend across diabetic groups and the continuous relations found with the NCS
indicate a continuing loss of cord area as the disease progresses. Significant correlations
were found between cord area and neurophysiological parameters. Cord area was not
significantly different between age and sex matched Healthy Volunteers and diabetic
patients without DPN. In contrast, unlike DPN, patients with hereditary sensory motor
neuropathy (neuropathy control group) had normal cord areas suggesting that the

pathological’ process in this disease is confined to the peripheral nerve.

Actual spinal cord area measurements are well recognized to be affected by patient
demographics and positioning in the scanner (Sanfilipo, Benedict et al. 2004). We therefore,
carefully accounted for these variations using two methods, both of which indicated early
involvement of the spinal cord in DPN. The first employed a statistical method, which
adjusted group means of actual cord area for age, weight, height and AP canal diameter.
The second technique involved calculating a normalised cord area before adjusting group
means for age weight and height. This “normalisation”, as used in studies of brain atrophy, is
not only an individualised index of cord atrophy but also minimises the effects of patient
positioning in the scanner. In addition, systematic errors were minimised by employing a

semi-automated computerised technique for measuring actual cord cross-sectional areas
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(Losseff, Webb et al. 1996). These steps taken improved both the precision and accuracy

and hence reliability of the technique.

The San Antonio Consensus Conference on Diabetic Neuropathy recommended
that, for full classification of DPN, at least one measure from each of the following categories
needs to be assessed: DPN symptoms, clinical examination, electrodiagnostic tests,
quantitative sensory tests and autonomic function tests (ADA 1988). All these clinical and
neurophysiological assessments were carried out in each patient to accurately characterise
DPN. We then used the NCS, derived from the sum of the NIS LL+7 tests, to quantify the
severity of DPN. The NCS has been shown to be more sensitive and reproducible than
single attributes of nerve function for the detection and staging of DPN (Dyck, Litchy et al.
2003). In the present study, a minimum score of 4.5 was used to diagnose Painless DPN.
However, we regard DPN as a disease continuum, and therefore studied patients with NCS
between 1 and 4.5. This, “Subclinical DPN" group, although not fulfilling minimal criteria for
the diagnosis of DPN, nonetheless has evidence of impaired nerve function. Thus, the
detection and accurate quantification of DPN, crucial for the study, was conducted using well

val‘idated methods by a trained physician (Dyck and Thomas 1999).

The findings of this study clearly demonstrate that the neuropathic process in man is
not confined to the peripheral nerve and does involve the spinal cord. Worryingly, this occurs
early in the neuropathic process. Even at the Subclinical DPN stage, extensive and perhaps
even irreversible damage may have occurred. Indeed, with these results in mind, it is not
surprising that the variety of therapeqtic options so far attempted in DPN have not been

successful (Pfeifer and Schumer 1995).

A group of patients with hereditary sensory motor neuropathy, an autosomal
dominant inherited form of neuropathy, was studied to represent a disease control group as
1) it is well recognized to only affect the PNS and 2) vascular factors have not been

implicated in its pathogenesis (Harding and Thomas 1980; Llewelyn, Thomas et al. 1988).
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The absence of spinal cord involvement in hereditary sensory motor neuropathy argues
against a “dying back” mechanism, i.e. peripheral nerve damage causing secondary spinal
cord “shrinkage” in a progressive “dying back” fashion, in DPN. Hence, it is likely that the
insult of diabetes is generalised, concomitantly affecting the PNS and CNS. The significant

correlation between neurophysiological parameters and cord area in DPN supports this.

There is increasing evidence for the involvement of microvascular factors in the
pathogenesis of axonal loss in the peripheral nerve (Malik 1997). Nerve biopsy and in-vivo
studies in man have revealed the presence of endoneurial microangiopathy (Malik, Tesfaye
et al. 1994) impaired nerve blood flow (Tesfaye, Harris et al. 1993; Eaton, Harris et al. 2003)
and nerve hypoxia (Newrick, Wilson et al. 1986). Additionally, the severity of peripheral
nerve fiber loss correlates with the degree of endoneurial microangiopathy. Post-mortem
findings of microvascular disease within the spinal cord (Olsson, Save-Soderbergh et al.
1968), similar to that seen in the peripheral nerve (Tesfaye, Malik et al. 1994), suggest that
the same pathogenic mechanisms may be involved in both areas. It is, therefore, likely that
the metabolic insult of diabetes (hyperglycemia, insulin resistance, dyslipidemia,
hypertension etc.) has a generalised effect on the nervous system with similar vascular
processes and axonopathy (neuronal loss) resulting in the observed cord atrophy in DPN

(DeFronzo, Hendler et al. 1982; Tesfaye, Stevens et al. 1996).

Our secondary objective was to evaluate the effectiveness of this technique as an
early marker for DPN, as we currently have no “microalbuhinuria equivalent” for DPN. By
the time DPN is clinically detectible..severe peripheral nerve fiber loss and endoneurial
microangiopathy is present (Malik, Veves et al. 2001). Furthermore, unlike other
microvascular complications of diabetes, the early diagnosis of DPN currently relies on a
combination of detailed clinical and neurophysiological assessments, that not only are time
consuming and costly, but also have major limitations including high inter-observer
variability, insensitivity to changes over time and non-linearity of the measured parameters

(Perkins and Bril 2003). Our findings suggest that spinal cord cross-sectional area
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measurement using this quick, non-invasive and operator independent MR technique, may

serve as an additional tool in the early detection and accurate quantification of DPN.

Finally, this demonstration of early spinal cord involvement builds on a history of hints
throughout the literature that DPN is more than just a disease of the peripheral nerve, and
calls into question the concept of pure “peripheral” diabetic neuropathy. Apart from
glycaemic control, there are no treatments that are able to halt the neuropathic process in
diabetes. A complete understanding of the full extent of CNS involvement is crucial to
elucidating the pathogenesis of DPN and facilitating the development of rational treatments.
Recognition that DPN is, in part, a disease which affects the whole nervous system, should
trigger a critical rethinking of this disorder, opening a new direction for further research.

Prospective studies are now required to determine the natural history of cord involvement In

DPN.

90



4 THALAMIC NEURONAL DYSFUNCTION IN PATIENTS WITH TYPE | DIABETES
MELLITUS AND CHRONIC SENSORIMOTOR DISTAL SYMMETRICAL
POLYNEUROPATHY

4.1 Introduction

Diabetes is a leading cause of neuropathy (Boulton, Malik et al. 2004) with important
associated health (Jeffcoate and van Houtum 2004) and economic implications (Boulton
1997). Relatively little is known about the pathophysiology underlying DPN (Dyck and
Giannini 1996; Cameron, Eaton et al. 2001; Malik, Veves et al. 2001) although it has recently

been shown to be associated with cardiovascular risk factors (Tesfaye, Chaturvedi et al.

2005).

Research into DPN has focused mainly on the PNS with CNS involvement being
overlooked. However, we have demonstrated a significantly lower cross-sectional area of the
cervical spine in DPN on MR imaging (Eaton, Harris et al. 2001). In Chapter 3, we reported
that spinal cord ‘atrophy’ is present not only in patients with Painless DPN but also in those
with early (Subclinical) DPN (Selvarajah, Wilkinson et al. 2006). This suggests that the
metabolic insult of diabetes has a generalised effect on the whole nervous system, and has

made us question whether the brain too may be involved.

Anatomical studies have demonstrated that ascending sensory pathways of the
spinal cord terminate within the thalamus before higher order sensory projections are sent to
the cortex (Wilson, Kitchener et al. 1999). The representation of body surface in the form of
somatotopic maps is a fundamental feature of somatosensory organisation. Such maps have
been demonstrated at all levels of the somatosensory system including the thalamus in
many mammalian species. Within the central core of the ventroposterior thalamus, the tactile
receptors of the body surface are represented as a single complete map of the contralateral
body. In apparently all mammals, the central region of the ventroposterior complex is

composed of a lateral division (VPI), which represents the‘body and a medial division (VPm),
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(Wilkinson, Griffiths et al. 2001). Indeed, in some pathologies, neurochemical abnormalities
may be present on H-MRS prior to abnormalities being detected on imaging (Wilkinson,
Hadjivassiliou et al. 2005). Conventional MRl and H-MRS rely on the same physical
principles to collect the MR signal, but differ in the way the data is processed, displayed, and
interpreted. H-MRS, as used in the present study, produces spectra that contain several
resonances or peaks. In brain parenchyma, the three major peaks detected are due to N-
acetyl groups, total creatine (Cr) and choline (Cho) containing compounds.
Immunohistochemical studies have suggested that N-Acetyl Aspartate (NAA), the major
constituent of the N-acetyl group resonance at long echo time (TE), is localised exclusively
in neurons and their processes throughout the CNS (Moffett, Namboodiri et al. 1991;

Simmons, Frondoza et al. 1991; Urenjak, Williams et al. 1993).

In-vivo cerebral NAA determined using H-MRS has been shown to correlate with
histological neuronal density in a variety of animal models (Wilkinson, Lunn et al. 1997). Itis
also used as a surrogate neuronal marker for the assessment of neuroprotective therapeutic
compounds/strategies in humans (Matthews, Andermann et al. 1990). It is generally
aqqepted that the NAA resonance on H-MRS can provide a useful marker for brain neuronal
and axonal integrity in-vivo (De Stefano, Matthews et al. 1995; Tsai and Coyle 1995; Hugg,

Kuzniecky et al. 1996; Nakano, Ueda et al. 1998).

An H-MRS study was conducted utilising NAA resonance as a surrogate marker for
neuronal function to test the hypothesis that damage to the peripheral sensory nerves
caused by diabetes mellitus may be accompanied by thalamic neuronal dysfunction. This
study also aimed to characterise the relationship between thalamic neuronal biochemistry

and traditional neurophysiological assessments of the peripheral nerves reflecting severity of

painless DPN,
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4.2 Methods

4.2.1 Patients

Twenty eight right handed male patients with diabetes from the Royal Hallamshire Hospital
Diabetes Register were screened for the study. To be eligible, participants had to fulfil the
following inclusion criteria: type 1 diabetes diagnosed for more than five years and age
between 18 - 65 years. Patients were excluded for the following reasons: cerebrovascular
disease, significant back problems (either known degenerative back disease or symptoms
which have occurred on a regular basis, or have required consultation for investigation and
treatment), history of spinal trauma, non diabetic neuropathies, history of alcohol
consumption of more than 20 units a week (one measure of alcohol e.g. glass of wine equals
one unit), diabetic neuropathies other than DPN (e.g. mononeuropathies, proximal motor
neuropathies etc), painful DPN, internal diseases potentially affecting cerebral metabolism
(hepatic disease, Cushing’s disease etc), diabetic ketoacidosis in the preceeding six months,
hypoglycaemia in the previous 24 hours, claustrophobia or factors which precluded MR
imaging (e.g. cardiac pacemaker). Six age- and sex-matched non-diabetic Healthy
Volunteers were also recruited. All patients gave written, informed consent before

participation in the study, which had prior approval by the South Sheffield Regional Ethics

Committee.
4.2.2 Assessment of neuropathy

Detailed neurological assessment was undertaken to identify the presence and quantify the
severity of neuropathy in each patient. Neuropathic symptoms were documented by
completion of the NSS questionnaire and then the outcome of a detailed neurological
examination was graded by defined criteria according to the standard NIS questionnaire
(Dyck and Thomas 1999). All patients underwent: 1) perception cooling detection thresholds
acquired from the dorsal aspect of the right foot using the Computer Assisted Sensory

Evaluation IV (CASE IV, W.R. Electronics, Stillwater, MN, USA) system employing standard



techniques (Dyck, O'Brien et al. 1993; Dyck, Zimmerman et al. 1993); 2) cardiac autonomic
function tests performed with a computer assisted technique (Dyck and Thomas 1999) and
3) nerve conduction studies performed, at a stable skin temperature of 31°C and a room
temperature of 24°C, using a Medelec electrophysiological system (Synergy Oxford
Instruments, Oxford, UK). The following nerve attributes were measured: 1) sural sensory
nerve action potentials and conduction velocities and 2) common peroneal and tibial motor
nerve distal latency, compound muscle action potential and conduction velocity. Further

details on the neurophysiological procedures employed can be found in Appendix 2.

Based on these clinical and neurophysiological assessments diabetic patients were
divided into two groups: 1) No DPN consisting of asymptomatic patients with normal clinical
and neurophysiological assessments; 2) Painless DPN, comprising of pain free patients with
both clinical and neurophysiological abnormalities (at least two abnormalities of
neurophysiologic assessment)(ADA 1988). In addition, a NCS derived from the assessments
described above (NISLL+7) was calculated (Dyck, Davies et al. 1997; Dyck, Litchy et al.
2003). A full description of the method of calculation has been described in Appendix 2. This
scoring system takes into account the findings of neurological examination and

neurophysiological assessments with a higher score indicating a more severe neuropathy.

4.2.3 Magnetic resonance spectroscopy protocol

All patients underwent H-MRS examination on a 1.5T MR system (Eclipse, Philips Medical
Systems, Cleveland, Ohio) using a standard quadrature receive-only head coil. Prior to
spectroscopy, a set of transaxial T2-weighted images (TE=90ms; TR=10500ms, ETL=16; 30
contiguous slices of thickness 5mm:; acquisition matrix=256x256 over a 240mm field of view)
was acquired using a fast-spin-echo technique to guide the placement of the spectroscopic
region-of-interest. Single-voxel spectra were obtained from an 8ml cubic volume of interest

placed within the right thalamus to encompass the ventral posterior lateral sub-nucleus
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For each acquisition, an automated shimming algorithm was used prior to water
suppression to maximise the homogeneity of the magnetic field within the spectroscopic
volume of interest. Following shimming, the optimum amplitude of the water suppression
pulse was determined manually in an iterative fashion. A total of 1024 data points were
sampled and averaged 192 times on both occasions. A reference water spectrum
(suppression pulse set at zero) was obtained automatically following the acquisition of the

water suppressed data.
4.3 Data analysis

MR spectra were analysed and reviewed independently by an MR physicist with extensive
experience using H-MRS in neurological diseases and clinical research studies. Throughout
the analyses the assessor was unaware of the group classification of individual patients. All
post acquisition processing was performed using fully integrated proprietary software from
the manufacturer of the MR system. By convention long TE results are expressed as ratios
under the three prominent resonances assigned to Cho (3.22ppm), Cr (3.02ppm) and NAA
(2.92ppm) ie. NAA:Cho; NAA:Cr and Cho:Cr ratios. Short TE results were calculated as the
areas under the myo-Inositol (ml at 3.56ppm), Cho (3.22ppm), Cr (3.02ppm) and NAA

(2.02ppm) resonances relative to that of unsuppressed water.

4.3.1 Statistical method

Al analyses were performed using the statistical package SPSS 11.1. Subgroup
demographics were described as means and standard deviation for normally distributed

variables and as medians and 5™ and 95" percentiles for variables with a skewed

distribution.

The appropriate tests for normality were conducted to guide subsequent statistical
analysis. The appropriate tests for normality were conducted to guide subsequent analysis.

Subgroup H-MRS metabolite endpoints were compared using non-parametric tests
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4.42 MR spectroscopy assessments

The Painless DPN group had lower mean NAA:Cr ratios at long TE (median [range] 1.55
[0.81]; p=0.04) than No DPN participants (1.79 [0.98]) and healthy volunteers (1.90 [0.42])
(Table 4.2, Figure 4.5a). NAA:Cho ratio was also lowest in participants with Painless DPN
(1.55 [0.56]; p=0.02) compared with No DPN (1.80 [0.46]) and healthy volunteers (0.76
[0.28], Figure 4.5b). The Cho:Cr ratio obtained at long TE did not vary significantly between

the groups (Painless DPN 1.04 [0.6], No DPN 0.95 [0.82], Healthy Volunteers 1.06 [0.76];
p=0.87).

Analysis of mean NAA metabolite resonances obtained at short-TE revealed no
statistically significant difference between these groups (p=0.07). No significant differences

were observed with any of the other metabolites at short TE between any of the groups.
443 Spectroscopy and neurophysiological correlations

A significant positive association between both sural amplitude (r =0.61, p=0.004)
and sural nerve conduction velocity (r =0.58, p=0.006) and long TE NAA:Cr ratio signal was
obéerved among participants with diabetes. In addition, the NAA:Cr ratio signal was
significantly associated with peroneal latency (r =-0.53, p=0.01), amplitude (r =0.67,
p=0.001) and velocity (r =0.37, p=0.06) in this group. Similar correlations among participants
with diabetes were noted with tibial nerve latency (r =-0.51, r=0.02), but not with velocity (r
=0.23, p=0.18). In this groups, vibration perception threshold was related to NAA:Cho ratio at
a significant level (r =-0.70, p=0.004), and we also observed a significant correlation
between heart rate variability with deep breathing and NAA:Cr ratio (r =-0‘.46, p<0.05). In

addition, the NAA:Cr ratio was also found to relate to overall NCS (r =-0.53, p=0.03) among

diabetic participants.
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degree of cellular integration, and therefore may be a unique metabolic construct of the
intact vertebrate brain. It is believed that a reduction in the NAA resonance or NAA/Cho ratio
is associated with neuronal and/or axonal loss, loss of neuron viability and dysfunction. By
showing metabolite signal changes, our results may reflect the presence of thalamic
neuronal dysfunction in patients with Painless DPN. As NAA is measured in a voxel i.e. a
unit of volume, reduction in NAA could be due to either a decreased density of neurons or a
change in neurochemistry accompanying neuronal injury/dysfunction. We used two H-MRS
acquisition techniques at different echo times (short TE and long TE) to interrogate NAA
signals within the ventral posterior lateral thalamic subnucleus. Each technique can provide
unique information on the structure and function of neuronal cell bodies and axons. Reduced
NAA signal at short TE is thought to represent irreversible neuronal loss/shrinkage whereas
possible reversible neuronal injury/dysfunction can be implicated when the NAA/Cho signal
ratio is reduced at long TE [17]. We demonstrated a significant difference in NAA/Cho ratio
at long TE but no significant difference in the NAA resonance at short TE between the
patient groups. In such a scenario our findings may reflect thalamic neuronal dysfunction in

DPN rather than overt neuronal death.

Previous H-MRS studies in diabetes have mainly focused on its metabolic impact on
the developing brain (Cameron, Kean et al. 2005; Sarac, Akinci et al. 2005) and the cerebral
consequences of hypoglycaemia (Criego, Tkac et al. 2005; Rankins, Wellard et al. 2005) or
diabetic ketoacidosis (Wootton-Gorges, Buonocore et al. 2005). Observations of cerebral
NAA-moeties in diabetes mellitus that have previously been reported are contradictory. Kreis
et al. found several metabolic abnormalities in the brain of patients with diabetes (Kreis and
Ross 1992). In particular they found a significantly lower NAA/Cr ratio in the parietal region
of patients with diabetes compared with that in age-matched controls. This contrasts with a
study by Geissler et al. that found no differences in NAA signal between patients with

diabetes and Healthy Volunteers in either the parietal or the occipital lobes (Geissler, Frund
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et al. 2003). Neither of these studies, however, performed detailed neurophysiological

assessments to quantify DPN nor focused H-MRS examination on the thalamus.

The mechanism of thalamic involvement is unclear. One possible explanation for
thalamic neuronal dysfunction in DPN may be that loss of afferent input, as a result of
peripheral nerve damage, subsequently causes changes to occur at progressively higher
levels in the CNS (“dying back” mechanism). The correlations observed between NAA
acquired at short TE, duration of diabetes and severity of neuropathy would seem to support
this. Another possible explanation is that the observed changes in the thalamus may be
occurring concomitantly to the changes seen in the PNS. Nonetheless, thalamic neuronal
involvement whether early, late or concomitant, is likely to result in disturbed sensory gating
in DPN. This may have consequences on sensory perception and pain modulation. Further
studies utilising these techniques on a subgroup of patients with painful DPN are necessary

to elucidate this.

Taken together with the previously described early spinal cord involvement in DPN,
the possibility of thalamic sensory neuronal dysfunction suggests that nervous system
involvement is not merely confined to the peripheral nerves but involves the spinal cord and
brain. Prospective studies are required to determine at what stage during the course of the
disease these abnormalities occur. It is noteworthy that a variety of therapeutic interventions
specifically targeted at peripheral nerve damage in DPN have thus far been ineffective, and

it is possible that this may in part be due to inadequate appreciation of the full extent of CNS

involvement in DPN.

Major advances in non invasive MR imaging including H-MRS, tractography and
functional MR imaging offer non-invasive techniques capable of elucidating various aspects
of brain pathophysiology and function in DPN. Recognition that DPN is, in part, a disease
which affects the whole nervous system, should trigger a critical rethinking of this disorder,

opening a new direction for further research.
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5 RAISED LEVELS OF GLUTAMATE/GLUTAMINE IN DIABETES, A CLUE TO THE
PATHOGENESIS OF THALAMIC NEURONAL DYSFUNCTION IN DISTAL

SYMMETRICAL DIABETIC POLYNEUROPATHY

5.1 Introduction

Distal symmetrical diabetic sensory motor neuropathy is one of the commonest
diseases to affect the nervous system and a leading cause of amputations in the western
world (Hollingshead 1991). Involvement of the CNS is increasingly being recognised. Using
H-MRS, we have reported the presence of thalamic neuronal dysfunction in patients with
Painless DPN (Selvarajah, Wilkinson et al. 2008). The thalamus plays a central role in
somatosensory perception (Wilson, Kitchener et al. 1999) and understanding the
pathological changes that lead to thalamic impairment is vitally important. Although these
changes are currently unknown, it is likely that metabolic and vascular processes that have

been implicated in the pathogenesis of diabetic microvascular complications are involved.

In this chapter the possible role of metabolic factors in the pathogenesis of thalamic
neuronal dysfunction in DPN were examined. Glutamate is the main excitatory
neurotransmitter in the brain (Shepherd and Huganir 2007) and has been implicated in the
induction of neuronal injury and apoptosis in several neurodegenerative disorders (e.g.
Alzheimer's disease) (Mattson and Magnus 2008). Astrocytes are essential for maintaining
cerebral glutamate homeostasis, responsible for recycling released glutamate back to
neurons in the form of glutamine (Takahashi, Billups et al. 1997). Thalamic astrocyte
dysfunction may contribute to elevated extracellular glutamate, and hence exictotoxicity to
thalamic neurons and glia in diabetic patients with DPN. Little is known regarding changes in

glutamate levels in the thalamus in diabetics patients with DPN.

This study used H-MRS to assess thalamic metabolite abnormalities in diabetic
patients with DPN. We hypothesized that diabetic patients would show elevated

glutamate/glutamine (Glx) resonance due to a hyperglutamertergic state, decreased
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myoinnositol (ml), an astrocyte marker, due to possible astrocyte dysfunction (Brand,

Richter-Landsberg et al. 1993).
5.2 Methods

5.2.1 Patients

Twenty four right handed male patients with diabetes from the Royal Hallamshire Hospital
Diabetes Register were screened for the study. To be eligible, participants had to fulfil the
following inclusion criteria: type 1 diabetes diagnosed for more than five years and age
between 18 - 65 years. Patients were excluded for the following reasons: cerebrovascular
disease, significant back problems (either known degenerative back disease or symptoms
which have occurred on a regular basis, or have required consultation for investigation and
treatment), history of spinal trauma, non diabetic neuropathies, history of alcohol
consumption of more than 20 units a week (one measure of alcohol e.g. glass of wine equals
one unit), diabetic neuropathies other than DPN (e.g. mononeuropathies, proximal motor
neuropathies etc), painful DPN, internal diseases potentially affecting cerebral metabolism
(hgpatic disease, Cushing’s disease etc), diabetic ketoacidosis in the preceeding six months,
hypoglycaemia in the preceding 24 hours, claustrophobia or factors which precluded MR
imaging (e.g. cardiac pacemaker). Six age- and sex-matched non-diabetic Healthy
Volunteers were also recruited. All patients gave written, informed consent before

participation in the study, which had prior approval by the South Sheffield Regional Ethics

Committee.
5.2.2 Assessment of Neuropathy

Detailed neurological assessment was undertaken to identify the presence and quantify the
severity of neuropathy in each patient. Neuropathic symptoms were documented by
completion of the NSS questionnaire and then the outcome of a detailed neurological

examination was graded by defined criteria according to the standard NIS questionnaire
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(Dyck and Thomas 1999). All patients underwent:. 1) vibration and cooling perception
thresholds acquired from the dorsal aspect of the right foot using the Computer Assisted
Sensory Evaluation IV (CASE IV, W.R. Electronics, Stillwater, MN, USA) system employing
standard techniques (Dyck, O'Brien et al. 1993; Dyck, Zimmerman et al. 1993); 2) cardiac
autonomic function tests performed with a computer assisted technique (Dyck and Thomas
1999) and 3) nerve conduction studies performed, at a stable skin temperature of 31°C and
a room temperature of 24°C, using a Medelec electrophysiological system (Synergy Oxford
Instruments, Oxford, UK). The following nerve attributes were measured: 1) sural sensory
nerve action potentials and conduction velocities and 2) common peroneal and tibial motor
nerve distal latency, compound muscle action potential and conduction velocity. Please refer

to Appendix 2 for further details on the neurophysiological procedures employed.

Based on these clinical and neurophysiological assessments diabetic patients were
divided into two groups: 1) No DPN consisting of asymptomatic patients with normal clinical
and neurophysiological assessments; 2) Painless DPN, comprising of pain free patients with
both clinical and neurophysiological abnormalities (at least two abnormalities of
neurophysiologic assessment) (ADA 1988). In addition, a NCS derived from the
assessments described above (NISLL+7) was calculated (Dyck, Davies et al. 1997; Dyck,
Litchy et al. 2003). A full description of the method of calculation is described in Appendix 2.
This scoring system takes into account the findings of neurological examination and

neurophysiological assessments with a higher score indicating a more severe neuropathy.
5.23 Magnetic Resonance Spectroscopy Protocol

All patients underwent H-MRS examination on a 1.5T MR system (Eclipse, Philips Medical
Systems, Cleveland, Ohio) using a standard quadrature receive-only head coil. Prior to
spectroscopy, a set of transaxial T2-weighted images (TE=90ms; TR=10500ms, ETL=16; 30
contiguous slices of thickness 5mm; acquisition matrix=256x256 over a 240mm field of view)

were acquired using a fast-spin-echo technique to guide the placement of the spectroscopic
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region-of-interest. Single-voxel spectra were obtained from an 8ml cubic volume of interest
placed within the right thalamus to encompass the ventral posterior lateral sub-nucleus
(Figure 4.2). Care was taken to avoid inclusion of ventricular CSF within the spectroscopic
voxel. Short echo time (short TE, TE=20ms, TR=5000ms) a using a stimulated-echo

acquisition mode (STEAM) technique with a mixing time of 12ms.

For each acquisition, an automated shimming algorithm was used prior to water
suppression to maximise the homogeneity of the magnetic field within the spectroscopic
volume of interest. Following shimming, the optimum amplitude of the water suppression
pulse was determined manually in an iterative fashion. A total of 1024 data points were
sampled and averaged 192 times on both occasions. A reference water spectrum |
(suppression pulse set at zero) was obtained automatically following the acquisition of the

water suppressed data.
5.3 Data Analysis

MR spectra were analysed and reviewed independently by an MR physicist with extensive
experience using H-MRS in neurological diseases and clinical research studies. Throughout
the analyses the assessor was unaware of the group classification of individual patients. All
post acquisition processing was performed using fully integrated proprietary software from
the manufacturer of the MR system. By convention short TE results were calculated as the
areas under the Glx (2.1-2.5ppm), myo-Inositol (ml 3.56ppm) and NAA (NAA 2.02ppm)

resonances relative to that of unsuppressed water.

5.3.1 Statistical Method

Al analyses were performed using the statistical package SPSS 11.1. Subgroup
demographics were described as means and standard deviation for normally distributed
variables and as medians and 5" and 95" percentiles for variables with a skewed

distribution. Analysis of variance (ANOVA) was used to compare subgroup demographics.
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5.4.2 MR Spectroscopy Assessments
5.4.2.1 Glutamine and glutamate

Two patients (one patient from each diabetic subgroup) were excluded from the final
analysis because of poor spectra quality. Spectroscopic data obtained at short TE are
summarised in Table 5.2. In the full sample of patients with diabetes thalamic Glx levels
were significantly higher [mean(SD) 0.47(0.12)] compared with Healthy Volunteers
[0.27(0.13), p=0.001]. A one-way ANOVA revealed a main effect of group [Healthy
Volunteers, 0.27(0.14); No DPN, 0.53(0.13); Painless DPN, 0.45(0.12)] on thalamic GIx
levels (p=0.002). Post hoc pairwise comparisons showed that Healthy Volunteers had
significantly lower Gix in comparison with all diabetic subgroups [No-DN (p=0.001; 95%
confidence interval (95%Cl) -0.41:-0.12), Painless DPN (p=0.006; 95%Cl -0.31:-0.06)].
There was no significant difference in Gix between diabetic subgroups (p=0.15; 95%CI -

0.03:0.20).
5.4.2.2 myolnnositol

Me;n mi signal of patients with diabetes [0.38(0.16)] was lower compared with Healthy
Volunteers [0.53(0.15); p=0.67, 95% CI -0.29:0.01]. Diabetic patients with Painless DPN had
lowest ml levels [0.36(0.16)] compared with patients with No DPN [0.42(0.17)] and Healthy
Volunteers [0.52(0.15), ANOVA p=0.14). Post hoc pairwise comparisons showed that

Painless DPN patients were significantly lower compared with Healthy Volunteers (p=0.05;

95% Cl-0.32:<0.001).
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5.5 Discussion

Apart from good glycaemic control, there is an overall lack of effective treatments for DPN.
This may be because most therapeutic agents have been developed to target pathological
changes in the peripheral nerves (Ziegler, Pritchett et al. 2007), with changes occurring
within the CNS being overlooked. We have previously demonstrated that the pathological
process of DPN may also affect the thalamus, which plays an important role in
somatosensory perception. A better understanding of the mechanisms that lead to thalamic

neuronal dysfunction may aid the development of new therapeutic agents.

The main finding of this chapter is significantly elevated Glix levels in all patients with
diabetes compared with Healthy Volunteers. There was no significant difference in Glx levels
between diabetic patients with DPN or without DPN. There was a trend for lower ml signal in
patients with Painless DPN compared with No DPN and Healthy Volunteers. Elevated Glx
may reflect a hyperglutamatergic state, while decreased ml suggests decreased glial content

or function in the thalamus of diabetic patients.

The GIx peak on H-MRS is made up of two compounds, glutamate and glutamine.
Glutamate serves as an important excitatory neurotransmitter and has functional role in
synaptic plasticity crucial to learning and memory (Lessmann 1998). It is also a potentially
damaging agent, involved in neurodegenerative diseases. The pathological effect of
glutamate occurs when present in excessive levels as shown in Alzheimers'’s disease (Lipton
2005). Glutamate in the CNS comes mainly from either glucose, via the Kreb's cycle, or
glutamine which is synthesised by glial cells and taken up by neurons. Therefore elevated
thalamic Glx levels in our diabetic subgroup could represent either a generalised ‘diabetes’

effect or a susceptibility to develop thalamic neuronal dysfunction or both.

Unlike previous papers that have used H-MRS to probe changes in brain metabolites

related to diabetes (Kreis and Ross 1992; Geissler, Frund et al. 2003), which have shown
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increases in ml, in this study there were no significant differences in thalamic ml across
study groups. Conversely, however, in this study ml was non-significantly lower in diabetic
subgroups. Most of the previous studies, however, did not include the thalamus or quantify
the presence of DPN. Myo-innositol is a glial marker and is typically elevated during glial
activation or hypertrophy associated with active inflammation or demyelination, such as in
the white matter of patients with HIV (Wilkinson, Lunn et al. 1997) or multiple sclerosis
(Fernando, MclLean et al. 2004). The absence of ml elevation in our diabetic subgroup,
especially in patients with DPN, is also different from degenerative brain disorders, such as
Alzheimer’'s and frontotemporal dementia, which show increased ml along with decreased
NAA (Kantarci, Knopman et al. 2008; Small, Bookheimer et al. 2008). In these degenerative
dementias, elevated ml is thought to reflect a glial response to the neuronal injury.
Conversely, our findings suggest decreased or dysfunctional glial response despite
abnormal neuronal function (decreased NA:Cho- Chapter 4). Reduced ml has also been

demonstrated in the peripheral nerves of diabetic rats and implicated in the pathogenesis of

DPN.

w Data from animal literature suggests that diabetes can significantly impair glial
function (Lechuga-Sancho, Arroba et al. 2006). An important function of glia, especially
astroglia, is reuptake of glutamate from the extracellular space after neurotransmission,
astroglial dysfunction might prevent this reuptake and lead to excess extracellular glutamate
concentration. Glutamate accumulation can lead to overstimulation of postsynaptic
glutamate receptors resulting in intracellular calcium overload and neuronal injury/cell death
(Lipton and Rosenberg 1994). Hence, elevated thalamic Glx levels amongst patients with
diabetes may provide the substrate for subsequent neuronal injury. Glutamate reuptake is
also important for shaping of excitatory post-synaptic currents; dysfunctional or decreased

glutamate reuptake by glia may also interfere with neuronal function (Lisman 2003).

One limitation of this study is that with a standard short TE H-MRS sequence (TE =

30ms) on a 1.5T MR scanner, the spectral peaks of glutamate and glutamine were
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overlapping and difficult to distinguish. Our H-MRS acquisition protocol did not allow
sufficiently accurate expression of the glutamate component of the total Gix signal intensity
as an absolute concentration of glutamate. Future studies performed on a 3T scanner with
spectral editing analyses will aim to address this limitation. A second potential limitation is
the inability of H-MRS to distinguish between synaptic and extrasynaptic Glx. We have
demonstrated elevated Gix in our diabetic subgroups suggesting these patients have an
overall higher precursor pool of glutamate. in a model proposed by Sanacora et al, they
postulate that impaired glial function results in elevated extrasynaptic glutamate and
glutamine levels (Kugaya and Sanacora 2005). In their model, they distinguished synaptic
glutamate levels from extrasynaptic concentrations and suggest that reduced glial function
could lead to decreased synaptic release and increases in extrasynaptic glutamate
secondary to spillover. The accumulation of glutamate in the extrasynaptic space may trigger

a cascade of events that results in neuronal dysfunction/death.

Finally, the thalamus may be inherently susceptible to the complications of diabetes
as it is more metabolically active given its central role in somatosensory perception.
Tha_!amic astrocyte dysfunction secondary to diabetes and resultant glutamatergic
dysfunction maybe the pathogenetic mechanism leading to thalamic neuronal dysfunction.
Given the pathophysiological importance of glutamate further evaluation of the relationship

between thalamic H-MRS abnormalities and DPN is needed.
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6 CEREBROVASCULAR PERFUSION ABNORMALITIES IN DISTAL SYMMETRICAL
DIABETIC POLYNEUROPATHY AND TYPE 1 DIABETES MELLITUS

6.1 Introduction

The presence of thalamic sensory neuronal dysfunction in DPN suggests that CNS
involvement is not limited to the spinal cord but also other important areas in the brain,
responsible for somatosensory perception, may be affected (Selvarajah, Wilkinson et al.
2008). Although the pathogenesis of thalamic involvement remains unknown, it is likely that
both vascular and metabolic aetiological factors that have been postulated in the
pathogenesis of DPN and other microvascular complications of diabetes (retinopathy and
nephropathy) are involved. A better understanding of the pathogenesis of thalamic

dysfunction in DPN could provide new therapeutic targets to treat or prevent this condition.

Neurophysiological and neuropsychological studies of the pathophysiological
disturbances caused by diabetes on the human brain reveal both functional and structural
abnormalities (Mijnhout, Scheltens et al. 2006). These structural abnormalities appear to
mirp_ic those attributable to normal aging (atrophy and leukoariosis), but seem to develop
prematurely. Diabetes alters endothelial function and permeability of the blood brain barrier,
thus affecting microcirculation and regional metabolism (Horani and Mooradian 2003). Single
proton emission computer tomography (SPECT) studies suggest that chronic
hyperglycaemia alters CBF in the frontal, temporal, parietal, occipital and cerebellar ROI.
These studies analysed regional cerebral perfusion by subdividing the brain into different
anatomical ROl and not by regions defined by major vascular territories (anterior cerebral
artery [ACA], middle cerebral artery [MCA] and posterior cerebral artery [PCA]). A more
accurate assessment of cerebral perfusion abnormalities in diabetes is obtained by

investigating regional perfusion of the major vascular territories.

Advances in modern in-vivo MR technology have enabled the acquisition of high

quality multi-slice echo planar imaging of the brain with sub-second temporal resolution.

115



Chelates of gadolinium, a rare earth metal, are commonly used as exogenous contrast
agents in MR imaging because of its modulatory effect on both T1 and T2’ of tissue within
their sphere of influence. This is coupled with fast T2 -weighted MR imaging, which provides
the ability to detect the passage of a bolus of gadolinium as it passes through the capillary
bed. The result is a spatial map of the brain parenchymal perfusion characteristics (Patel,

Siewert et al. 1995).

This study sought to utilise dynamic contrast enhanced MR perfusion to test our
hypothesis that thalamic neuronal dysfunction that accompanies DPN is associated with
unique perfusion abnormalities and diabetes results in global perfusion abnormalities of the
major vascular territories. Thus the aims of this study were firstly, to investigate regional
cerebrovascular perfusion in type 1 diabetes and secondly to assess the characteristics of

thalamic microcirculation in DPN.
6.2 Methods

6.2.1 Patients

- Eighteen right handed male patients with type 1 diabetes from the Royal Hallamshire
Hospital Diabetes Register were recruited consecutively for the study. To be eligible,
participants had to fulfil the following inclusion criteria: type 1 diabetes diagnosed for more
than five years and age between 18 - 65 years. Patients were excluded for the following
reasons: stroke, myocardial infarction, congestive cardiac failure, arrhythmia, other clinically
important cardiac disease, non diabet_ic neuropathies, history of alcohol consumption of
more than 20 units a week (one measure of alcohol e.g. glass of wine equals one unit),
diabetic neuropathies other than DPN (e.g. mononeuropathies, proximal motor neuropathies
etc), kidney or liver transplant, renal failure, carotid stenosis and neurological or other
systemic disorders, diabetic ketoacidosis in the preceeding six months and hypoglycaemia in
the preceding 24 hours. Patients with MRI incompatible, metal implants, pacemakers,

arterial stents, claustrophobia, history of allergy to icdine or radiological contrast compounds
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also were excluded. Diabetic patients were treated for hypertension when clinically
diagnosed and all patients were on statins. Medications that could potentially affect
cerebrovascular perfusion characteristics were omitted on the morning of the test. These
included antihypertensives and antiarrhythmics medications. Six age- and sex-matched non-
diabetic Healthy Volunteers who were normotensive and not being treated for any systemic
disease were also recruited. All patients gave written, informed consent before participation

in the study, which had prior approval by the South Sheffield Regional Ethics Committee.

6.2.2 Assessment of Neuropathy

Detailed neurological assessment was undertaken to identify the presence and quantify the
severity of neuropathy in each patient. Neuropathic symptoms were documented by
completion of the NSS questionnaire and then the outcome of a detailed neurological
examination was graded by defined criteria according to the standard NIS questionnaire. All
patients underwent: 1) vibration and cooling perception thresholds acquired from the dorsal
aspect of the right foot using the Computer Assisted Sensory Evaluation IV (CASE IV, W.R.
Electronics, Stillwater, MN, USA) system employing standard techniques; 2) cardiac
autonomic function tests performed with a computer assisted technique and 3) nerve
conduction studies performed, at a stable skin temperature of 31°C and a room temperature
of 24°C, using a Medelec electrophysiological system (Synergy Oxford Instruments, Oxford,
UK). The following nerve attributes were measured: 1) sural sensory nerve action potentials
and conduction velocities and 2) common peroneal and tibial motor nerve distal latency,

compound muscle action potential and conduction velocity.

Based on these clinical and neurophysiological assessments diabetic patients were
divided into two groups: 1) No DPN consisting of asymptomatic patients with normal clinical
and neurophysiological assessments; 2) Painless DPN, comprising of pain free patients with

both clinical and neurophysiological abnormalities (at least two abnormalities of
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neurophysiologic assessment) and 3) Painful DPN, patients with painful symptoms together

with clinical and neurophysiological abnormalities.
6.2.3 Magnetic Resonance Perfusion Protoco!

MR examinations were performed on a 1.5T system (Eclipse, Philips Medical Systems,
Cleveland, Ohio, USA). The MR protocol included the acquisition of transaxial, cranial
images using dual-echo fast spin-echo (TE = 20, 90ms; TR = 2000ms) and fluid-attenuated
inversion recovery (FLAIR) (TE = 95.9ms; TR = 6000ms; T| = 1800ms) techniques, the latter

being acquired both before and after the perfusion assessment.

Parenchymal perfusion was assessed using a multi time point, single shot T2'
weighted EPI sequence (TE.s = 60ms; TR = 1.4s; acquisition matrix = 192 x 188, zero filled
prior to Fourier transformation to 256 x 256; FOV = 25cm). Twelve 5mm thick contiguous
axial slices were acquired over the cerebrum every 1.4s for a total imaging time of 98s,
yielding 70 time points. Exogenous perfusion contrast was provided by a 20ml bolus of
gadolinium diethylenetriamine pentaacetic acid (Gd-DTPA, Magnevist, Schering AG,
Germany), which was followed by a 20ml saline flush, administered intravenously using a

power injector (Spectris, Medrad, Netherlands) at a rate of 5mi/sec starting at the 10"

imaging time point.

Post acquisition processing was performed using software integrated with the
imaging system, in a manner similar to that described previously (Doerfler, Eckstein et al.
2001). As the bolus of gadolinium chelate passes through a ROI, a loss in signal occurs as
the transverse relaxation rate increases due to localised dephasing. For each scan episode,
the timing of the signal change within user defined ROI's were obtained with respect to those
defined by the signal time [S(t)] course of a circular ROl placed within the proximal
intracranial internal carotid artery. Haemodynamic anatomical ROI's were applied to outline

eight regions as illustrated on Figure 6.1and 6.2. These regions outline major intracranial
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ROI to gadolinium takes place as episodes of high concentrations followed by lower values.
Several peaks are seen until the mixing has been complete in the body. The height of the
peaks is expected to go down as gadolinium is distributed and eliminated in each cycle.
Gadolinium signal rerun does not return to the baseline (zero), but shows an apparent

constant level 100s after administration.

We analysed this concentration time curve using two models. The first mode! (Model
A) analysed the first pass of gadolinium bolus through the ROls, while the second model
(Model B) analysed in detail the whole concentration-time profile of the contrast material

over 100sec as it recycles through the thalamus.
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Blue line in Figure 6.4 represents the observed profile; red dotted line represents the
gamma-variate fit. The area under the red dotted line (shaded) represents the cerebral blood

volume (CBV) and the black dotted line denotes the first moment transit time.

This is the conventional way of analysing MR perfusion data. As mentioned above,
the signal-time profile was inverted and a gamma-variate fitted to this data using a non-linear

least square fitting procedure to produce the concentration-time profile.
The fitted concentration-time curve, for a given ROl is:
C(t) = -(KTEer)IN[S(t)/S(t=0)]

Where k is a constant and TE; is the effective echo time. The concentration-time curve is
directly proportional to the change in transverse relaxation rate, AR,* at time ¢ brought about

by the proximity of the gadolinium ion as it passes through the capillary bed:
C(t) o AR2"(t)
Thrge variables were used to characterise C(t), which relate to local blood volume and flow:
¢ the relative cerebrél blood volume (rCBV), i.e. the area under the fitted curve:
rCBV =, [*C(t)dt

refers to the volume of blood per unit time passing through a given region of brain

tissue relative to the proximal internal carotid artery; and

e the first moment (TTry of the mathematical ‘centre of mass’) of the fitted gamma-

function:

TTem=0 [ C(t)tdt/o  C(t) dt
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refers to the average time it takes blood to pass through a given region of brain

tissue, measured in seconds.

¢ finally we calculated the relative cerebral blood flow (rCBF) through each ROl by:

rCBF = rCBVY
TTem
refers to the average volume of blood passing through the ROl per unit time.

We calculated the average rCBV, TTgm and rCBF for all ROIs in the right and left
cerebral hemispheres. Study end points were mean average rCBV, TTgy and rCBF. These

were compared between Healthy Volunteers and all diabetic patients.

Model B

With the assistance of ARH and colleagues, we constructed a mathematical model to
describe the concentration-time profile of the passage of gadolinium through the thalamic

RO, using pharmacokinetic drug modelling principles.

The following empirical model was derived:

Coﬁ'centration of gadolinium = A(1-e™*€129) 4 C (e™*st1ee)) x [1-cos((B(t-tlag)+B2)(t-tlag))]
This model consists of three components.

Component A: to represents the episodic delivery profile, which are seen as waves of

descending heights until it becomes a smooth line.

Component B: to account for accumulation of the gadolinium in the organ that reaches a

constant level after several peaks.

Component C: to account for the delay in bolus arrival time (tiag)
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From Figure 6.5, there are several differences in the concentration time profile of
gadolinium tracer bolus as it passes through the thalamus, between the two study patients.
Firstly there is a delay in bolus arrival time (t,g) in the patient with Painless DPN compared
with the Healthy Volunteer. Secondly, the first pass peak concentration in the healthy
volunteer is greater but the duration of the first peak is longer in Painless DPN. Finally it also
takes longer to reach a steady state concentration of gadolinium in Painless DPN. The
differences seen between these two patients are likely the combined effects of vascularity of
the thalamus, cardiac output, body size and cerebrovascular disease. Seven biomarkers are

used in this model which we propose are related to these variables.
A: Combined effects of the size of the thalamus and the affinity of gadolinium to the tissue.

Kei: the uptake rate of gadolinium, possibly determined by the ratio of organ size/affinity to its

vascularity.

C: the size of the initial pool for dilution of gadolinium in the body (the smaller the size the

taller the peak).

Keos: the rate of gadolinium mixing in the body (possibly related to blood volume and cardiac

output).

B: the constant for short circuiting and recirculation through the thalamus (possibly related to

cardiac output and size of the organ).
B2: similar to B but in the absence of any short circuiting.

tiag: time it takes for the bolus to arrive at the thalamus.
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6.3.2 Statistical analysis

All analyses were performed using statistical package SPSS 14.0. Subgroup demographics
were described as means and standard deviation for normally distributed variables and as
medians and 5" and 95™ percentiles for variables with a skewed distribution. Demographic

and laboratory variables were compared between groups using one-way ANOVA.
¢ Healthy Volunteers vs Patients with Diabetes

We compared regional perfusion (Mode!l A) of the major vascular territories (ACA, MCA and
PCA) between Healthy Volunteers with all diabetic patients. Variables assessed were

average rCBV, TTeyand rCBF for each vascular territory.
¢ Healthy Volunteers vs Diabetic Subgroups

We subsequently divided diabetic patients into No DPN, Painful and Painless DPN. Using
variables derived from Model A we compared thalamic and caudate nuclei perfusion
characteristics of each diabetic subgroup with Healthy Volunteers. More in depth analysis of
thalamic perfusion using variables derived from Model B was then performed. Non

parametric median tests were used to compare biomarkers A, B, B2, C, Kq, Keos and Tiag.

6.4 Results

6.4.1 Comparisons between Healthy Volunteers and patients with diabetes: regional

perfusion of major vascular territories
6.4.1.1 Subgroup Demographics

The quality of the perfusion data obtained was graded using patientive assessments of the
time-intensity curves. The method used is described in more detail elsewhere (Griffiths,
Pandya et al. 2006). Perfusion results from one patient were excluded from the final analysis

because of the poor quality of data obtained. Demographics of Healthy Volunteers (n=5) and
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6.4.2.3 Model B

Biomarkers derived from pharmacokinetic modelling of tracer passage through the thalamus
for the different study groups are summarised in Table 6.5 and displayed in Figure 6.6. We
found that patients with Painful DPN had a significantly lower B2 compared with Healthy
Volunteers (p=0.04). Subgroup differences in the other biomarkers were not statistically

significant.
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6.5 Discussion

This preliminary study demonstrated that patients with diabetes had significantly greater
rCBV in all major cerebral vascular territories (ACA, MCA and PCA) compared to age, sex
and BMI matched Healthy Volunteers. This was accompanied by a non significant trend
towards longer TTgy and greater rCBF amongst diabetic patients. In addition, patients with
Painful DPN had significantly greater thalamic rCBV compared to other Painless DPN and
Healthy Volunteers. There were no differences in the perfusion characteristics of the caudate

nucleus between study groups.

The finding of greater rCBV in the major vascular territories of diabetic brains
suggests a persistent resting vasodilatatory state. This could reflect either a compensatory
mechanism, utilising cerebrovascular reserve capacity, to overcome diabetic
microangiopathy or impairment of cerebral autoregulation. Previous studies have
demonstrated reduced cerebrovascular reserve capacity in patients with diabetes using CO,
inhalation and acetazolamide challenge (Paulson, Strandgaard et al. 1990; Jimenez-Bonilla,
Quirce et al. 2001). In addition, similar changes in cerebral perfusion demonstrated in this
studsl have been described in the diabetic kidney; where the early stages of diabetes is
characterised by increases in renal blood flow and glomerular filtration rate. This has been

shown to be secondary to impairment of renal autoregulation resulting in nitric oxide

mediated renal vasodilatation.

We also found that diabetic patients with Painful DPN had significantly higher
thalamic rCBV compared with other sfudy groups. Further detailed analysis of thalamic
perfusion using pharmacokinetic derived biomarkers suggests that thalamic recirculation
time (B2) is longer in patients with Painful DPN compared to Painless DPN, No DPN and
Healthy Volunteers. Greater blood volume and longer recirculation time within the thalamus
in patients with Painful DPN suggests that abnormal thalamic vascularity could be an

important contributing factor in Painful DPN.
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To quantify flow within the ROls, we used two mathematical models to describe the
concentration-time curve of a bolus of gadolinium as it passes through the thalamus. The
first (Model A), uses a gamma variate model to fit the data to produce two parameters that
are often used: localised blood volume and flow. Blood volume and flow are related to each
other by the transit time, according to the central volume principle: flow = volume/transit
time. For a review of these concepts, see the article by Griffiths et al (Griffiths, Pandya et al.
2006). When purely intravascular tracers are imaged, the mean transit time cannot be
calculated in a straightforward manner form the first moment of a concentration time curve,
as the first moment is related to the second moment which has a dependence on vascular
topology (Griffiths, Gaines et al. 2005). To highlight this concept, we denoted the first
moment of the calculated concentration time curve as the TTey rather than the mean transit
time. TTem has a high dependence on mean transit time, and therefore it does provide
information about the temporal characteristics of tissue perfusion. No attempt was made to

quantify CBV (based on knowledge of the arterial input), and thus, relative values were

obtained and compared.

The second mode!l (Model B) used to interrogate the concentration-time curve
utilises mathematical principles commonly employed in pharmacokinetic studies. Unlike the
first, this model incorporated the whole concentration time profile (0 ~ 100mins) until the
concentration of gadolinium reaches a steady state. Hence it includes the recirculation of
gadolinium through the body, thereby indirectly quantifying potential confounding factors

such body size, cardiac output, vascular disease and medication use.

Thalamic perfusion abnormalities demonstrated in Painful and Painless DPN were
not found in the caudate nucleus, another deep brain nucleus which served as an internal
control. Unlike the caudate, the thalamus plays a central role in modulating/processing
somatosensory information that is relayed to the cerebral cortices and is therefore possibly
more metabolically active in DPN. This greater metabolic capacity increases thalamic

sensitivity to diabetic metabolic disturbances. Diabetes has been shown to alter endothelial
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function and permeability of the blood brain barrier, thus affecting microcirculation and
regional metabolism. This increased susceptibility to diabetic metabolic disturbance may
then lead to thalamic neuronal dysfunction and eventually neuronal loss. Our finding of MR
spectrospic reduction in thalamic NA:Cho ratios in Painless DPN would seem to support this
hypothesis (Selvarajah, Wilkinson et al. 2008). Other studies in type 1 diabetes have shown
that the fronto-temporal cortex and periventricular white matter are also affected by diabetic
metabolic disturbance. This is manifested by atrophy and the increased presence of
leukoariosis or white matter hyperintensities (van Harten, de Leeuw et al. 2006). It is
possible, therefore, that regional differences in cerebral metabolic capacity may increase

sensitivity to hyperglycaemia in these regions.

As we have previously demonstrated, thalamic sensory neuronal dysfunction
accompanies Painless DPN and preservation of thalamic function maybe a prerequisite for
perception of pain in this condition. Understanding the pathogenesis of thalamic dysfunction
may lead to new insights into CNS involvement in diabetes. Increased thalamic vascularity
demonstrated in this study has similarities to findings of increased blood flow in epineural
vess»gayls in sural nerve studies in Painful DPN (Eaton, Harris et al. 2003) and increased
proliferation of new vessels in the diabetic retina. Various metabolic and vascular factors
have been postulated to explain the pathogenesis of different diabetic microvascular
complications (nephropathy, neuropathy and retinopathy); given the systemic nature of

diabetes, we postulate similar pathophysiological changes may occur within the thalamus.

To our knowledge, this is the first report of the use of MR perfusion imaging to
assess capillary bed perfusion in the thalamus in DPN. Limitations of the current study need
to be considered. Group classification is prone to bias in small samples and requires cross
validation for these results to be generalised beyond the current sample. In addition our
study groups comprised an age spread of several years, and age is a factor in cerebral
hypoperfusion, a larger study is needed to allow analysis of covariance with age as a

covariate to account for age-related effects. Paradoxically, however, in this study patients
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with Painful DPN comprised the oldest cohort but nonetheless possessed the highest

thalamic rCBV.

Although these are clearly shortcomings of the current study, our goals were to
assess whether: 1) MR perfusion imaging in patients with diabetes might detect changes in
regional brain perfusion and 2) thalamic perfusion abnormalities are present in DPN. The
déta presented here at least preliminarily support these views. Several other areas need
additional research. Evaluating a larger sample, including greater numbers of cases of
Painful and Painless DPN; along with studying patients with Subclinical DPN will not only
provide more information about the sensitivity and specificity of MR perfusion imaging but
also may lead to new insight into the pathogenesis of CNS complications in DPN. Also
important will be following up patients with DPN over time to help better define the
relationship between clinical measures of progression, such as NCS, and regional thalamic
haemodynamic function measured with MR perfusion imaging. In turn, this information
(together with MR spectroscopic determined biochemical abnormalities) might provide a
means to assess the efficacy of clinical interventions in slowing the pathophysiological

changes associated with DPN.

Finally, MR perfusion is a promising technique for assessing regional brain
heamodynamic function in DPN. The results of this study using semiquantitative analysis of
MR perfusion imaging was effective in assessing thalamic haemodynamic dysfunction in
patients with diabetes as a whole and patients with DPN. These novel findings suggest a
pathogenic microvascular mechanism for thalamic neuronal dysfunction in DPN, which may

be amenable to modifications of microvascular disease risk factors.
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7 A RANDOMISED DOUBLE BLIND PLACEBO CONTROLLED TRIAL OF CANNABIS
BASED MEDICINAL PRODUCT (SATIVEX) IN PAINFUL DPN: IS DEPRESSION A
MAJOR CONFOUNDING FACTOR?

7.1  Introduction

Distal symmetrical diabetic polyneuropathy is one of the commonest long-term complications
of diabetes mellitus and leads to significant morbidity and mortality, resulting in a huge
economic burden for diabetes care (Vinik, Park et al. 2000). Painful DPN affects 15-26% of
all patients with diabetes and about a third of patients with DPN (Daousi, Benbow et al.
2006; Davies, Brophy et al. 2006). The intractable symptoms experienced cause great
distress and disability to sufferers and affect quality of life immensely (Quattrini and Tesfaye
2003). The cause of DPN, or indeed neuropathic pain, is not known although metabolic and
vascular factors may be involved (Tesfaye, Malik et al. 1994; Cameron, Eaton et al. 2001).
Whilst the search for potential therapeutic agents to halt or reverse the neuropathic process
continues (Cameron and Cotter 1993), the first step should be to improve glycaemic control,
with additional drug treatments required to alleviate painful symptoms (Ziegler 2008).
Unfqr_tunately these drugs are not always effective and often complicated by unwanted side
effects. A recent review of trials in painful DPN has shown that at best only a third of patients
achieve 50% pain relief with conventional treatments (Jensen, Backonja et al. 2006). Thus,

there is need for more effective treatments with fewer side effects.

In our centre we have had anecdotal reports by patients who gained relief of painful
symptoms and had better nights’ sleep after smoking cannabis. In several randomised
controlled trials, cannabis and cannabis based medicinal products (CBME) have been
shown to provide effective pain relief in a variety of mainly, non diabetic neuropathic pain
conditions (Rog, Nurmikko et al. 2005; Abrams, Jay et al. 2007). A meta-analysis of these
clinical trials concluded that further valid randomised controlled studies are required before

cannabinoids can be considered for treating neuropathic pain (Campbell, Tramer et al.
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2001). In this study we report the first randomised placebo controlled trial assessing the

efficacy and safety of a CBME (Sativex) in the treatment of intractable painful DPN.
7.2 Methods

7.21 Patients

Forty diabetic patients from the Royal Hallamshire Hospital Diabetes Database (Sheffield,
UK) with chronic painful DPN were screened to take part in this study. Patients with stable
glycaemic control (Hba1c <11%) and over the age of 18 with painful DPN (Neuropathy Total
Symptom Score - NTSS 6 >4 and <16) for at least six months were assessed. Only those
with intractable neuropathic pain in whom symptoms persisted despite an adequate trial with
a tricyclic antidepressant (minimum three months) were recruited. Exclusion criteria included
history of previous cerebrovascular event or other neurological disorders, history or
electrocardiograph evidence of cardiovascular disease, schizophrenia or any other
psychiatric ilinesses, epilepsy, current or past history of substance abuse, current or past
history of consuming more than 20 units of alcohol a week, neuropathy caused by other
aetiologies, known or suspected hypersensitivity/adverse reaction to cannabinoids and
significant hepatic or renal impairment. All patients gave written informed consent prior to

taking part in this study, which had ethical approval from the South Sheffield Regional Ethics

Committee.
7.2.2 Study Design

A prospective, randomised, double-blind, placebo controlled trial design was employed. This
study was divided into three phases with seven assessment visits at regular intervals (Figure
7.1). During the screening visit detailed clinical and neurophysiological assessments were
performed to quantify the severity of neuropathy. The presence of depression and anxiety
was assessed by completion of the Hospital Anxiety and Depression Scale (HADS)

questionnaire. During the subsequent 2 week screening phase patients were given a study
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diary to complete to assess baseline pain and sleep scores. Patients were asked to
complete the diary each morning upon awakening and reflect upon the pain intensity and
sleep quality over the preceding 24 hours. Three modalities of pain in the lower limbs
(superficial, deep and muscular) were assessed daily using a 100 mm visual analogue scéle
(VAS). On the second visit patients were block randomised to receive either the active or
placebo study medication. Over the subsequent two weeks the dose of the study medication
was titrated up to reach a maximum tolerated level when either unacceptable side effects
prevented further dose escalation or pain/symptom control was apparent. We used a
predetermined dose titration regime to standardise the process across the study. Patients
were then instructed to remain on their maximum tolerated dose for the remaining duration

of the study (Maintenance Phase for 10 weeks).
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Visit | Visit il Visit lll Visit IV Visit V Visit VI
Screening Titration Phase Maintenance Phase
v v v v
Screening Randomisation Drug Drug Drug Drug
Visit - Drug start Review Review Review Discontinuation
1 2 4 7 10 14
Weeks

Figure 7.1: Treatment Phases and Study Visits.
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Two health care professionals, a treating physician and a nurse assessor conducted
the study. The physician was responsible for dose titrations and assessing adverse events,
while the nurse assessor completed study questionnaires and case report forms at each
visit. This measure was undertaken to prevent inadvertent unblinding which could occur if

the responsibility of both these tasks were to fall on a single individual.

7.2.3 Assessment of Neuropathy
Detailed clinical and neurophysiological assessments were performed to quantify the
severity of neuropathy at Visit 1 and Visit 6. The outcome of a detailed neurological

examination was graded by defined criteria according to the standard NIS questionnaire.

All patients underwent: 1) vibration perception thresholds acquired from the dorsal
aspect of the right foot using Computer Assisted Sensory Evaluation IV (CASE 1V,
W.R.Electronics, Stillwater, MN, USA) system employing standard techniques;'®"” 2) cardiac
autonomic function tests performed with a computer assisted technique'® and 3) nerve
conductions studies performed, at a stable skin temperature of 31°C and a room
temperature of 24°C, using a Medelec electrophysiological system (Synergy Oxford
Instruments, Oxford, UK). The following nerve attributes were measured: 1) sural sensory
nerve action potential amplitude and conduction velocities and 2) common peroneal and

tibial motor nerve distal latency, compound muscle action potential and conduction velocity.

7.24 Concomitant Medication Use

Patients were allowed to continue taking concurrent medications for neuropathic pain for the
duration of the study. Additional analgesia, if required, was prescribed according to the
following algorithm. Week 1: paracetamol or aspirin; Weeks 2 through 6 (if further therapy is
needed and indicated): non-steroidal anti-inflammatory medication, co-proxamol or co-
codamol. If Class 2 controlled substances were required (with the exception of codeine),

then the patient was discontinued form the study.
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7.2.5 Primary Outcome Measure

Improvements in pain symptoms (superficial, deep and muscular) as assessed by daily pain
diary and Neuropathic Pain Scale (NPS) questionnaire (completed at each study visit) were
used as the primary outcome measure. The endpoint chosen was each mean score for pain
while taking the maximum tolerated dose of the assigned drug during the final week of
Maintenance Phase 2 in both treatment arms. In addition the total pain score, which was the
average score of all three pain modalities, was also calculated. The change in average
baseline and endpoint (average final week scores prior to termination visit) scores for each
modality of pain and the total pain score was compared between sativex and placebo.
Similarly average change in NPS questionnaire scores from baseline (screening visit) to

endpoint (termination visit) was compared.
7.2.6 Secondary Outcome Measure

McGill Pain and Quality of Life (Melzack 1975), SF-36 Health Survey (Jenkinson, Coulter et
al. 1993) and EuroQOL (EQ-5D) (The EuroQol group 1990) questionnaires were employed
to assess quality of life at each study visit. Average change from baseline (Visit 1) to
endpoint (Visit 6) for these questionnaires was compared between study groups. Tolerability
and side effect profile of the study medication was evaluated by completion of a
standardised case report form at each study visit. To assess DPN disease progression over
the study period, differences in neurophysiological assessment parameters between

baseline (Visit 1) and endpoint (Visit 6) were compared between study groups.

7.2.7 Study Medication

Sativex and its matching placebo were presented in a pump action spray formulated with
ethanol 50% and propylene glycol 50%. The active preparation comprised of approximately
equal (1:1) concentrations of tetrahydrocannabinol (THC, 27 mg/ml) and cannabidio! (CBD,

25 mg/ml). One dose increment comprises one actuation of the spray which releases
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100mcl, containing THC 2.7 mg and CBD 2.5 mg. Doses were administered sublingually in

divided doses up to four times a day.

7.2.8 Data Analysis and Statistical Methods

Analyses were conducted using the intent-to-treat population, which included all randomised
patients. Before the analysis was performed, we define the intensity of pain as an average of
pain scores in the patient’s diary if no more than 50 % of the scores were missing. If more
than 50 % of the scores were missing, the mean daily score for pain intensity was
considered to be missing. For patients missing post-baseline measurements, the last
observation carried forward approach was applied by imputing the last non-missing post-
baseline value.

The first analysis step was to examine differences in the baseline characteristics
between the two treatment arms. Imbalances in the baseline characteristics that are strong
predictors of the primary outcome were then assessed by sensitivity analysis. Subsequently
adjustment for a baseline covariate was performed if the covariate is correlated to the
outcome at a correlation coefficient >0.50.

The second step was to assess the distribution of the primary outcome measure with
each of the predictors (covariates). If the response is a continuous variable with a normal
distribution then multiple linear regression was used. However a response with a skewed
distribution will first be transformed.

As a sensitivity analysis, the level of change in the intensity of pain was calculated as
the difference between the scores for pain at baseline (the mean score during the Screening
Phase) and the scores for pain during the treatment (mean of the last week of Maintenance
Phase 2). The percentage change was calculated as the change in pain divided by the score
for pain at baseline times 100 percent. A significant improvement was defined as at least a
30 percent improvement in pain scores from baseline. These estimates was analysed by

multiple linear regression analysis. Data on proportions was analysed with the use of

Fisher's exact test.
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To assess disease progression in both treatment groups, changes from baseline to
endpoint were assessed using univariate analysis of covariance (ANCOVA) with baseline
measures as covariates for the following neurophysiological parameters: vibration perception
threshold, heart rate variation with respiration and each attribute of nerve electrophysiology
(sural, peroneal and tibial nerves). For each parameter, patients with possible outlying
changes (any value < the 5" or > 95" percentile) were identified for each treatment group
and reviewed for clinical relevance.

To assess the impact of depression on the outcome of this study we performed a
post hoc analysis. All patients were divided into two groups based on HADS [no depression
(HADS<10) and depression (HADS>10)]. Using ANCOVA we compared mean change from
baseline of total pain score between depressed and non depressed patients after adjusting

for study medication received.
7.3 Results
7.3.1 Baseline Characteristics

Of the 38 patients screened, 30 were randomised, of these 24 had type 2 diabetes. The
average duration of diabetes was 12.5 years. Figure 2 displays participant flow for the
duration of the study. None of the patients had previously used cannabis medicinally and 2
(7.1%) had used it recreationally. Baseline demographics of both groups are presented in
Table 7.1. There was no significant difference in baseline characteristics between study
groups. The mean number of spray taken during the analysis period is shown in Table 7.1.
Neurophysiological assessments performed are displayed in Table 7.2. Concomitant

analgesic medications taken during the study is shown in Table 7.3.
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listlessness. We excluded one placebo treated patient from the intention to treat analysis

(n=29) because of a protocol violation (Figure 7.2).

Screened
(n=38)
Randomised
(n=30)
Sativex Placebo
(n=15) (n=15)

Withdrawn during this Excluded from ITT

eriod (n=

period (n=5) population (n=1)

Reason:

Serious Adverse event Reason:

(n=1) Protocol Violation

Adverse Event (n=2)

Withdrew Consent (n=2) l
Withdrawn during this
period (n=1)
Reason:

Adverse event

,, _ l

Analysed , Analysed
(n=15) (n=14)

Figure 7.2: Participant Flow Plan.
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7.3.3 Primary outcome measure

Covariates used in the analysis were duration of diabetes, baseline scores, age and sex.
Figure 7.3 displays mean total pain scores and each individual péin component scores for
the duration of the study. There was no significant difference in mean change in total pain
VAS between placebo and sativex treatments [-13.7mm vs -21.9mm (sativex vs placebo);
p=0.40 (SEM=9.5; 95%Cl -11.3:27.8)]. Similarly there was no significant difference in mean
chahge in superficial [-13.4mm vs -16.7mm; p=0.72 (9.1;-15.3:21.93)], deep [-16.0mm vs -
25.3mm; p=0.38 (10.5;-12.2:30.8)] and muscular [-11.7mm vs -23.6mm; p=0.26 (10.3;-
9.15:33.0)] pain VAS between study groups. Differences in NPS (Table 7.4) between study

groups also did not reach statistical significance [-15.4 vs -11.5, p=0.62 (7.8; -20.1:12.1)].

Eight (53%) patients in the sativex arm responded to treatment (defined as at least a
30% improvement in total pain VAS) versus nine (64%) in the placebo arm (p=0.55, odds

ratio 0.63, 95% Cl 0.14:2.82).
7.3.4 Secondary outcome measures

McGill 'pain questionnaire did not show a significant difference in sensory scale (p=0.65,
3.3;-5.39-8.44), affective vscale (p=0.81, 1.3;-3.0:2.4), VAS (p=0.24, 1.0;-0.91:3.4) and
present pain intensity (p=0.57, 0.53;-0.79:1.4) (Table 5). Quality of life as assessed using the
EQ-5D questionnaire showed improvement in both study groups (Table 5) but the
differences between groups were not statistically significant (health state index p=0.87; SEM
0.09, 95% CI -0.19:0.16; health status VAS p=0.92; 7.2, -14.2:15.7). Similarly there was no
significant difference in each of the qualify of life measures assessed by SF-36 questionnaire

between study groups (Table 7.5 and and 7.6).
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group (mean difference range: sativex 0.3 to 2.4 uV vs placebo 0.0 to -3.0uV). Only sural
amplitude (mean change from baseline 1.70 vs -2.5 p=0.038, SEM 1.7; 95%CI 0.23:7.5)
reached statistical significance. There was no significant difference in vibration perception
threshold (p=0.81, 2.6;-6.0:4.8) and heart rate variation during deep breathing (p=0.62,
0.32;-0.82:0.50) between groups.

7.3.6 Depression post hoc analysis

Of the 29 patients included in the intention to treat analysis, we excluded one patient (sativex
arm) from this analysis because of a failure to complete the HADS questionnaire at baseline.
Mean HADS for patients with depression (n=10) and no depression (n=18) were 13.4(SD
3.5) and 5.94(2.2) respectively. Patients with depression had significantly higher baseline
total pain scores (mm) compared to those without depression [62.3(22.1) vs 43.4(24.3);
p=0.05, Figure 7.3). Patients with depression also had significant improvement in total pain
score compared to those without depression, after adjusting for allocation to the active or
placebo arm of the study [mean change in total pain scores (SD) -31.6(24.2) vs -10.7(25.0);
p=0.04, SEM 9.8, 95%Cl 0.54:41.1).
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sleep and activities of daily living (Gore, Brandenburg et al. 2005). It is not surprising,
therefore, when these combinations lead to depression (Berger, Dukes et al. 2004). Most
painful DPN clinical trials to date have not screened for depression and those that have use
it as a reason to exclude patients from the study (Max, Lynch et al. 1992; Wernicke, Pritchett
et al. 2006). Depression was a significant factor affecting the outcome of this study and
could potentially be a major confounder in trials assessing the efficacy of therapeutic
interventions in painful DPN. Future clinical trials should therefore consider screening for the

presence of depression before recruiting patients to prevent its impact on outcomes.

Improvements in neurophysiological parameters observed in this study are novel,
incidental findings and require confirmation in a larger, adequately powered study. There
have previously been no human studies investigating the effects of cannabinoid agonists on
nerve electrophysiology in DPN. Cannabinoid receptors have been identified throughout the
nervous system and divided into two main classes: CB1 and CB2 (Grant and Cahn 2005).
CB1 receptors have been demonstrated in both the PNS and CNS, including areas in the
brain and spinal cord involved in pain transmission and modulation (Hohmann and
Herkenham 1999) (Farquhar-Smith, Egertova et al. 2000). Electrophysiological and
neu—réchemical studies in rats provide further evidence that cannabinoids suppress
nociceptive transmission in vivo (Ahluwalia, Urban et al. 2000). This suppression is mediated
by cannabinoid receptors and is generalised to different modalities of noxious stimulation
(mechanical, thermal and chemical) (Iversen and Chapman 2002). Cameron et al. reported
the antinociceptive property of cannabinoids in painful DPN in diabetic rats (Ellington, Cotter
et al. 2002). They demonstrated that activation of peripheral CB1 receptors results in
analgesia by inhibition of capsacin evoked neuropeptide (calcitonin gene related peptide)
release. None of these studies, however, assessed changes in nerve electrophysiology
following the administration of cannabinoids. Recently, new non-CB1/CB2 cannabinoid
receptors have been found in capsaicin sensitive sensory nerves in rats (Duncan, Kendall et

al. 2004). These receptors modulate arterial vasoconstriction/relaxation. Hence we postulate
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improvements not only in symptoms but also in signs and quantitative vibration testing, in
both the placebo and active arms even after one year follow-up. It was surprising that

despite such a long follow-up period, there was (Boulton 2007) a strong placebo effect.

Given the strong interaction between chronic pain and depression and the findings of
our study, concomitant depression could have been another confounding influence. This
underlines the need for development of robust and objective clinical endpoints for use in
clinical trials of painful neuropathy. Finally, whilst the search for therapeutic agents to halt or
reverse the neuropathic process continues, more effective treatments are required which
provided better symptom control with fewer side effects. In this first ever study assessing the
efficacy of CBME in painful DPN, there was a large placebo response that led to negative
findings. However, we identified depression as a major contributory factor influencing the
outcome of this study. Therefore assessment of depression is important in future clinical

trials into painful DPN.
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Little is known of the pathogenesis of thalamic neuronal impairment in DPN. In Chapter
5 | investigate a metabolic hypothesis involving abnormal glutamatergic homeostasis and
astrocyte dysfunction. We report elevated Gix resonance and impaired thalamic astrocyte
glial response to neuronal impairment in DPN. With evidence from histopathological studies
that have shown glutamatergic dysfunction potentially results in neurotoxicity and
subsequent neuronal dysfunction, our demonstration of elevated GiIx suggests that
glutamate mediated neuronal injury/cell death may be one of the mechanisms resulting in
thalamic neuronal dysfunction in DPN. The diminished thalamic astrocyte response to
neuronal impairment, as evidenced by lower ml resonance in patients with DPN, suggests
that astrocyte dysfunction could be the underlying cause for abnormal thalamic
glutamatergic homeostasis. Given the pathophysiological importance of glutamate further

evaluation of the relationship between thalamic H-MRS abnormalities and DPN is needed.

In Chapter 6 | report on an MR perfusion study of the thalamus to in DPN. Using
eXogenous intravenous contrast and fast acquisition sequence we were able to study the
microvascular perfusion characteristics of the thalamus. Diabetic patients with Painful DPN
had significantly higher thalamic rCBV and shorter recirculation time compared to the other
stud& groups. This suggests that abnormal thalamic vascularity could be an important
contributing factor to the development of pain in diabetes. These novel findings suggest a
pathogenic microvascular mechanism for thalamic neuronal dysfunction in DN, which may
be amenable to modifications of microvascular disease risk factors. MR perfusion is a
promising technique providing biomarkers for assessing regional brain haemodynamic
function in DN Evaluating a larger sample of patients and including a subgroup with
Subclinical DPN will not only provide more information on the reproducibility of MR perfusion
imaging but also may lead to a new insight into the pathogenesis of CNS complications in
DPN.

Painful diabetic neuropathy is a relatively common complication of diabetes that

causes great distress and disability to sufferers and affects quality of life immensely.
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matrix may provide sensitive and specific biomarkers of the sensation of DPNP. As well as
clarifying disease mechanisms, identifying the neural correlates of pain-processing in DPN
will result in opportunities to target specific components of the pain pathway
pharmacologically. Combination of fMRI and drug administration, known as pharmacological
fMR! (phMRI) may prove useful fn the future development of new analgesic compounds.
Experience from other chronic pain conditions strongly supports the view that neuro-imaging
will aid our understanding of the basic mechanisms contributing to chronic pain states.
These techniques might help diagnose a patient's pain condition in a more objective and
robust way, enabling better targeting of therapies and rapid development of compounds to
alleviate pain. A better understanding of these processes may lead to: i) a novel way of
monitoring disease activity, natural history, response to treatment (quantify objectively the

placebo effect) and ii) the identification of new targets for future therapies.
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Thus, the decreased NAA in diabetic hypertensive patients indicates an increased risk for

cognitive dysfunction.

In addition, raised triglyceride levels are also associated with worse performance on
cognitive tests assessing attention, concentration, and psychomotor speed in patients with
diabetes (Perlmuter, Nathan et al. 1988). These effects were independent of the cholesterol
level, hypertension, and the rate of glycaemic control. Therefore, it is likely that when these
risk factors combine, they mediate the development of cognitive dysfunction through

acceleration of atherosclerotic disease.

Being overweight (body mass index 0O 25 kg/m?) and obese (0 30 kg/m?) seems to
be a risk factor for early dementia, whereas variation within the healthy range of body mass
index (18.5-24.9 kg/m?) during midlife may not (Gustafson 2006) . Because being
overweight or obese may indicate a vascular burden increasing the risk for subsequent
vascular disorders, these states may be an initial trigger eventually leading to Alzheimer's
disease and vascular forms of dementia (Gustafson 2006) . However, it is overlooked that
adipose tissue is the largest endocrine organ in the human body and that the effects of being
overweight or obese on brain health might be independent of vascular effects and instead be

due to adipocyte hormones and cytokines (Gustafson 2006).

Glycaemic control

Glycaemic control may also be involved because elevated fasting plasma glucose and
higher glycosylated hemoglobin (HbA:.) have been found to increase error on the Mini-
Mental State Examination and are assoéiated with impairment in concentration and memory
in patients with diabetes (Kalmijn, Feskens et al. 1995). Both the Rotterdam and
Framingham studies found increased risk of dementia among patients with diabetes treated
with insulin (Ott, Stolk et al. 1996; Elias, Elias et al. 1997)[5,8]. Patients on oral

hypoglycaemic agents had an intermediate risk, suggesting that insulin treatment is not
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causally related to the development of dementia but rather is a reflection of glycaemic

control.

HbA:. is also a risk factor for a greater risk of brain atrophy. In fact, the only
significant correlate of the rate of brain atrophy other than age was greater HbA in
individuals without diabetes (Enzinger, Fazekas et al. 2005). The ARIC (Atherosclerosis Risk
in Communities) study was a population-based magnetic resonance prospective
investigation of atherosclerosis, cardiovascular risk factors, and cerebral atrophy as
assessed by ventricular and sulcal size (Knopman, Mosley et al. 2005). Diabetes was found
to be associated with increased ventricular size and, therefore, may contribute to pathologic
reductions in brain volume. Using a more precise method, the Framingham Offspring Study
reported that both diabetes and hypertension were associated with whole-brain volume
reductions (Seshadri, Wolf et al. 2004). Another population-based study, in a larger
European cohort (CASCADE [Cardiovascular Determinants of Dementia]), also reported a

strong association between diabetes and cortical atrophy (Schmidt, Launer et al. 2004).

Insulin resistance

Inve.s‘tigators of the Rotterdam study observed that the association between diabetes and
cognitive decline persisted despite adjustments for evidence of strokes and other
cardiovascular risk factors (Ott, Stolk et al. 1996). In fact the impact of traditional risk factors
for atherosclerotic disease on the RR of incident dementia was minimal (Ott, Stolk et al.
1996). This suggests that other nonvascular mechanisms may also play a major role in the
pathogenesis of dementia (Stewart and Liolitsa 1999). One possible underlying mechanism
may be the apparent similarity between the pathogenesis of insulin resistance and
Alzheimer’s disease. The structure of amylin, characteristically found in the pancreatic islets
of Langerhans in type 2 diabetes, is similar to the § amyloid found in the neuronal plaques of
Alzheimer’s disease (Cooper, Leighton et al. 1988; Edgington 1994; Dore, Kar et al. 1997).

They both are peptides made of P pleated sheets that induce toxic effects in both
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Despite the wealth of evidence for the relationship between diabetes, dementia, and
cognitive dysfunction, studies assessing the impact of diabetes management on modifying
the rate or nature of cognitive decline have been few and far between. Gradman et al.
(Gradman, Laws et al. 1993) assessed the impact of glycaemic control on cognitive function
in patients with type 2 diabetes treated with glipizide for 7 months. These investigators
concluded that poor glycaemic control in older patients with type 2 diabetes is associated
with impaired cognitive functioning and that verbal learning and memory improved with
better control. In a larger randomized controlled study, Ryan et al. (Ryan, Freed et al. 2006)
found similar and statistically significant cognitive improvement with both rosiglitazone and
glyburide following a 24-week treatment period. The magnitude of this effect was correlated
with the degree to the improvement in fasting plasma glucose, although improvements in
circulatory insulin and insulin sensitivity in the thiazolidinedione cohort did not impact on

cognitive function.
Hypoglycaemia
Hypoglycemia and Cognitive Dysfunction

In héalthy humans, brain glucose supply is maintained by an efficient homeostatic
mechanism, which keeps blood glucose concentrations in a narrow range, sufficient to
support normal brain function (Maran, Lomas et al. 1995). Falling blood glucose levels,
unless corrected, would lead progressively from cognitive impairment to convulsion, coma,
and eventually death. Using clamp techniques, moderate levels of hypoglycemia impair
general cognitive abilities, including reaction time, analytical ability, verbal fluency, and
verbal and visual memory (Frier and Fisher 1999). Cognitive performance as assessed by
neurophysiologic methods, such as the P300 wave evoked potential (considered to
represent stimulus processing and selection), are abnormal during moderate hypoglycemia
indicating slower information processing (Picton 1992). Studies using the stepped glucose

clamp have reported varying levels, between 2.3 to 3.1 mmol/L, at which cognitive
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impairment occurs (Widom and Simonson 1990; Fanelli, Epifano et al. 1993, Veneman,

Mitrakou et al. 1994).

There are also suggestions in the literature that some cognitive processes are more
sensitive to hypoglycemia than others. For example, during moderate hypoglycemia, working
memory is completely abolished, whereas short- and long-tem memory only deteriorate in
the same patients (Deary, Sommerfield et al. 2003). Simple reaction time was less affected
than choice reaction time and finger tapping was insensitive to hypoglycemia (Cox, Gonder-
Frederick et al. 1993). Using functional MRI to study regional changes in oxygenation status
of the brain, Rosenthal et al. have shown that the effect of acute hypoglycemia on the
human brain is both task and region specific (Rosenthal, Amiel et al. 2001). When the
performance of simple tasks (finger tapping) is impaired by hypoglycemia, associated
localized reduction in brain activation is seen. For more complex tasks (four choice reaction
time), on the other hand, there is increased activation in planning areas compatible with
recruitment of brain regions in an attempt to limit dysfunction. This may help explain the

differences in sensitivity to hypoglycemia observed in different cortical functions.

The consequences of chronic recurrent severe hypoglycemia on the brain are not
fully defined. The prospeétive DCCT (Diabetes Control and Complications Trial) and the
Stockholm Diabetes Intervention Study have not shown any adverse effects of hypoglycemia
on cognitive ability (DCCT research group 1996; Reichard, Pihl et al. 1996). However, these
studies may not have been sufficiently long, and in the case of the DCCT there appeared to
be a rather low rate of severe hypoglycemia (Warren and Frier 2005). Nonetheless, it is
likely that hypoglycemia probably acté in conjunction with the other insults of diabetes
(hyperglycemia, insulin resistance, hypertension, dyslipidemia, and so forth) to cause

“diabetic encephalopathy” (Mijnhout, Scheltens et al. 2006).

Counterregulation
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In healthy patients there are separate blood glucose thresholds for the sequence of events
that occur during hypoglycemia. The triggering of autonomic activation occurs before
significant cortical dysfunction develops. This allows an individual to remain able to take
appropriate corrective action before coma ensues (Hepburn, Deary et al. 1991).
Unfortunately, the adaptation of these thresholds to glycaemic exposure can subsequently

lead to severe or life-threatening hypoglycaemic episodes (Cryer 1999).

In humans, Boyle et. al. demonstrated preservation of whole-brain glucose uptake in
patients with strictly controlled diabetes during experimental hypoglycemia (3.0 mmoal/L)
compared with a 20% fall in glucose uptake in nondiabetic patients and patients with poorly
controlled diabetes (Boyle, Kempers et al. 1995). A recent study using magnetic resonance
spectroscopy demonstrated increased glucose content during hyperglycemia in patients who
were hypoglycemia unaware compared with nondiabetic patients (Criego, Tkac et al. 2005).
This suggests that hypoglycemia counterregulation is at least partly triggered by a glucose-

sensitive brain region and so the brain must be responsible for adaptation to some degree.

One mechanism proposed for adaptation is brain upregulation of the GLUT1
transporter (Boyle, Nagy et al. 1994). Other authors have proposed the production of
alternative brain fuels; however, neither the nature nor the existence of a second adaptive
mechanism is clear (Mc 1953; Sloviter, Shimkin et al. 1966; Agardh, Westerberg et al. 1980).
The adaptive mechanisms appear to be both dynamic and reversible. Mitrakou et al.
demonstrated the preservation of cognitive function at blood glucose levels as low as 2.3
mmol/L in patients with insulinomas and that this effect was abolished after surgical
resection (Mitrakou, Fanelli et al. 1993). Fanelli et al. showed that careful avoidance of
hypoglycemia by hypoglycaemic-unaware patients led to an increase in the blood glucose

level for cognitive impairment (Fanelli, Epifano et al. 1993).

Hypoglycemia and brain damage
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Prolonged severe hypoglycemia eventually leads to coma and brain damage (Auer
2004). As the levels of blood glucose fall progressively to the range of 1 to 2 mmolL,
patients start to become stuporous and drowsy. Cerebral tissue energy failure results when
blood glucose falls by more than 97% (Feise, Kogure et al. 1977). Before this period,
alternative fuels (lactate, glycerol, and ketone bodies) can sustain energy requirements.
Lactate alone can substitute roughly for a quarter of glucose utilization. As the duration of
hypoglycemia increases, coma finally supervenes when the threshold of energy failure is
reached (< 1 mmol/L). Over time, this is accompanied electroencephalographically by
isoelectricity. Once the electroencephalogram goes flat, neuronal necrosis appears over the
ensuing minutes as the neurotransmitter aspartate is released into the extracellular space
and floods excitatory amino acid receptors located on neuronal dendrites (Agardh,
Folbergrova et al. 1978; Sandberg, Butcher et al. 1986)]. Calcium fluxes occur and resultant
membrane breaks lead rapidly to neuronal necrosis. Significant neuronal necrosis occurs

after 30 minutes of electrocerebral silence.

Hypoglycaemic brain damage is unique in its distribution. Unlike ischemia, the
neuropathologic distribution of hypoglycaemic brain damage has a predilection for superficial
corﬁéal layers and necrosis of the dentate nucleus of the hippocampus is often seen (Auer,
Wieloch et al. 1984). These characteristic appearances are called cortical laminar necrosis
and occur as a result of delayed selective neuronal necrosis of the cerebral cortex, with the
cerebellum and brain stem universally spared (Agardh, Kalimo et al. 1981; Agardh and
Siesjo 1981). Hypoglycemia also results in asymmetrical brain damage. This is because
electrocerebral silence, which is a prerequisite for the initiation of neuronal necrosis, is

asynchronous between the cerebral hemispheres (Harris, Wieloch et al. 1984).

Diffusion-weighted MRI is an established tool in the assessment of patients with
hypoglycaemic coma (Fujioka, Okuchi et al. 1997; Barkovich, Ali et al. 1998; Bakshi, Morcos
et al. 2000; Finelli 2001; Chan, Erbay et al. 2003; Aoki, Sato et al. 2004). it is sensitive for

detecting neuronal energy depletion and subsequent cytotoxic edema, visualizing such
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changes as a high intensity area. Within minutes, images can demonstrate abnormal signal
and only fresh lesions are defined. The clinical outcome after a severe hypoglycaemic coma
correlates with the basal ganglia involvement. Patients with basal ganglia involvement tend
to survive in a persistent vegetative state, whereas those with the basal ganglia spared

survive with lesser degrees of neurologic impairment.

Cerebrovascular Disease

Numerous prospective studies, mainly in type 2 diabetes, have shown a two- to
fivefold increase in the RR of ischemic strokes (Abbott, Donahue et al. 1987; Dauvis,
Dambrosia et al. 1987; Barrett-Connor and Khaw 1988; Stamler, Vaccaro et al. 1993;
D'Agostino, Wolf et al. 1994; Kuusisto, Mykkanen et al. 1994; Tuomilehto, Rastenyte et al.
1996; Folsom, Rasmussen et al. 1999). In the Framingham Study, the increased risk
attributable to diabetes was independent of other risk factors such as systolic blood
pressure, atrial fibrillation, antihypertensive treatment, smoking, cardiovascular disease, and

left ventricular hypertrophy (Elias, Elias et al. 1997).

Risk factors
Nonmodifiable risk factors

Sex appears to be an important modulator for stroke risk. In women, diabetes is as
potent a risk factor as cigarette smoking; compared with men, diabetes is associated with a
higher stroke case fatality with an odds ratio of 2.33 (Rothwell, Coull et al. 2004). Age is a
risk factor that increases the incidence of stroke as the population ages (You, McNeil et al.
1997). Race and ethnicity also impact on the risk of stroke. The NOMAS (Northern
Manhattan Stroke Study) found that blacks and Hispanics have a 2.4- and twofold increased
risk of stroke, respectively, compared with whites (Sacco, Benson et al. 2001). This may be

attributed to a greater role for diabetes and hypertension, which have a higher prevalence in

these ethnic populations.
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Modifiable risk factors

Given the strong association between diabetes and stroke, it is perhaps not surprising that
both fasting and random plasma glucose were among the baseline characteristics in a
variety of prospective studies that most strongly predict stroke in patients with type 2
diabetes mellitus. The UKPDS (United Kingdom Prospective Diabetes Study) reported that
each 1% rise in HbA, resulted in an increase in case fatality odds ratio by 1.37 (Stevens,
Coleman et al. 2004). Hypertension is a frequent complication in patients with diabetes
compounding the risk of stroke in this population. As in the general population, well-
controlled blood pressure can reduce the risk of stroke significantly among patients with
diabetes. Data from the UKPDS showed a 44% RR reduction for stroke in the groups where
blood pressure was well controlled (mean blood pressure 144/82 mm Hg) (UK Prospective
Diabetes Study group 1998). In fact, tight blood pressure control has a greater impact in
reducing the risk of any diabetes-related end point than intensive glucose control (24% RR in

tight blood pressure vs 12% RR in intensive glucose control group, P = 0.026).

The relationship between hypercholesterolemia and stroke risk, on the other hand, is
more tenuous. Meta-analysis of epidemiologic studies has not shown a clear relationship
between cholesterol Ievelé and stroke (Atkins, Psaty et al. 1993). This possibly reflects the
more heterogeneous nature of cerebrovascular disease compared with coronary artery
disease, with fewer strokes attributable to large-vessel atherosclerotic disease. Nonetheless,
two prospective intervention studies (LIPID [Long-term Intervention with Pravastatin in
Ischaemic Disease] and CARE [Cholesterol and Recurrent Events]), which had
cerebrovascular events as a primary énd point, showed a big RR reduction with statin
treatment compared with placebo (1998; LIPID Study Group 1998; Plehn, Davis et al. 1999).
More recently, the CARDS (Collaborative Atorvastatin Diabetes Study) trial randomized
2338 patients with type 2 diabetes without high low-density lipoprotein cholesterol, but with
one other risk factor to receive either 10 mg of atorvastatin or placebo daily. Active treatment

with atorvastatin significantly reduces the incidence of new stroke by 48%, independent of
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patient’s age, gender, baseline cholesterol, and blood pressure levels (Colhoun, Betteridge
et al. 2004). In the NOMAS study, lower high-density lipoprotein (HDL) cholesterol has been
shown to be associated with an increased risk of stroke (Sacco, Benson et al. 2001). This
may suggest a link between diabetes through its association with metabolic syndrome and
increased risk of stroke. This is possible because low HDL cholesterol levels are thought to

contribute to the acceleration of atherosclerosis in many of these patients.

“Nontraditional” risk factors

In the ARIC study, the influence of diabetes on stroke incidence was not entirely explained
by a set of traditional risk factors with which it is known to be associated (Folsom,
Rasmussen et al. 1999). Similar outcomes were seen in the Physicians’ Health Study, where
clinical obesity increased stroke risk independent of blood pressure, cholesterol, and
diabetes (Kurth, Gaziano et al. 2002). More recently, the Framingham Offspring Study found
that the influence of the metabolic syndrome on stoke incidence persists after adjustment of
its component risk factors (Najarian, Sullivan et al. 2006). This suggests that other factors of
the metabolic syndrome, such as systemic inflammation, abnormal endothelial function, and
vascular factors, may be operative. Thus, in addition to plasma glucose, the components of

the metabolic syndrome both individually and collectively contribute to increased stroke risk.

Diabetic versus nondiabetic strokes

The distribution or pattern of ischemic stroke involvement differs with the presence or
absence of diabetes. Autopsy studies suggest a higher rate of lacunae infarcts in the basal
ganglia, paramedian basis pontis, thafamus, and cerebellum (Kane and Aronson 1968;
Aronson 1973; Peress, Kane et al. 1973). These changes termed “encephalomalacia” have
been seen in in vivo neuroimaging studies, where lacunar and subcortical infarcts are more
common in patients with diabetes compared with complete middle cerebral artery territory
infarcts (Karapanayiotides, Piechowski-Jozwiak et al. 2004). A prospective MR! study found

that 41% of patients with type 2 diabetes who were initially free of lacunes developed them
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neuropathy may also affect small fibres in the periphery, namely those innervating blood
vessel and sweat glands. These are sympathetic fibres, either noradrenergic or cholinergic.
Sweating may be quantified by droplets morphometry (Silastic imprint method) following

iontophoresis of sympathetic agonist (Kennedy and Navarro 1989).

Assessment of neuropathic pain
Visual analogue and verbal descriptive scales

Neuropathic pain, which is variable in intensity, may be assessed by a visual analogue
scale, which results have been shown to correlate with other measures of pain (Scott and
Huskisson 1976). The patient is asked to indicate pain intensity on a line numbered from 0 to
100. A verbal descriptive scale may also be employed, the patient being asked to describe
pain intensity in accordance with a series of descriptive statements (e.g., absent, slight,
intense, very intense, etc). An inherent assumption of both devices is that equal intervals
along the scales denote equal degrees of pain; the use of the two scales together may

increase confidence in the observed changes.

Questionnaires for pain

Various questionnaires are being proposed for neuropathic pain, however there is no

general agreement on which one should be used in diabetes:

e Neuropathy Total Symptom Score-6 (Bastyr, Price et al. 2005) is an instrument that
assesses symptoms rather than pain per se. A symptom score for frequency times is
estimated separately for each of deep aching, superficial burning, prickling, and
lancinating pains, as well as for numbness and allodynia. "Tight", "compression",
"boring", "squeezing" descriptions of pain are to be included with deep-aching pain.
Each symptom is graded on intensity (mild, moderate, or severe) and on frequency
(never or occasional, occasional but abnormal [<33% of the time], often [>33% -

>66%] or most continous [>66%]). The total score possible for each symptom is 3.66.
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The Neuropathy Pain Scale (Galer and Jensen 1997) includes 10 items: intensity,
sharp, hot, dull, cold, sensitive, itchy, unpleasant, deep, superficial. Patients are
asked to answer on a 0 to 10 scale; according to the intensity of the category of pain

they are experiencing. A score can then be calculated for each item.

The LANSS (Leeds Assessment of Neuropathic Symptoms and Signs) pain scale
includes a short questionnaire and a brief clinical examination. This assessment
investigates the nature of pain. The higher the LANSS index, the more likely is the
pathological the nature of the pain experienced. It may be used to distinguish

neuropathic from nociceptive and psychogenic pain (Bennett 2001).

The McGill Pain Questionnaire takes into account the quality and emotional aspects
of pain. It consists of four classes of words describing pain, listed within each
subclass in order of increasing intensity. The subclasses are grouped into four major
categories: sensory (i.e., words that describe pain in terms of temporal, spatial,
pressure, and other properties: subclasses 1-10), affective (i.e., words that describe
pain in terms of tension, fear and auto_nomic symptoms: subclasses 11-15),
evaluative (i.e., describing the overall intensity of the experience of pain: subgroup
16), and miscellaneous (subgroups 17-20). A score can be calculated for each
category. The questionnaire also asks for additional information such as
exacerbating or relieving factors, and anatomical location. Patients are asked to
choose one word from each group, or to omit the group entirely. Responses are
scored using the rank values of words chosen (Melzack 1975). The McGill Pain
questionnaire is a quick and simple tool and is very helpful in the global evaluation of
chronic pain syndromes. It may be potentially useful to adapt it to address the

specific problem of differential diagnosis of the neuropathic leg (Masson, Hunt et al.

1989).

Quantifying pain in diabetic neuropathy
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approach, being patient-centred, should increase physician's understanding as to how

diabetic patients experience and deal with their neuropathy (Vileikyte, Peyrot et al. 2003).

Severity of neuropathy

Although attention should be paid to symptoms, these per se are not a good measure of
severity, since they tend to come and go and do not correlate well with severity of
impairments (Dyck and Thomas 1999). Overall severity is rather the sum of all sensory,
autonomic and motor symptoms and impairments caused by DPN. To help categorising
patients more accurately within the context of a progressive disease, it is recommended

(Grant et al., 1999) to take into account abnormalities in the following:

¢ Neuropathic symptoms: positive and negative symptoms, symptoms of weakness

and autonomic symptoms.
¢ Neurological examination: sensory and motor examination

e Quantitative motor, sensory or autonomic examination: measurement of vibration,

warmth and cool detection thresholds, heat as pain threshold, cardiac autonomic

function tests etc. -

e Nerve conduction: abnormality of nerve conduction of one or more attributes

(amplitude, velocity or distal latency of motor nerves) in two or more nerves.

Staging of neuropathy has been developed by (Dyck and Thomas 1999). This staging
depends upon the severity of neuropathic symptoms and great emphasis is given to
neuropathic pain. Stages range from 0 (no neuropathy) to 3 (disabling neuropathy). Provided
that minimal criteria for diabetic polyneuropathy are met, the presence of pain places a
patient in stages 2 or 3. More precisely, pain is graded as being "disabling" (stage 3) when
the patient has previously attended a physician for pain relief; wdrk and recreational

activities have been curtailed by at least 25% because of pain; and medication for pain relief
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has been taken on a continuing basis (>50% of days) for at least 6 weeks. When this is not

the case, then a patient would be placed in stage 2 (pain of a lesser severity).
Clinical neuropathy assessment

Objective

To grade, score and report neuropathic dysfunction, impairment and symptoms using
standard and reproducible approaches so that results are quantitative and useful for

subdividing patients into different stages of diabetic neuropathy (DPN).
Key points

e Assessments were performed by investigator:

e Whois experienced in neurological examination.

e Uses the same basis for grading abnormality over time.

e Assume that the basis of abnormality is the 5" or 95™ percentile (whichever applies)
based on study of healthy patients (without neurologic disease, systemic disease or
other exposure or ‘deﬁciency predisposing patients to neurologic disease) taking into
account age, sex, anthropomorphic factors (height, weight, body mass index) and

physical fitness.

e Who washed his hands before and after examining patients and never re-used pins.

¢ Clinical assessments were perfbrmed in the following order: Neuropathy Symptom
Score, Neuropathy Symptom Change questionnaire and upper and lower limb

neurological examination (Neuropathy Impairment Score).
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scored for age, sex, physical build, fitness and anthropomorphic features

graded using percentile, pius:

0 = normal; 1 = 25%; 2 = 50% and 3 = 75% weak; 3.25 = just able to move joint against
gravity; 3.5 = able to move at joint with gravity eliminated; 3.75 = muscle flicker only; and 4 =

paralysed
Reflexes (abnormality graded due to DPN).
scored for age, sex, physical attributes (build, fitness and anthropomorphic features)

grade as 0 = normal, 1 = decreased, 2 = absent

hyperreflexia not graded

limbs repositioned as needed

if all reflexes were sluggish, graded as normal
decreased ankle reflexes were taken in context of age

used reinforcement where appropriate (i.e. clasped hands or clenched teeth)

Sensation

tested on terminal phalanx of index finger and great toes (other sites tested to help decide

abnormality at sites recorded)
assessed were touch-pressure, joint position and motion, vibration and pin-prick

used cotton wool balls, neurotip pins, 10g monofilament and 257mHz tuning fork (Figure

A7.2)

scoring was performed in the context of age, height and skin condition
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4. Baroreceptors

Blood pressure (pulse pressure) changes occur during respiration. It has been suggested
that breathing mechanically influences the left ventricle output activating arterial baroreflexes
(Manzotti 1958; Davies and Neilson 1967). Also during inspiration there is an increase in
negative intra thoracic pressure resulting in an increase in venous return — increase atrial
filing — increase stroke volume and cardiac output (since CO = SV x HR) and blood
pressure (since BP = CO x PR). The increase in blood pressure activates the baroreceptors
and reflex variations of heart rate occur. Melcher suggested that sinus arrhythmia was due to
a cardio-cardiac reflex with central resetting of the baroreflex (Melcher 1976). Standing
produces venous pooling due to a gravitational effect, and hence a fall in venous return.
Under normal circumstances, reflex activation of an intact sympathetic nervous system
occurs, resulting in an increase in the force and rate of cardiac contraction, and peripheral

vasoconstriction.

In conclusion, the efferent pathway is clearly vagal, since efferent blockade will
abolish the reflex. However, the afferent and central mechanisms are problematical in
humans. Based on present information, distension of the right atrium appears to be

important. However, all of the above mentioned pathways could be important under different

circumstances.

Factors that affect heart rate variation in autonomic function tests

1. Position

Heart rate variation varies with the position of the patient. The response is larger supine than
sitting or erect (standing; (Davies and Neilson 1967; Bennett, Fentem et al. 1977; Mackay,

Page et al. 1980). For this reason the patient is supine for assessments.
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2. Depth of breathing

A standardised tidal volume was used since depth of breathing above about two litres
causes insignificant changes in heart rate variation (Freyschuss and Melcher 1975). Bennet
et al and Eckberg found little or no difference in heart rate variation for different depths of

respiration (Bennett, Farquhar et al. 1978; Eckberg 1983).

3. Rate of breathing

Maximum heart rate variation with deep breathing occurs at a breathing frequency of 5-6
rpm (Angelone and Coulter 1964, Bennett, Farquhar et al. 1978; Mackay, Page et al. 1980;
Pfeifer, Cook et al. 1982) in normal patients and this observation forms the basis for the
standard test for deep breathing (Wheeler and Watkins 1973). Each patient breathes at six

breaths per minute (five seconds in / five seconds out).

4. Effect of age

All studies to date have found a progressive reduction in the response with increasing age.

Results were compared with age related normal ranges
5. Effect of sex of the patiént

No sex difference have been observed (Hilsted and Jensen 1979)

6. Amount of rest

It has been demonstrated that following five minutes of rest, another 25 minutes of supine
rest does not alter the heart rate variation (Hilsted and Jensen 1979). For this reason

patients were asked to rest supine for five minutes before starting the test.

188






i) Heart rate response to the valsalva manoeuvre

A forced expiration against a closed glottis was performed. At the onset of straining
arterial pressure rises due to an increased intrathoracic pressure. Since high intrathoracic
pressure results in venous compression, there is a decrease in venous return and hence
cardiac output. A resulting fall in arterial pressure inhibits baroceptor firing, leading to a reflex
tachycardia and a rise in peripheral resistance. When the glottis is opened, on relaxation,
intrathoracic pressure normalises and cardiac output is restored. However, residual
peripheral vasoconstriction produces a blood pressure ‘overshoot’. Arterial baroceptor

stimulation then leads to a fall in heart rate and blood pressure returns to basal levels.

Participants were asked to exhale into a tube connected to a mercury
sphygmomanometer and maintain a pressure of 40mmHg for 15 seconds. On relaxation
ECG recording continued for a further 45 seconds. The valsalva ratio was calculated as the
ratio of the highest heart rate achieved during the manoeuvre to the lowest heart rate during
the relaxation period (i.e. the ratio of the longest R-R interval after the manoeuvre to the

shortest R-R interval during it) (Ewing and Clarke 1982).
iii) Heart rate response to deep breathing

The rhythmic fluctuations in heart rate in response to inspiration (rise) and expiration (fall)
can be expressed as the E:l ratio (ratio of R-R interval during maximal expiration to R-R
interval during maximal inspiration). Patients were asked to take slow deep breaths at a rate
of six cycles/min. Results were expressed as the ratio of the peak inspiratory heart rate to

the lowest expiratory heart rate during a single cycle (O'Brien, O'Hare et al. 1986).
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iv) Systolic blood pressure response to standing

Blood pressure was measured using a mercury sphygmomanometer 60 seconds after
standing. A defect in this reflex arc is conventionally defined as a fall in systolic blood
pressure of at least 30mmHg (Ewing and Clarke 1982), age-related adjustment is generally

regarded as unnecessary (Ziegler, Laux et al. 1992).
v) Lying — standing heart rate response (30:15 ratio)

This index is based on the physiological mechanisms discussed above. The peak heart rate
(due to sympathetic activation) occurs at approximately the 15" beat after standing; as
vasoconstriction occurs and blood pressure rises towards baseline, heart rate falls, reaching

a nadir at approximately the 30" beat (Ewing and Clarke 1982).

The maximum/minimum R-R (30:15) ratio is calculated as the ratio of the longest R-R
interval on standing (usually around the 30™ beat) to the shortest R-R interval after the
change from the recumbent position (usually at about the 15™ beat) (Ewing and Clarke
1082). It has been shown that the shortest R-R interval can occur between beats 6-24 and
the longest R-R interval between beats 20-40 (Ziegler, Laux et al. 1992). Therefore, in these
studies the max/min R-R ratio is defined as the longest R-R interval during beats 20-40

divided by the shortest R-R interval during beats 5-25.

For tests (ii) to (iv) heart rate was measured using a three lead surface ECG monitor
connected to an ATARI 360S microprocessor (Royal Hallamshire Hospital) on an IBM 286
personal computer. Both were equipped with analogue to digital signal converters and QRS

algorithm recognition software sampling at 600Hz.
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Quantitative Sensory Testing Procedures

Quantitative sensory thresholds were assessed using the Computer Assisted Sensory
Evaluation IV (CASE IV, Minnesota, USA, Figure A7.3). Figure A7.3 represents the
apparatus through which a standard predicted vibratory stimulus could be applied by the
computer to the part of the body being studied. The CASE IV system was also used to
measure Cooling Detection (CDT) and Heat-Pain Detection Thresholds, by securing a
porcelain block device, though, which predetermined temperature stimuli were applied, to

the foot (Figure A7.3). This method eliminated the touch pressure artefact.

In my studies, quatitative sensory thresholds were only assessed in the lower limb.
Values were expressed as percentiles, where >99" was considered to be abnormal. The
CASE IV system uses 25 stimulation levels for patient testing. These 25 levels are termed
‘just noticeable differences’ or ‘JNDs. Differences of less than one JND are difficult to
distinguish, so that one JND step is the smallest difference that is presented to patients. The
JNDs allow the minimum number of stimulus trials to be used. The test is started at a
baseline level: for vibration stimuli, the baseline is 0 micrometers of displacement; for cooling
stimuli, the baseline is set to 30°C; for heat-pain the baseline is set to 34°C. The thermal
stimulator uses a 4-degrees-per second ramp up and down. For warming stimuli, the
maximum temperature is limited to 50°C. For cooling stimuli, the minimum temperature is

8°C. With the CASE IV system, a statistically validated set of age adjusted normative data is

provided.

One time period with 4,2,1 stepping is an algorithm for quick assessment of vibration
and cooling detection thresholds. This is also the most used in practise (Figure A7.3). The
testing is begun at a middle JND level (Dyck, O'Brien et al. 1993) . The system increases
the next stimuli level if the patient cannot feel the stimulus. As the test progresses, the
number of steps that the stimulus Ievel>increases or decreases changes, beginning with a

JND value of 4, decreasing to 2, and finally to a step value of 1, until the threshold is defined.
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Temperature measurement

The temperature was measured continually during the nerve conduction study. The
temperature at the time of collection of each waveform was automatically be entered into
nerve conduction table. For the lower limb temperature measurements the thermistor was
placed on the dorsum of the foot 2.0cm proximal to the first web space. The temperature of
the lower limb was maintained to at least 31 + 1°C during the entire nerve conduction study.
If the temperature fell below the required temperature before the beginning of the study, the

limb was rewarmed in a warming bath. Room temperature of 24 + 2°C,

Skin preparation

Skin preparation was performed before starting nerve conduction studies to minimise shock
artefact, improve the quality of the study, and reduce the time taken to complete the study.
Skin preparation procedure included cleaning the skin with alcohol and then abrading the

skin with a mild dry abrasive material.

Ground electrode

The ground electrode will be placed between the active recording electrode and the

stimulating electrode.
Nerve stimulation technique

All nerves were stimulated with an electrical stimulator. A constant current stimulator was
used. The strength of the stimulus was increased in stéps until a maximum response was
obtained. When maximum response was obtained the stimulator was increased by 5-10%
more to make sure the response was supramaximal. Sensory responses were averaged at

least three times but no more that ten times. Motor responses were not averaged.
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Measurements

All distances were measured to the nearest 1.0mm. Extreme care was taken to use the

same distance for each subsequent test.

Waveform measurement

All waveform measurements were made at the sweep speed and display sensitivity at which

the waveform was acquired.

Amplitude measurement

The motor amplitude was measured from the baseline to the negative peak. The amplitude
was reported to the nearest 0.1mV. The amplitude of the sensory action potential was
measured from the baseline to the negative peak. When there was a positivity preceding the
negative component of the potential, the amplitude was measured from the base of the

positive peak to the top of the negative peak. Sensory action potential was reported to the

nearest whole number.

Latency measurement

The only latency measured for motor nerve conduction studies was the onset latency. The
onset latency was measured at the take off of the negative component of the M-wave from
the baseline. The latency was measured at the display sensitivity at which the waveform was
acquired. Onset and peak latencies were measured for the sensory potentials. The onset
latency was measured from the take fo of the negative component of the sensory action
potential from the baseline. If a positivity precedes the negative component the onset latency
will be measured from the base of the positivity. The peak latency was measured at the peak

of the negative component of the action potential.
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Reference Electrode: The reference electrode wass placed 4.0cm distal to the active

electrode, distal to the lateral malleolus along the course of the nerve.
Stimulating electrode
Bipolar, surface stimulating electrode

The sural nerve was stimulated 14.0cm from the active recording electrode. The nerve is

located about 3.0cm lateral to the posterior midline.
Filter settings
30Hz LLF, 3.0 kHz HLF

Sweep speed

The sweep speed was set at 1.0ms/division. It was occasionally necessary to use longer

sweep speeds to ensure that the entire waveform is recorded.
Amplifier gain

The -amplifier gain/display sensitivity was set at 10 uV/division. It was occasionally

necessary to use a different sensitivity to ensure that the response is a minimum of two

divisions.
Procedure
The nerve was stimulated at a point 14.0cm proximal to the active recording electrode

When a supramaximal response was obtained, an average at least three but not more then

ten responses was performed

Responses were marked with the cursors. If the instrument automatically marked the

responses, | made sure they are marked correctly and changed the cursors if necessary
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The distance between the active electrode and the site of the cathode stimulating electrode

were measured and recorded

The skin temperature was recorded before and after nerve conduction was completed
Peroneal Motor Nerve conduction Study

Anatomy

The deep peroneal nerve begins at the bifurcation of the common peroneal nerve, between
the fibula and upper part of the peroneus longus, passes obliquely forward beneath the
extensor digitorum longus and comes into relation with the anterior tibial artery above the
middle of the leg; it then descends with the artery to the front of the ankle joint, where it
divides into a lateral and a medial terminal branch. It lies at first on the lateral side of the
anterior tibial artery, then in front of it and again on its lateral side at the ankle joint. In the
leg, the deep peroneal nerve supplies muscular branches to the tibialis anterior (ankle
dorsiflexion), extensor digitorum longus (2" and 5" toe extension), peroneus tertius and
extensor hallucis propius (big toe extension), and an articular branch to the ankle joint. The
lateral terminal branch supplies the extensor digitorum brevis (2™ and 5™ toe extension) and
the tarsal joints, as well as the metatarsophalangeal joints of the second, third and fourth
toes. The medical terminal branch divides into two sensory nerves that supply the adjacent

sides of the great and second toes with sensation (Gray and Standring 2005).

Recording electrode
Disposable xbar electrodes were used

Active electrode: The active electrode was placed over the centre of the palpable portion of
the extensor digitorum brevis muscle on the lateral aspect of the dorsum of the foot, 1.0cm

distal to the calcaneous bone (bony prominence from which the muscle takes its origin)
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Amplifier gain

The amplifier gain/display sensitivity was set at 2.0mV/division. [t was occasionally

necessary to use a different sensitivity to ensure that the response is a minimum of two

divisions.

Procedure

The nerve was stimulated at the ankle, fibula head and the knee.

When a supramaximal response was obtained, the response was recorded.

Responses were marked with cursors. If the instrument automatically marked the responses,

| made sure they were marked correctly and changed the cursors if necessary

The appropriate distances were measured and recorded. The distance between the active
recording electrode and the cathode of the stimulator was measured. The distance between
the active electrode at the ankle and the site of the stimulating cathode electrode was
measured. The distance between the ankle and fibula head was also measured. The

distance between the ankle and the knee was measured.
The temperature was recorded before and after the nerve conduction is completed
Tibial motor nerve conduction study

Anatomy

The tibial nerve is the larger of the two divisions that form the sciatic nerve. It originates
from L4 through S3 roots and travels as part of the sciatic through the posterior thigh under

the long head of the bicep femoris. By the popliteal fossa, it has separated from the sciatic

nerve.
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It supplies the motor innervation of the posterior compartment of the leg and all foot muscles
(except the extensor digitorum brevis). Its motor distribution in the leg includes the
gastrocnemius, plantaris, soleus, popliteus, tibialis posterior, flexor digitorum langus and

flexor hallucis longus.

The nerve is superficial as it passes vertically down the middle of the popliteal fossa. It lies
lateral then crosses superficially to lie medial to the popliteal artery. As it leaves the fossa, it
gives off the sural nerve supplying the posterior leg. lts course then becomes deep as it
passes between the gastrocnemius and soleus muscles, under the tendinous arch formed
by the soleus, lying on the posterior surface of the tibialis posterior muscle and then on the
tibia. 1t again becomes superficial at the upper end of the medial malleolus where it passes
behind it and in front of the calcaneous tendon. Its terminal course takes it under the flexor
retinaculum (posterior tarsal tunnel). The medial calcaneous branches perforate the flexor
retinaculum and supply the skin of the heel and medial side of the sole of the foot. Under
the retinaculum the nerve divides into medial and lateral plantar branches and innervates the

plantar aspect of the foot (Gray and Standring 2005).
Recording electrode
Disposable xbar electrodes were used

Active electrode: The active electrode was placed over the centre of the abductor hallucis

muscle 1.0cm below and 1.0cm behind the prominence of the navicular bone

Reference electrode: The reference electrode was placed over the first metatarsal-

phalangeal joint on the medial surface of the big toe

Stimulating electrode

Bipolar surface stimulating electrode
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* <95M=0; 295" - 99" =1; >99™ - 99.9" = 2; >90.9" =3
** MNCV and MNDL cannot be estimated when CMAP is 0

This composite score was found to be both highly sensitive and specific for the detection of
DPN, as well as, for neurological progression. Based on this composite score, patients were

divided into three groups based on the severity of neuropathy (Table A7.3):
No DPN - NO

Subclinical DPN - N1a and N1b

Established (Painless DPN) — N2 and N3 with negative symptoms

Established (Painful DPN) — N2 and N3 with symptoms of painful DPN for at least six

months
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9 RESEARCH OUTPUT

At the time of writing, the following publications/presentations have resulted from data

accumulated during the course of this work.

1. Peer reviewed first author papers

- Selvarajah D, Wilkinson ID, Emery CJ, Harris ND, Shaw PJ, Witte DR, Griffiths PD,

Tesfaye S. Early involvement of the spinal cord in diabetic peripheral neuropathy. Diabetes

Care. 2006 Dec;29(12):2664-9.*

- Selvarajah D, Wilkinson ID, Emery CJ, Griffiths PD, Gandhi R, Tesfaye S. Thalamic

neuronal involvement in type 1 diabetes mellitus. Diabetologia 51(11): 2088-92.

- Selvarajah D, Tesfaye S. Central nervous systerh involvement in diabetes mellitus. Curr

Diab Rep. 2006,6:431-8.

2. Peer review papers in preparation
-Selvarajah D et al A Randomised Controlled Double Blind Controlled Trial of Cannabis

Based Medicinal Product (Sativex) in Painful Diabetic Neuropathy: Is Depression a Major

Confounding Factor?

3. Books Chapters

-Selvarajah D, Tesfaye S. Diabetic Peripheral Neuropathy. Diabetes in the Arab World. Ed.
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