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Abstract

Painful-diabetic sensorimotor peripheral neuropathy (Painful-DPSN) is a common chronic
complication of diabetes mellitus. Unfortunately, the condition is poorly understood and is
inadequately treated. The studies included within this thesis aimed to improve our
understanding of the mechanisms underlying the condition and its treatment, with a

particular focus upon the central nervous system.

Cross-sectional multi-modal imaging studies were performed to determine the cerebral
structural and functional alterations in the brain in DSPN. In the largest cerebral imaging in
DSPN, volumetric analysis showed group differences in cortical thickness at the primary
somatosensory, primary motor and the insular cortices. There was greater reduction in
cortical thickness in painless- compared with painful-DSPN at the primary somatosensory
and insular cortices; however, at the primary motor cortex the reduction in cortical
thickness was similar for both DSPN groups compared to the non-neuropathy groups. The
cortical thickness correlated with age, as well as measures of neuropathy severity.
Moreover, in sub-group analysis of painful-DSPN participants there was a significant
reduction in anterior cingulate cortical thickness in the irritable nociceptor compared with

the non-irritable nociceptor phenotype.

Proton and 31-phosphorus magnetic resonance spectroscopy (1H- and 31P-MRS,
respectively) neurometabolites were then investigated to determine cerebral neuronal
function in the primary somatosensory cortex and thalamus in participants with type 2
diabetes mellitus (T2DM) and DSPN. This study demonstrated reduced NAA:Cho, indicating
neuronal dysfunction, in the dominant hemisphere thalamus in painless-DSPN compared to

painful-DSPN and HV. The NAA:Cho in painful-DSPN was comparable with HV at this region.



Additionally, the NAA:Cho at the dominant thalamus correlated with body mass index,
blood glucose taken just before the magnetic resonance imaging (MRI) and peroneal motor
nerve conduction velocity. Also, were no group differences in any neurometabolites at the
somatosensory cortex. These results suggest that there is preservation of neuronal function
in the thalamus in painful-DSPN, perhaps as a result of persisting painful neuronal signalling,

essential for the perception of pain.

Using 31P-MRS at the somatosensory cortex, the phosphocreatine to ATP ratio (PCr:ATP) a
marker of energy usage, was numerically the lowest in painful-DSPN, reaching significance
compared with HV and painless-DSPN. The PCr:ATP ratio correlated with a number of
measures of neuropathic pain and was lower in participants with a higher Numeric Rating
Scale (NRS) pain score during MRI, indicating that there is higher energy usage with higher
levels of pain. The pattern of thalamic 31P-MRS metabolite ratios was different in the
thalamus, with markers of mitochondrial function, the inorganic phosphate (Pi) to PCr ratio
(Pi:PCr) and Pi:ATP, being numerically the highest in painless-DSPN and reaching significance
versus HV and painful-DSPN. These ratios correlated more with metabolic measures, rather
than neuropathy/neuropathic pain measures. There were also correlations seen with 31P
and 1H neurometabolites, indicating a correlation with neuronal function and cerebral
energetics. In this first ever study using 31P-MRS in clinical DSPN, these results suggest
differing bioenergetic processes occurring in the thalamus and the somatosensory cortex.
Mitochondrial dysfunction predominated at the thalamus, with preservation of function in
painful-DSPN probably due to persisting neuronal impulses. At the somatosensory cortex,
however, there was a diabetes effect upon this region with evidence of reduced energy

usage in painless-DSPN.



Two pre-post neuroimaging studies were undertaken in participants undergoing the
OPTION-DM trial, a neuropathic pain treatment randomised controlled trial to determine
the most efficacious pathway for the management of painful-DSPN. Cerebral images were
taken at the end of a treatment pathway within the study when participants were optimally
treated for their neuropathic pain, and again one-week later after medication had been
withdrawn. There were no significant differences in neurotransmitter levels; although,
methodological limitations may have contributed to the negative findings in the study.
However, resting state function MRI analysis showed a significant increase in functional
connectivity between the left thalamus and somatosensory cortex and left thalamus and
insular cortex after withdrawal of neuropathic pain medications. The change in thalamic to
somatosensory cortical functional connectivity also correlated with severity of baseline pain
numeric rating and baseline total neuropathic pain symptom inventory scores. This study
therefore further highlights the importance of the function of the thalamus as a pivotal pain
processing centre in painful-DSPN. Moreover, functional connectivity of the thalamus to
other regions of the brain may act as biomarkers of pain in clinical trials. However, future

validation is required in prospective studies.

The final study in this thesis performed thigh skin biopsies in four well characterized groups
with the aim to determine whether neuronal or vascular markers in the skin differentiate
painful- and painless-DSPN. The study demonstrated there was a significant increase in the
vascular marker von Willebrand Factor (VWF) in painful-DSPN compared with all other
groups. This confirms the findings of a previous study within the research group when

biopsies were taken at the ankle. Further mechanistic studies are necessary to determine



the cause of the elevated vVWF in the skin of patients with painful-DSPN; however, vWF may

act as a peripheral marker of painful-DSPN in the future.

Overall, these studies highlight key mechanisms of cerebral involvement in painless- and
painful-DSPN. Further mechanistic studies, particularly prospective with longitudinal

imaging are necessary to determine the underlying mechanisms of neuroplasticity in DSPN.



Overview of Studies

Title Aims Design Results Conclusions
Chapter 3 To determine Case Reduced S1/M1 DSPN leads to structural

cerebral controlled cortical thickness in alterations in brain
Cerebral morphological Ccross- painless- and painful- regions involved in
morphometric alterations in sectional DSPN, which related to | somatosensory/ motor
alterations in DSPN (painless, volumetric | neurophysiological function. Neuroplasticity
painless- and painful and IR- and | brain measures. Reduced at the ACC may play a role
painful-DSPN NIR-phenotypes) imaging ACC cortical thickness | determining clinical

and their study. in the IR-painful-DSPN | phenotypes in painful-

relationship to phenotype. DSPN.

clinical/

neurophysiological

measures.
Chapter 4 To assess proton Case Reduced dominant Diabetes leads to

metabolite ratios, | controlled hemisphere thalamic neuronal dysfunction in
Cerebra! as measures of Cross- NAA:Cho in painless- the thalamus especially in
Magnetic neuronal function, | sectional DSPN compared with painless-DSPN, but not in
Resonance in the S1 cortices 1H-MRS painful-DSPN and HV, painful-DSPN. This
Spectroscopy and thalami in brain with lesser reductions | suggests a preservation of
alterations in patients with imaging in no-DSPN. NAA:Cho neuronal function which
DSPN: Neuronal T2DM and DSPN. study. correlated with BMI may be due to persisting
function in and glucose. No group | neuronal impulses due to
painful- and difference in S1 1H neuropathic pain.
painless-DSPN metabolite ratios.
Chapter 5 To assess 31- Case S1 cortex: PCr:ATP was | Mitochondrial

phosphorus controlled | lowest in painful-DSPN | dysfunction at the level of
Cerebra! metabolite ratios, | cross- and significantly higher | the thalamus may be the
Magnetic as measures of sectional in painless-DSPN. cause of neuronal
Resonance cerebral 31P-MRS PCr:ATP related to dysfunction in painless-
Spectroscopy bioenergetics/ brain measures of DSPN and to some extent
alterations in mitochondrial imaging neuropathic pain. in no-DSPN, whilst there
DSPN: Cerebral dysfunction, of the | study. is retained mitochondrial

bioenergetics in
painful- and
painless-DSPN

S1 cortices and
thalami in patients
with DSPN.

Thalami: Pi:PCr and
Pi:ATP were highest in
painless-DSPN and
correlated with HbAlc
and duration of
diabetes. NAA:Cho and
Pi:PCr correlated.

and neuronal function in
painful-DSPN. At the S1
cortex, there is increased
cortical energy
metabolism in painful-
DSPN, which may act as a




marker of neuropathic
pain in diabetes.

Chapter 6 To determine Pre-post GABA and Glx levelsin | ACC GABA and Glx are
whether GABA/GIx | 1H-MRS the ACC were not unsuitable biomarkers of
The impact of levels change brain different after painful-DSPN in clinical
optimised when painful- imaging withdrawal of trials.
neuropathic pain DSPN patients are | study. treatment. Glx levels
treatme.nt on the optimally treated correlated with pain
magnetic for painful severity when patients
resonance symptoms were off neuropathic
Imaging compared to after pain treatments.
correlates of treatment is
painful-DSPN 1: withdrawn.
Neurotransmitter
s
Chapter 7 To determine Pre-post rs- | Functional connectivity | Functional connectivity of
whether there are | fMRI brain | rose between the left the thalamus, S1 and
The impact of differences in imaging thalamus and S1 insular cortex are shown
optimised cerebral neuronal | study. cortex and the left to be key components of
neuropathic pain | ¢\ +ional thalamus and insular the cerebral mechanisms
treatmentonthe | ... tivity in cortex after treatment | of painful-DSPN. These rs-
magnetic patients with withdrawal. AS1- fMRI measures may act as
.resorjance painful-DSPN on Thalamic connectivity pain biomarkers in clinical
imaging neuropathic pain correlated with trials.
correlates of treatments and measures of pain and
painful-DSPN 2: after these had was higher in
Functional been participants with High
connectivity discontinued. compared to Low
Baseline Pain groups.
Chapter 8 To determine if Case IENFD was not PGP 9.5 IENFD does not
there are any controlled | different between discriminate between
Peripheral differences in Cross- painful- and painless- painful- and painless-
vascular markers peripheral sectional DSPN. VWF stained DSPN. The raised VWF in
of painful-DSPN: | \ o i1ar markers skin biopsy | dermal vessels were thigh skin of painful-DSPN
A Pilot Study at the thigh in study. higher in painful-DSPN | suggests altered

participants with
painful- and
painless-DSPN
compared with
controls.

compared to all other
groups and correlated
with clinical and
neurophysiological
measures, including
the severity of
neuropathic pain.

microvascular function
associated with
neuropathic pain and if
replicated in a larger
study may act as a
diagnostic predictor of
painful-DSPN.
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1. Introduction

1. 1 Diabetes Mellitus

Diabetes mellitus (DM) is a common group of disorders characterised by chronic
hyperglycaemia and metabolic dysfunction. Type 1 diabetes (T1DM) is associated with
absolute insulin deficiency because of autoimmune destruction of pancreatic beta-cells. In
type 2 diabetes (T2DM), hyperglycaemia develops secondary to insufficient insulin

production due to insulin resistance.

There is currently a worldwide pandemic of diabetes mellitus. The International Diabetes
Foundation estimated that 463 million people were diagnosed with diabetes in 2019, giving
a worldwide prevalence of 9.3%, and this is forecasted to rise to 10.9% by 2045 (Saeedi et
al., 2019). Diabetes and its chronic complications are associated with enormous healthcare
costs, the estimated global direct health expenditure was 760 billion USD in 2019 (Williams

et al., 2020).

1.2 Complications of Diabetes Mellitus

There are many complications attributable to diabetes which are broadly categorised as
acute or chronic. The most common acute complications are related to severe

hyperglycaemia or hypoglycaemia, the latter generally occurring due to diabetes
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treatments. Chronic complications are typically classified as either macrovascular or
microvascular, both of which may cast a heavy burden on patients’ lives and are
independently associated with an increased risk of death (Mohammedi et al., 2017).
Macrovascular disorders associated with diabetes include myocardial infarction, peripheral
vascular disease and cerebrovascular accidents. The microvascular complications are
diabetic retinopathy, nephropathy and neuropathy. Diabetic retinopathy affects up to 100
million people globally and is a common cause of visual impairment and blindness (Leasher
et al., 2016, Corcéstegui et al., 2017). Whereas diabetic nephropathy is a leading cause of
end stage renal disease and even the presence of milder forms of the condition confers an
elevated mortality risk (Matsushita et al., 2010, llyas et al., 2017). There is a considerable
overlap in the underlying aetiopathogenesis for all three microvascular, and the
macrovascular, complications, but the rest of the introduction will focus on neuropathy

(Brownlee, 2001, Forbes and Cooper, 2013).

1.3 Diabetic Neuropathy

1.3.1 Classification of diabetic neuropathies

The diabetic neuropathies are heterogenous in their pathophysiology, neurological deficits,
clinical features and treatment, with a classification shown in Table 1.1. The diffuse
neuropathies affecting the peripheral and autonomic nervous system are the most
common, with diabetic sensorimotor polyneuropathy (DSPN) the most prevalent. Indeed,

the term ‘diabetic neuropathy’ is often used to refer to DSPN only. Diabetic autonomic
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neuropathy may affect any organ within the body, with cardiac autonomic neuropathy
(CAN) the most common. CAN may present with orthostatic hypotension or exercise
intolerance, but is often subclinical, requiring cardiac autonomic functions tests (AFT) to

make the diagnosis. Mononeuropathies may be due to microvasculitis induced ischaemic

injury or nerve entrapment. Radiculoplexus neuropathies have a common pathophysiology

and may involve the lower or upper limb or cause truncal radiculopathy.

Generalized symmetrical
polyneuropathies

Diabetic sensorimotor polyneuropathy
* Mixed sensorimotor neuropathy

* Predominantly large-fibre neuropathy
* Predominantly small-fibre neuropathy
* Pure small-fibre neuropathy

Acute painful-distal sensorimotor

polyneuropathies

* Treatment-induced neuropathy
of diabetes mellitus

* Hyperglycaemia-induced neuropathy

Autonomic neuropathy
* Cardiovascular autonomic neuropathy
- Reduced heart rate variability
- Resting tachycardia
- Orthostatic hypotension
- Exercise intolerance
- Silent myocardial ischaemia

- Sudden cardiac death

* Gastrointestinal autonomic neuropathy
- Oesophageal dysmotility
- Gastroparesis
- Diabetic diarrhoea
- Constipation
- Faecal incontinence
* Urogenital
- Neurogenic bladder

Table 1.1. Classification of Diabetic Neuropathies, reproduced from Sloan et al. (Sloan et al., 2021).

- Sexual dysfunction (erectile and
female sexual dysfunction; retrograde
ejaculation)

* Sudomotor dysfunction

- Peripheral anhidrosis

- Hyperhidrosis

- Gustatory sweating
Metabolic (that is, hypoglycaemia
UNAWArENEss)
Pupillary dysfunction
Focal or multifocal neuropathies
Mononeuropathy
* Mononeuropathies

- Cranial nerve (for example, oculomotor

nerve palsy or facial nerve palsy)
- Peripheral nerve (for example,

peroneal nerve palsy)

Mononeuritis multiplex

Radiculoplexus neuropathy
* Radiculopathy
- Thoracic
- Abdominal
- Thoraco—abdominal
* Radiculoplexopathy
- Lumbaosacral radiculoplexopathy
- Cervical radiculoplexopathy
Entrapment neuropathies
* For example, carpal tunnel syndrome,
ulnar neuropathy
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1.3.2 Definition of DSPN, painful-DSPN and small fibre neuropathy

The Toronto Diabetic Neuropathy Expert Group convened in 2009 and developed definitions
and diagnostic criteria for DSPN and painful-DSPN, shown in Table 1.2 (Tesfaye et al., 2010).
These definitions are still widely used. Another more simple definition for clinical practice
was suggested by the 2017 American Diabetes Association (ADA) position statement, ‘the
presence of symptoms and/or signs of peripheral nerve dysfunction in people with diabetes

after the exclusion of other causes’ (Pop-Busui et al., 2017).

Neuropathic pain has been defined by the International Association for the Study of Pain
(IASP) as ‘pain caused by a lesion or disease of the somatosensory nervous system’ (IASP,
2012). The 2009 Toronto Diabetic Neuropathy Expert Group definition adapts the 2008

definition proposed by IASP, Table 1.2 (Treede et al., 2008).

Small fibre neuropathy (SFN) refers to selective damage to thinly myelinated A and
unmyelinated C fibres (Lauria and Lombardi, 2012). These fibres are responsible for
transmission of nociception. A definition for SFN currently does not exist, but the diagnostic
criteria proposed by the Toronto Diabetic Neuropathy Expert Group is included in Table 1.2

(Tesfaye et al., 2010).
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Definition of typical diabetic Symmetrical, length dependent sensorimotor

length dependent sensorimotor | polyneuropathy attributable to metabolic and microvessel
polyneuropathy (DSPN) alterations as a result of chronic hyperglycaemia exposure
(diabetes) and cardiovascular risk covariates

Definition of peripheral Pain arising as a direct consequence of abnormalities in the
neuropathic pain in diabetes peripheral somatosensory system in people with diabetes

1. Possible: the presence of length dependent
symptoms and/or clinical signs of small fibre damage

2. Probable: the presence of length-dependent
symptoms, clinical signs of small fibre damage, and
normal NCS

3. Definite: the presence of length-dependent
symptoms, clinical signs of small fibre damage,
normal NCS and altered IENFD at the ankle or
abnormal QST thermal thresholds at the foot

Diagnostic criteria of small fibre
neuropathy

Table 1.2. The definition of DSPN and painful-DSPN and diagnostic criteria of small fibre neuropathy.
The grading of small fibre neuropathy, rather than the definition, is provided as a definition of small
fibre neuropathy is currently unavailable (Tesfaye et al., 2010). IENFD, Intra epidermal nerve fibre
density; NCS, Nerve conduction studies; QST, Quantitative Sensory Testing.

1.3.3 Epidemiology of DSPN

The exact prevalence of DSPN is unknown (Ziegler et al., 2014). This uncertainty exists
predominantly because of the methodological discrepancies in the epidemiological
literature studying the disorder. The reported prevalence differs depending on the
diagnostic criteria used, the population under investigation and the type of diabetes. The
influential study, ‘The Rochester Diabetic Neuropathy Study’ found 60% of those with
diabetes to suffer from a neuropathic disorder of some description including DSPN, other
diabetic neuropathies and neuropathy unrelated to diabetes (Dyck et al., 1993). When less
sensitive measures of DSPN are used, such as questionnaire based assessments without
clinical examination or neurophysiological measures, the prevalence may be as low as 11-
13% in TIDM (Jeyam et al., 2020, Mizokami-Stout et al., 2020) or 13-18% in T2DM
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(Andersen et al., 2018, Christensen et al., 2020, Gylfadottir et al., 2020). However, when
neurophysiological measures, such as nerve conduction studies (NCS), are performed the

prevalence rises to 42%-54% (Dyck et al., 1993, Partanen et al., 1995, Martin et al., 2014).

1.3.4 Risk factors for DSPN

Advancing age, duration of diabetes and elevated glycated haemoglobin (HbA1lc) levels are
the most well-known risk factors for the development and progression of DSPN, shown in
Figure 1.1 (Maser et al., 1989, Young et al., 1993, Tesfaye et al., 1996, Adler et al., 1997,
Tesfaye et al., 2005, Ziegler et al., 2014). In addition, risk factors commonly associated with
cardiovascular disease are also related to DSPN, including: hypertension, obesity,
dyslipidaemia, smoking and an increase waist/hip ratio (Tesfaye et al., 2005, Jaiswal et al.,
2017, Andersen et al., 2018, Jeyam et al., 2020, Mizokami-Stout et al., 2020). Preliminary
evidence has also implicated certain genetic polymorphisms which may pre-dispose patients
to DSPN, such as variants in the angiotensin converting enzyme and 5,10-methylene-
tetrahydrofolate reductase enzyme genes (Witzel et al., 2015). A recent genome-wide
association study has also shown a gene encoding for the voltage-gated sodium channel

(VGSC) Nav 1.2 has a protective effect upon the development of DSPN (Tang et al., 2019).
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Figure 1.1. Risk factors for incident neuropathy. The EURODIAB Prospective Complications Study
determined the odds ratio for the risk factors for DSPN in a cohort of 1101 patients with TIDM
followed up for 7.3 £ 0.6 years. BMI, body mass index; CVD, cardiovascular disease. Reproduced

from (Tesfaye, 2011), original article (Tesfaye et al., 2005).

1.3.5 Pathology and pathogenesis of DSPN

DSPN is a chronic and progressive peripheral neuropathy, affecting the most distal terminals

of peripheral nerves first before spreading proximally in a length dependent manner.
Sensory nerves appear to be affected before motor nerves, with peripheral autonomic and
sudomotor nerves impacted also. The entire peripheral nerve system is involved in DSPN,

including the nerve axon, Schwann cells, dorsal root ganglion and microvasculature (Figure

1.2). Early in the disease course there is a decline in lower-leg intra-epidermal nerve fibres,

which are the end terminals for the nociceptive small sensory nerve fibres (Kennedy et al.,
1996, Umapathi et al., 2007). As DSPN advances, ankle epidermal innervation may be

entirely depleted and more proximal sites, such as the thigh, also have a reduction in IENF
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density (IENFD) consistent with the length dependent disease process (Pittenger et al.,

2004).
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Figure 1.2. Peripheral and Central Nervous System alterations in DSPN. Peripheral alterations include
a reduction in the density of intra-epidermal nerve fibres and sural nerve myelinated fibres, sural
nerve endoneurial microangiopathy with increased basement membrane cell thickening,
endoneurial cell proliferation and vessel occlusion, and sural nerve epineurial arterial attenuation,
venous distention and tortuosity, and arteriovenous shunting. Central alterations include structural
changes (such as to the spinal cord and somatosensory cortex), neurochemical changes (for
example, a reduction in the N-acetylaspartate to creatine (NAA:Cr) ratio in the thalamus and white
matter tracts of the parietal lobe), vascular alterations [In the anterior cingulate cortex (ACC) as well
as thalamic hypervascularity] and functional alterations (such as abnormal resting and task-based
functional connectivity). Reproduced from (Sloan et al., 2021).

The pathological changes in DSPN have been well studied using nerve samples obtained
from amputation, autopsy, or biopsy, typically from the sural nerve. The neuronal

morphological features of DSPN include axonal degeneration, demyelination, Schwann cell
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pathology and microangiopathy, shown in Figure 1.2 (Malik, 1997). Endoneurial vessels
develop the most advanced angiopathy, with accumulation of the basal lamina, reduced
luminal area and endothelial cell hyperplasia and hypertrophy (Powell et al., 1985, Malik et
al., 1993). However, epineurial blood vessels also show profound morphological

abnormalities (Tesfaye et al., 1993).

The pathophysiology of DSPN is highly complex and remains incompletely understood. It
involves several interrelated pathways, which target multiple cell types ultimately inducing
neuronal dysfunction and nerve cell death (Figure 1.3). The vascular abnormalities seen in
DSPN result in reduced neuronal blood flow, inducing nerve hypoxia and impaired neuronal
function (Newrick et al., 1986, Tesfaye et al., 1992). In addition, endothelial and capillary
dysfunction contribute to ischaemic injury in DSPN (Veves et al., 1998, @stergaard et al.,

2015).

As a result of peripheral neurons being unable to regulate their uptake of glucose, in
diabetes glucose is diverted down a number of molecular pathways which lead to
downstream neuronal injury (Tomlinson and Gardiner, 2008). These key pathways include
the polyol pathway, hexosamine pathway and activation of protein kinase C (Cameron et al.,
2001). Glucose also undergoes irreversible enzymatic reactions with protein, lipids and
nucleic acids to form advanced glycation endproducts which can be deposited throughout
the peripheral nervous system, inducing permanent structural changes. Additionally,
neurotrophic factors have altered expression and function in diabetes, which may result in
impaired neuronal regeneration (Apfel, 1999). Insulin also acts as a neurotroph, and both
reduced signalling in TLDM and insulin resistance in T2DM have been implicated in the

pathogenesis of DSPN (Kim and Feldman, 2012). Fatty acids and Low-Density Lipoproteins
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also have a toxic effect on the peripheral nervous system, which is consistent with obesity

and dyslipidaemia being risk factors for DSPN (Vincent et al., 2011).
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Figure 1.3 Mechanisms of microvascular and neuronal damage in DSPN. Disruption of neuronal
support by Schwann cells and the vascular system contributes to neuropathy, in conjunction with

the direct effects of diabetes on neurons. ER, endoplasmic reticulum; NADPH, Nicotinamide adenine

dinucleotide phosphate; Ros, reactive oxygen species; Rns, reactive nitrogen species. Reproduced
from (Sloan et al., 2018).

Hyperglycaemia, dyslipidaemia, impaired insulin/neurotrophic signalling culminate in
downstream injurious mechanisms including oxidative stress, inflammation and
mitochondrial dysfunction (Feldman et al., 2017). Mitochondrial dysfunction is a common
disease mechanism in several peripheral neuropathic disorders and is described as a key
factor in DSPN (Cashman and Hoke, 2015). The unique bioenergetic requirements for the

peripheral neurons, particularly sensory neurons, may make them vulnerable to
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mitochondrial dysfunction. Structural abnormalities in mitochondria have been
demonstrated in DSPN, including evidence of increased mitochondrial fission, relative to
biogenesis, resulting in the production of small dysfunction mitochondria (Vincent et al.,
2010). Mitochondrial dysfunction is linked to oxidative stress, which develops due to the
imbalance of injurious reactive oxygen species (ROS) generation and cellular antioxidant
defence mechanisms. ROS are generated as a physiological by product of electron leakage
during mitochondrial oxidative phosphorylation (Naudi et al., 2012). It appears that acute
hyperglycaemia results in increased ROS generation and a reduction in adenosine tri-
phosphate (ATP) production due to mitochondrial dysfunction (Brownlee, 2001, Feldman et
al., 2017). Whereas in chronic hyperglycaemia there is a reduction in cellular respiration and
ROS generation (Fernyhough, 2015). Nutritive excess in diabetes causes down regulation of
the AMP-activated protein kinase and proliferator-activated receptor y coactivator-1la
signalling pathway, which is the pathway responsible for sensing metabolic demands of the
cell and regulation of mitochondrial activity (Chowdhury et al., 2013). Down regulation of
this pathway leads to a shift in neuronal metabolism to the less efficient anaerobic glycolysis
(Fernyhough, 2015). This maladaptation may lead to neuronal energy failure under stress,
with the distal terminals most at risk of bioenergetic disruption, which may in part explain
why neurons are affected in a distal-proximal gradient with the IENF impacted first

(Chowdhury et al., 2013, Fernyhough, 2015).
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1.3.6 Clinical consequences of DSPN

Several clinical sequalae may develop because of DSPN. Diabetic foot ulceration is a
common foot diabetic foot complication, for which the loss of protective sensation in DSPN
is the primary risk factor (Reiber et al., 1999). The pathway to ulceration and amputation is
shown in Figure 1.4. Motor neuropathy and sudomotor can also increase the risk of foot
ulceration due to foot deformity and skin dryness, respectively (Boulton et al., 2004).
Diabetic foot ulcers are challenging to manage and result in enormous healthcare
expenditure (Armstrong et al., 2017). Unfortunately, diabetic foot ulceration often requires
lower-limb amputation, particularly when they present late. Charcot neuroarthropathy is a
rarer complication of DSPN and without prompt treatment can cause chronic foot
deformity, putting the foot at high risk of ulceration (Figure 1.4). Additionally, the presence
of DSPN (Brownrigg et al., 2016), foot ulceration (Walsh et al., 2016) and lower limb
amputation are associated with a high risk of cardiovascular disease and mortality (Dietrich

et al., 2017).
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Figure 1.4. The pathways to diabetic foot ulceration and amputation. Diabetic sensorimotor

peripheral neuropathy (DSPN), vascular disease and foot deformity might result in foot ulceration. In
Charcot neuroarthropathy, minor trauma of the foot or ankle triggers an inflammatory cascade with
a subsequent imbalance of the receptor activator of NF-kB ligand (RANKL)—osteoprotegerin axis,
promoting osteoclastic bone resorption. A cycle of fracture and dislocation develops which is further
compounded by weight bearing. Blue boxes signify risk factors to foot ulceration and poor wound
healing. Orange boxes represent the pathway to amputation of the ulcerated foot. The grey boxes
indicate the pathway to Charcot neuropathy. AGE, advanced glycation end-product. Reproduced
from (Sloan et al., 2021).

DSPN is frequently asymptomatic, particularly in its early stages; as it progresses it can cause
impaired balance, reduced muscle strength and altered gait, increasing the risk of falls and
potential bone fractures (Alam et al., 2017). Additionally, patients with DSPN may develop
peripheral neuropathic pain (painful-DSPN). This condition can have a considerable impact
upon its sufferers’, leading to a reduction in measures of quality of life (Benbow et al., 1998,
Galer et al., 2000, Van Acker et al., 2009, Alleman et al., 2015). Moreover, patients often
suffer with other diabetes related co-morbidities, most commonly related to cardiovascular

disease (Sadosky et al., 2015), and are also more likely to have depression, anxiety and sleep
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disruption (Gore et al., 2005, Selvarajah et al., 2014a, D'Amato et al., 2016). Data from the
United States also found that patients with severe painful-DSPN have approximately three-
fold greater all-cause medical costs than those with DSPN and five-fold greater than
diabetes alone (Sadosky et al., 2015). In addition, painful-DSPN leads to disruption in
employment, with higher rates of unemployment and absenteeism, and reduced work-

based productivity for those who do work (Télle et al., 2006, Taylor-Stokes et al., 2011).

1.4 Painful Diabetic Neuropathy

1.4.1 Epidemiology of painful diabetic neuropathy

Epidemiological studies of painful DSPN have similar limitations to those studying DSPN,
with the added difficulty of the diagnosis of neuropathic pain (Ziegler et al., 2014, Hébert et
al., 2017). The reported prevalence ranges from 13.3% to 34% in the Western world in
patients with diabetes (Daousi et al., 2004, Davies et al., 2006, Van Acker et al., 2009, Ziegler
et al., 2009, Abbott et al., 2011, Alleman et al., 2015). There may also be considerable
regional variation, the prevalence has been reported to be as high as 34.5% in Qatar
(Ponirakis et al., 2019), 42.2% in Eastern Libya (Garoushi et al., 2019), 53.7% in a study
across the Middle East (Jambart et al., 2011), and 65.3% in Saudi Arabia (Halawa et al.,

2010).

39



1.4.2 Risk factors of painful diabetic neuropathy

Similar to the epidemiological investigation of painful-DSPN, limitations in the
methodological study of risk factors also exist (Hébert et al., 2017). Factors have been
proposed to predispose to painful-DSPN, when painful-DSPN and DSPN are compared,
include; obesity, age, duration of diabetes (Van Acker et al., 2009, Ziegler et al., 2009) and
HbA1lc (Themistocleous et al., 2016, Hébert et al., 2017). These risk factors suggest that
painful-DSPN may be a manifestation of more severe peripheral nerve injury. Several
studies have also found a relationship between DSPN severity and the presence and/or
severity of neuropathic pain; however, others have found no such association (Shillo et al.,
2019b). Moreover, female gender has been proposed as a risk factor for painful-DSPN, a
finding which is consistent with other chronic pain conditions (Abraham et al., 20183,
Cardinez et al., 2018, Truini et al., 2018). Genetic factors have also been implicated in the
pathogenesis of painful-DSPN, Figure 1.5. Genome-wide association studies have related
polymorphisms in Chr8p21.3 and Chr1p35.1 in painful-DSPN, although the methods of case
definition were inadequate (Meng et al., 2015a, Meng et al., 2015b). Whilst mutations in the
voltage gated sodium channel Nav 1.7 have also been associated with painful-DSPN in
smaller, studies with mechanistic investigation of the variants (Blesneac et al., 2017,

Alsaloum et al., 2019).
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Figure 1.5. Mechanisms of painful DSPN. Numerous alterations occur in the peripheral and central
nervous system in painful diabetic sensorimotor peripheral neuropathy (DSPN), leading to an overall
gain of facilitatory and loss of inhibitory signalling. Predisposing factors for painful-DSPN might
include genotype, metabolic and vascular abnormalities, and inflammation. Peripheral nerve
alterations: nerve injury induces nociceptor hypersensitivity through inflammation, altered distal
transducer activity (for example, TRPV1, TRPMS8 and P2X3) and altered expression of ion channels
(for example, sodium, potassium and calcium channels) (part a). Alterations in synaptic transmission:
persistent nociceptive input increases pre-synaptic neurotransmitter release (for example,
glutamate and substance P) and the potentiation of post-synaptic signalling to the spinal cord via
enhanced AMPA and NMDA receptor activation. Substance P acts on neurokinin 1 (NK1) to add to
this excitation (part b). Reduced spinal inhibition through GABA and the transporter potassium-
chloride transporter member 5 (KCC2) aids enhanced pain messages. Reduced noradrenaline
descending inhibition via a; adrenoceptors (azRs) and increased 5-hydroxytryptamine (5-HT)
descending excitation via 5-HT3 receptors add to the dominance of excitatory transmission. Central
sensitization develops through an imbalance in the facilitation and inhibitory modulation of pain
signals in the spinal cord (parts c and d) and brain. Autonomic alterations and sleep disturbance as
well as psychological, behavioural and emotional factors further enhance pain perception. AMPAR,
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; Ca3.2, T-type calcium channel 3.2;
GABA, y-aminobutyric acid; Kv, potassium channel; Nav1.7, sodium ion channel 1.7; NMDAR, N-
methyl-D-aspartate receptor; P2X3, P2X purinoceptor 3; TRPMS, transient receptor potential cation
channel subfamily M member 8; TRPV1, transient receptor potential cation subfamily V member 1;
VGCC, voltage-gated calcium channel. Reproduced from (Sloan et al., 2021).

1.4.3 Pathophysiology of neuropathic pain

This section will firstly summarize the current understanding of the pathophysiology of
general neuropathic pain states including, but not specific to, painful-DSPN. Following

sections will focus solely upon the mechanisms of painful-DSPN.

Pain is defined by the IASP as ‘an unpleasant sensory or emotional experience associated
with actual or potential tissue damage, or described in terms of such damage’ (I1ASP, 2012).
Neuropathic pain occurs when lesions or disease of the somatosensory nervous system lead
to altered and disordered transmission of sensory signals to the central nervous system
(CNS) (Colloca et al., 2017). Painful-DSPN is a cause of neuropathic pain, with other
conditions including postherpetic neuralgia, trigeminal neuralgia, spinal cord injury, cancer

and radiculopathies. In neuropathic pain disorders, there is a gain of excitation and
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facilitation with a loss of inhibition of pain signals throughout both the peripheral and

central nervous system.

The perception of peripheral pain is mediated by specialized sensory neurons, the Ab and C
fibres. These neurons normally have a high threshold for transduction of sensory stimuli,
only firing when there is the threat of tissue damage (Dubin and Patapoutian, 2010).
However, this threshold is lowered in neuropathic pain conditions where the peripheral
nerves become hypersensitive through altered ion channel transducer activity and
neurogenic inflammation, see Figure 1.5 (Rosenberger et al., 2020). A number of ion
channels are responsible for the transduction of noxious stimuli into action potentials with
different channels mediating different sensory modalities, although there is considerable
overlap of function (Lumpkin and Caterina, 2007). Transient receptor potential V1 (TRPV1)
are polymodal receptors which are important in the transduction of noxious heat pain.
When activated by heat, acid or agonists, such as capsaicin in chilli pepper, TRPV1 opens
and initiates depolarization of nociceptive sensory nerves (Anand and Bley, 2011). It has
been hypothesised that nociceptors in painful-DSPN may be exposed to relatively greater
levels of the neurotrophin nerve growth factor, which may up-regulate the production of
pro-excitatory proteins such as TRPV1, which could be why patients with neuropathic pain
often exhibit burning pains (Baron et al., 2010). Other important mediators of noxious pain

include TRPA1 and TRPMS8 which are responsible for transduction of cold pain.

Primary afferent input from the peripheral nerves is essential for ongoing neuropathic pain.
A study found that administering a peripheral nerve block with lidocaine completely
abolishing ipsilateral neuropathic pain (Haroutounian et al., 2014). The electrical properties

of peripheral nerves are altered in neuropathic pain, with increased spontaneous activity
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and reduced levels of conduction failure (Ochoa et al., 2005, Serra et al., 2012). In painful
peripheral neuropathies, it has been proposed that there are alterations in the function and
expression of sodium, potassium and calcium ion channels in the peripheral and central
nervous system (Colloca et al., 2017). VGSC are responsible for the transduction of sensory
stimuli, initiating action potentials and neurotransmitter release at the synaptic terminal
(Bennett et al., 2019). There are nine known alpha-subunits of VGSC, with Nav 1.7, 1.8 and
1.9 the most relevant to painful neuropathies. Although their role in painful neuropathies is
incompletely understood, rare inheritable pain conditions, such as erythromelalgia and
paroxysmal extreme pain disorder, develop as a result of gain-of-function mutations in Nav
1.7 (Bennett and Woods, 2014). Moreover, patients with painful peripheral neuropathies
have been shown in genes encoding Nav 1.7 (Faber et al., 2012a), Nav 1.8 (Faber et al.,
2012b) and Nav 1.9 (Huang et al., 2014). Alterations in the function and expression of
voltage gated potassium channels (Kv) have also been implicated in the pathogenesis of
painful neuropathies. Kv is important for the regulation of the initiation of action potentials
and their frequency (Du and Gamper, 2013). In models of neuropathic pain, there has been
shown to be a reduction in the function of Kv, which is related to neuronal hyperexcitability.
In a study of a rodent model of painful-DSPN, the potent activator of Kv retigabine was
effective at reducing mechanical hypersensitivity (Djouhri et al., 2019). Voltage gated
calcium channels (VGCC) are a key target for pharmacotherapeutic agents in neuropathic
pain, such as pregabalin and gabapentin. The N-type of VGCC are expressed at the
presynaptic terminal and in response to an action potential they initiate the release of
nociceptive neurotransmitters to the spinothalamic neurons. (Zamponi et al., 2009). N-type
VGCC are crucial to the development of neuropathic pain, with rodent models lacking these

channels demonstrating markedly reduced symptoms of neuropathic pain (Saegusa et al.,
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2001). Pregabalin and gabapentin target the a26 subunits from the dorsal root ganglion and
reduce the number of synaptic vesicles fusing with the presynaptic membrane, thereby
reducing the release of neurotransmitters into the synapse and preventing the propagation

of nociceptive impulses to the peripheral nervous system.

The spinal cord is the first relay for nociceptive neurons from the peripheral nervous system,
where excitatory and inhibitory interneurons modulate the output of the spinal cord
(D'Mello and Dickenson, 2008). The spinal cord neurons predominantly provide output to
the thalamus, via the spinothalamic tract; however, there is also output to the affective
areas of the brain, which are important in the emotional response to pain (Tesfaye et al.,
2013). Increased pain signal transmission from the peripheral nerve prime the spinal cord to
enhance evoked responses to stimuli, which have greater effect due to increased sensitivity
of peripheral nerves, see Figure 1.5 (D'Mello and Dickenson, 2008). Increased
neurotransmitter release into the synapse mediates enhanced activation of N-methyl-D-
aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptors which potentiate allodynia/hyperalgesia and the transmission of pain signals.
Spinal hyperexcitability is also caused through a loss of y-aminobutyric acid (GABA) release
from inhibitory interneurons (Colloca et al., 2017). In addition, CNS immune cells, microglia,
have been postulated to contribute to the maintenance and enhancement of pain signals in
the spinal cord in neuropathic pain (Rosenberger et al., 2020). They activate in response to
peripheral nerve injury and release pro-inflammatory mediators, which further enhance

nociceptive signalling.

The cerebral involvement in pain is highly complex, also see Figure 1.5. As indicated by its

definition given above, pain is a subjective experience which is influenced by not only
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pathological factors, but also centrally mediated factors such as memory, emotion and
cognition (Tracey and Mantyh, 2007). Imaging techniques, which will be described in
subsequent sections, have identified a series of structures within the brain that are
activated during the perception of acute pain (Apkarian et al., 2005). Studies have identified
a range of brain regions with alterations in their structure, function, neurochemistry and
vascular supply, using advanced imaging techniques (Tracey et al., 2019). Similar to the rest
of the nervous system, there is a shift towards excitation and reduced inhibition of pain
signals to the brain (Colloca et al., 2017). Persistent inputs to brain regions mediation
emotion such as the cingulate cortex and amygdala areas are thought to mediate fear,
depression and sleep problems (Tesfaye et al., 2013). In addition, there is dysfunction of
descending endogenous inhibition of pain signalling, mediated by affective brain centres
[e.g. anterior cintulate gyrus (ACC), amygdala and hypothalamus], the descending brain
modulatory system in the brainstem and spinal noradrenergic and serotonergic pathways
(D'Mello and Dickenson, 2008, Tesfaye et al., 2013, Colloca et al., 2017, Rosenberger et al.,

2020).

1.4.4 Differences between painful- and painless-DSPN.

The specific mechanisms leading to neuropathic pain in DSPN are poorly understood but a
number of potential contributory factors have been proposed, Table 1.3 (Shillo et al.,

2019b).
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Contributory Factor Difference associated with painful-DSPN

Risk factors Female Sex
Diabetic nephropathy

Nav 1.7 mutations

Small fibre dysfunction Hyposensitivity phenotype
Epidermal nerve fibre regeneration

Greater peripheral and corneal small nerve fibre dysfunction

Microvascular alterations Elevated immunostaining for blood vessels

Increased serum markers of angiogenesis and endothelial
dysfunction

Vitamin D Reduced 25-hydroxyvitamin-D levels

Inflammation Increased serum inflammatory biomarker levels (e.g. C-reactive
protein, tumour necrosis factor, interleukin 6)

Spinal cord function Impaired spinal inhibitory function

Thalamic function Preservation of thalamic N-acetylaspartate and y-aminobutyric
acid neurochemical make-up

Thalamic hyperperfusion

Altered somato-thalamic functional connectivity

Descending modulatory pain Ventrolateral periaqueductal grey-mediated descending pain
dysfunction modulatory dysfunction

Higher brain centre alterations | Abnormal anterior cingulate cortex blood flow

Altered functional connectivity between higher brain centres at
rest and during experimental pain

Table 1.3. Reported differences between painful- and painless-DSPN, adapted from (Shillo et al.,
2019b). Nav, voltage gated sodium channel.

The mechanisms involved in the generation and maintenance of painful-DSPN are believed
to involve both peripheral and centrally mediated factors, see Figure 1.5 and Table 1.3. The
autonomic, systemic, and peripherally mediated factors will be discussed here, whilst the
central and peripheral skin biopsy and microvascular alterations will predominantly be

discussed in later chapters.
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Rodent models have been used for the pre-clinical study of neuropathic pain and
pathogenetic mechanisms of painful-DSPN. However, these models are limited by their
phenotypic and pathological disparity with human DSPN. Rodents rarely show
morphological evidence of neuropathy as a result of their short life span (Obrosova, 2009).
Moreover, behavioural markers suggestive of neuropathic pain often occur transiently a few
weeks after the initiation of diabetes before the models then develop persisting hypoalgesia
(Pabbidi et al., 2008, Cheng et al., 2009). The behaviour in these rodent models may reflect
acute hyperglycaemic nerve damage, rather than a translatable model of human
DSPN/painful-DSPN. Due to the differences between pre-clinical models and clinical DSPN

most of the following discussion will focus on human studies.

Despite the profound clinical differences of painful-DSPN, the mechanisms for the
underlying genesis of neuropathic pain remains uncertain (Veves et al., 2008, Spallone and
Greco, 2013, Tesfaye et al., 2013). Studies of nerve pathology and neurophysiological testing
have been unable to find discriminating features from painless-DSPN. Although more recent
studies have found evidence of increased peripheral small fibre dysfunction using detailed
guantitative sensory testing protocols (QST) (Themistocleous et al., 2016, Raputova et al.,
2017) and corneal nerve fibre depletion using corneal confocal microscopy (Kalteniece et al.,

2020).

Both CAN and painful-DSPN involve dysfunction and injury to small nerve fibres, therefore a
potential relationship has been investigated. Gandhi et al. demonstrated significantly
greater autonomic dysfunction, measured using spectral analysis of heart rate variability, in
patients with painful- compared to painless-DSPN (Gandhi et al., 2010). Although other

studies have demonstrated greater cardiac autonomic dysfunction in painful-DSPN, the
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evidence is conflicting, and not all studies have shown a difference compared with painless-
DSPN (Shillo et al., 2019b). Moreover, the significance of CAN in painful-DSPN is uncertain, it
may reflect greater small fibre injury or perhaps a potential disease mechanism linked to

peripheral vasomotor control.

The role of hyperglycaemia mediated mechanisms in painful-DSPN is also not understood.
Studies using rodent models of diabetes find that neuropathic pain behaviours are related
to many metabolic pathways thought to be involved in the pathogenesis of DSPN
(Obrosova, 2009). However, targeting these pathways in human painful-DSPN has been
largely ineffective at alleviating painful symptoms (Boulton et al., 2013). A small study found
that glycaemic flux was increased in painful-DSPN (Oyibo et al., 2002); however, it is not
clear whether this is a cause or an effect. Methylglyoxal, a precursor to advanced glycation
endproduct formation, has been shown to induce hyperalgesia via modification of Nav 1.8
(Bierhaus et al., 2012); although a large observational study found serum levels of

methylglyoxal were unrelated to painful-DSPN (Hansen et al., 2015).

Inflammation is another factor which may lead to neuropathic pain in DSPN (Shillo et al.,
2019b). Several studies have shown increased serum levels of systemic acute-phase proteins
and chemokines in painful-DSPN, including c-reactive protein (Doupis et al., 2009), tumour
necrosis factor-a (Purwata, 2011) and interleukin-6 (Herder et al., 2015).
Neuroinflammation has also been shown to contribute to neuronal hypersensitivity in

rodent models of painful-DSPN (Rosenberger et al., 2020).

Vitamin D is classically recognised as a key factor in calcium metabolism and bone health.
However, it has been implicated in a number of chronic pain states, including painful-DSPN.

Previous studies have shown that vitamin D levels are lower in painful- compared to
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painless-DSPN (Shillo et al., 2019a). The study was cross-sectional, therefore unable to
determine a causal relationship; however, non-randomized studies have shown

improvements in symptoms with vitamin D treatment (Basit et al., 2016).

In summary, there is clinical evidence to suggest that painful-DSPN may be a consequence
of more severe neuropathic injury (Sloan et al., 2018). The risk factors for painful-DSPN (e.g.
increasing age, longer duration of DM, obesity etc.) and recent findings of greater small fibre
dysfunction in painful- compared to painless-DSPN (Themistocleous et al., 2016, Raputova
et al., 2017), support this notion. Nociceptive nerve fibres exposed to more intense hypoxic
and metabolic injury in diabetes may become sensitized in susceptible individuals, e.g.
patients with VGSC gene variants (Sloan et al., 2018). Residual or regeneration nociceptive
nerve fibres may lead to the generation of neuropathic pain, perhaps mediated by excessive

levels of neurotrophins such as nerve growth factors.

1.5 Central nervous system mediated mechanisms of painful-DSPN

Before considering the spinal cord and cerebral alterations identified in DSPN and painful-
DSPN the investigative technique of magnetic resonance imaging (MRI) will be introduced.
Although there is evidence from other techniques which have investigated spinal cord and
cerebral involvement in the condition, e.g. electrophysiology, autopsy and other imaging

techniques, this is the predominant modality used in the recent literature and in this thesis.
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1.5.1 Magnetic resonance imaging

MRI is an imaging modality which utilises non-ionising electromagnetic radiation. Clinically,
it is a valuable diagnostic tool as it can produce highly detailed images of the anatomy of the
patient and pathology of several medical conditions. However, the unique properties of MR
susceptible nuclei and advances in imaging modalities have enabled research into the
physiology of the human body and pathophysiology of diseases that is not possible with

other diagnostic imaging techniques.

An MR system consists of a control centre, which houses the host computer, and the MR
machine in which the patient lies. The MRI scanner contains parts of the system to generate
and receive the MR signal, including magnet coils, gradient coils, shim coils and a
radiofrequency transmitter coil (Wilkinson and Paley, 2008). Magnetic coils are super cooled
using cryogenic liquid helium so that they may produce strong, constant magnetic fields.
The strength of a magnetic field is measured in tesla (T), one T is equivalent to
approximately 20,000 times the earth’s magnetic field strength. Gradient coils generate
magnetic fields in three orthogonal directions (x, y and z) to vary the main magnetic field for
image slice localisation and phase/frequency encoding. Radiofrequency coils transmit
radiofrequency energy to the tissue of interest and receive the induced signal back whereas
shim coils adjust the magnetic field to improve field homogeneity. In order to construct an
image, the slice is localised by gradient coils generating a gradient field across a chosen axis.
The signal echo is encoded into the data matrix known as k-space. The output from the
receiver coil is digitised and reconstructed by computer processors using complex

mathematical computation.
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1.5.2 Magnetic resonance imaging physics

Magnetic resonance describes the unique properties of susceptible nuclei. Almost all
clinical MR images utilise these properties of hydrogen atoms, because of their abundance
throughout the human body in water (Wilkinson and Paley, 2008). However, all nuclei,
which contain an odd number of protons and/or neutrons, undergo ‘non-zero nuclear spin’
and are susceptible to the MR process. Other nuclei which are suitable for MR imaging,
predominantly in the research environment, include 31-phosphorus (31P), 23-sodium and
13-carbon. These nuclei have a net charge and exhibit nuclear spin. They therefore have
angular momentum. This moving electrical current generates a magnetic field, known as a
magnetic moment which are normally randomly orientated; however, when placed within
the uniform magnetic field of an MRI scanner (the direction of which is termed the z-axis),
the net magnetisation aligns with the field (Wilkinson and Paley, 2008). This nuclei spin is
aligned with the magnetic field and moves in a characteristic way known as precession, akin
to a gyroscope spinning (Currie et al., 2013b). The frequency of this precession is
proportional to the applied magnetic field, the Larmor frequency. When a patient lies is
within the magnetic field of an MRI scanner, the sum magnetic vector of their tissues align

with the external field and are not measurable, however.

Radiofrequency pulses are produced by radiofrequency coils. This pulse is given at the same
frequency as the Larmor frequency of the target nuclei, which induces strong resonant
effect (Currie et al., 2013b). The radiofrequency energy is absorbed and the net
magnetization of the nuclei rotates away from the z-axis (Wilkinson and Paley, 2008), with
the amount of rotation dependent on the strength and duration of the radiofrequency pulse

(Pooley, 2005). When the radiofrequency pulse is turned off the magnetization of the nuclei
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falls back to equilibrium, which releases radiofrequency energy and induces a voltage within
an MRI receiver coil (Wilkinson and Paley, 2008). The time that it takes for restoration of
longitudinal magnetization along the z-axis to revert to its equilibrium is the T1 relaxation
time. T1 relaxation differs among molecules; it is typically very slow in water and fast in fat.
The T1 relaxation involves the exchange of energy of higher energy nuclei and their
surrounding nuclei, known as the spin-lattice relaxation time. Transverse relaxation within
the x-y plane occur from magnetic field inhomogeneity within the local magnetic field (T2*
relaxation) and interactions between nuclear spins (T2 relaxation) (Wilkinson and Paley,
2008, Currie et al., 2013b). Additionally, after a radiofrequency pulse is turned off T1 and T2
relaxation occur simultaneously with decreasing amplitude as protons lose phase
coherence, this causes the signal produced from the high energy nuclei to decay, known as

free induction decay.

To facilitate spatial encoding and improving imaging contrast by ‘weighting’ the signal, for
example to produce T1 or T2 weighted images, radiofrequency pulses are repeated with
pre-defined repetition times (TR) and echo times (TE) (Currie et al., 2013b). Spin echo and
gradient echo sequences are two techniques to cause refocusing of transverse
magnetization. The physical properties of protons and numerous imaging sequences offers a

range of possible image contrasts (Wilkinson and Paley, 2008).

1.5.3 Magnetic resonance imaging safety

MRI scanning is generally considered a safe procedure as long as some strict safety

measures are considered (Wilkinson and Paley, 2008). The strong magnetic fields generated
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within the MRI scanner attracts ferromagnetic objects which may become dangerous
projectiles. Therefore, only MR safe objects may be brought into the scanning room.
Additionally, magnetic fields can affect certain implanted medical metallic devices or
shrapnel and dislodge them. Finally, radiofrequency pulses may cause heating of metallic
implanted devices causing tissue damage. Strict safety checks are therefore undergone by
trained radiographers in order to prevent patients or research participants entering the MRI
scanner to ensure that participants with implanted ferromagnetic objects do not enter the
scan room. Intravenous contrast agents may be used for certain clinical and research
purposes and are generally safe but may cause allergic reactions and potential serious
complications in severe renal impairment. The MR scanners produce significant noise and
can potentially cause auditory damage. Therefore, protective earwear is commonly given to

the patient/research participant.

1.5.4 Central nervous system involvement in DSPN

Various lines of investigation have found alterations in the function and structure of the CNS
in patients with diabetes. These patients are known to have a higher risk of cerebral
diseases, such as cerebrovascular disease, subclinical cognitive impairment, and dementia
syndromes. The involvement of the brain DSPN and painful-DSPN will be discussed in

greater detail in later chapters, but an overview of certain concepts will be introduced here.
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1.5.4.1 Spinal cord involvement in DSPN

There is now considerable evidence to support the view that DSPN involves not only the
peripheral but also the CNS (Tesfaye et al., 2016). This was first recognised in the 1960’s
when human autopsy studies of patients with extremely advanced diabetes with macro-
and microvascular complications demonstrated diffuse degenerative changes within the
spinal cord and the brain (Reske-Nielsen et al., 1966, Reske-Nielsen and Lundbaek, 1968).
Furthermore, cerebral and spinal conduction deficits have also been shown in humans and
rodents with diabetes (Biessels et al., 1999, Suzuki et al., 2000, Kucera et al., 2005). Spinal
cord involvement in DSPN was then confirmed in two MR imaging studies (Eaton et al.,
2001, Selvarajah et al., 2006). Initially, a small study including 19 patients with DSPN were
compared with 10 patients with diabetes without DSPN (no-DSPN) and 10 healthy
volunteers (HV) (Eaton et al., 2001). Participants underwent MR imaging of the cervical and
thoracic spine, which revealed a reduced cord area in those with DSPN compared to healthy
controls. These findings were confirmed in a larger study of 81 patients with TLDM (19 no-
DSPN, 23 subclinical-DSPN and 39 clinical-DSPN), 24 healthy volunteers and 8 disease
control patients with hereditary sensory motor neuropathy type 1A (HSMN) (Selvarajah et
al., 2006). In this study, the spinal cord area was corrected for age, height and weight, to
calculate the spinal cord area index. This measure was reduced in those with subclinical- and
clinical-DSPN compared with the other groups (Figure 1.6). Interestingly, patients with
HSMN did not have a reduction in spinal cord area, despite having very severe neuropathic
deficits. This therefore argues against the idea that central nervous alterations are due to a
‘dying back’ axonopathy and may suggest concomitant disease of the central and peripheral

nervous system in DSPN.
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Figure 1.6. Spinal cord area measurement in five groups. The mean and 95% confidence
interval spinal cord area index per group, adjusted for age, height and weight. No DSPN
versus subclinical DSPN, p=0.03; subclinical versus clinical DSPN, p=0.06; clinical DSPN versus
No DSPN p<0.001. DPN, DSPN; DM, diabetes mellitus; DSPN, diabetic peripheral
neuropathy; HSMN, hereditary sensory motor neuropathy type 1A. Reproduced from
(Selvarajah et al., 2006).

There is also evidence of functional alterations of the spinal cord in painful-DSPN. A recent
study investigated the role of spinal disinhibition in experimental and clinical painful-DSPN
(Marshall et al., 2017). The study used the change in amplitude of the Hoffman reflex over
consecutive stimulations on electromyelograms as a measure of spinal inhibitory function.
Impairment of the rate-dependent depression (RDD) is indicative of spinal disinhibition. In
both experimental and clinical painful-DSPN there was evidence of deficits in RDD,

suggesting impaired spinal disinhibition as a potential disease mechanism in painful-DSPN.
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1.5.4.2 Cerebral involvement in DSPN

In addition to morphometric abnormalities shown in the spinal cord, there are
morphometric changes in the brain in DSPN and painful-DSPN. Studies have demonstrated a
reduction in grey matter volume, and/or cortical thickness, of brain regions related to
somatosensory perception in patients with DSPN (Manor et al., 2012, Selvarajah et al.,
2014b, Selvarajah et al., 2019, Zhang et al., 2019). A recent publication has related
anatomical and functional changes in patients altered between different phenotypes of
painful-DSPN (Selvarajah et al., 2019). These morphometric studies have generally been
small and the morphological changes in the brain in DSPN have not been confirmed in larger
studies; additionally, the differences between brain morphology in painless- and painful-

DSPN are unknown.

The thalamus appears to be a key brain region involved in the pathogenesis of painful-DSPN.
Thalamic neurons in rat models of painful-DSPN develop increased spontaneous activity,
hyper-responsiveness and enlarged receptive fields (Fischer et al., 2009, Freeman et al.,
2016). Neurochemical analysis of the brain has also shown neuronal dysfunction within the
thalamus in humans with DSPN (Selvarajah et al., 2008). A follow-up, unpublished study
confirmed these findings in a larger patient group; however, this study demonstrated that
neuronal integrity was maintained in the somatosensory cortex and in the thalamus patients
with sub-clinical and painful-DSPN (Gandhi et al., 2006). Small preliminary clinical studies
have also found evidence of disrupted thalamocortical connections (Cauda et al., 2009a)
and increased vascularity in the thalamus (Selvarajah et al., 2011) in patients with painful-
DSPN. These findings suggest that there is preservation of function, if not overt neuronal

hyperexcitability, within the thalamus in clinical painful- compared with painless-DSPN,
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although this has not been confirmed. Further areas of the brain investigated in painful-
DSPN include the ACC, where greater activity in this region was associated with painful-
DSPN and also predicted response to pharmacological intervention (Watanabe et al., 2018).
Another recent multi-modal MR study also found dysfunction within the ventrolateral
periaqueductal grey-mediated descending pain modulatory system in patients with painful-

DSPN (Segerdahl et al., 2018).

Overall, studies have demonstrated preliminary findings indicating that CNS changes occur
in DSPN and painful-DSPN. However, these studies are generally small, and outside of our
research group the included participants can have inadequate clinical characterization or
case definition. Moreover, these studies generally use single modalities of neuroimaging,
which often cannot determine the underlying disease processes causing the cerebral

alterations.

1.6 Diagnosis and assessment of DSPN

1.6.1 Diagnosis of DSPN in the clinical environment

The minimal criteria for the diagnosis of DSPN has been proposed by the Toronto Diabetic

Neuropathy Expert Group, see Table 1.4.
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Definition of minimal criteria for typical DSPN

1. Possible DSPN: The presence of symptoms or signs of DSPN may include the following:
symptoms—decreased sensation, positive neuropathic sensory symptoms (e.g., “asleep
numbness,” prickling or stabbing, burning or aching pain) predominantly in the toes, feet,
or legs; or signs—symmetric decrease of distal sensation or unequivocally decreased or
absent ankle reflexes.

2. Probable DSPN: The presence of a combination of symptoms and signs of neuropathy
include any two or more of the following: neuropathic symptoms, decreased distal
sensation, or unequivocally decreased or absent ankle reflexes.

3. Confirmed DSPN: The presence of an abnormality of nerve conduction and a symptom or
symptoms or a sign or signs of neuropathy confirm DSPN. If nerve conduction is normal, a
validated measure of SFN with class 1 evidence may be used, e.g. thermal threshold
testing or skin biopsy with quantification of intra-epidermal nerve fibre density.

4. Subclinical DSPN: The presence of no signs or symptoms of neuropathy are confirmed
with abnormal NCs or a validated measure of SFN (with class 1 evidence).

Table 1.4. Minimal diagnostic criteria for the diagnosis of DSPN, adapted from (Tesfaye et al., 2010).

Within clinical practice, most often the diagnosis of DSPN is made during Nationwide annual
diabetic foot screening using simple bedside instruments (e.g. 128-Hz tuning fork and 10g
monofilament). Making a ‘possible’ or ‘probable’ diagnosis of DSPN is normally sufficient in
the clinical scenario (Table 1.4). Other potential causes of neuropathy and peripheral
neuropathy should be excluded on clinical history and examination, and relevant
investigations. The differential diagnosis of peripheral neuropathy in diabetes includes:
hypothyroidism, chronic kidney disease, vasculitis, paraproteinaemia, amyloidosis, vitamin
B12 deficiency, micronutrient deficiency post-bariatric surgery, industrial agent or metal
exposure (e.g. arsenic, mercury, acrylamide and organophosphates), infectious disease (e.g.
HIV, Hepatitis B and Lyme’s disease), hereditary motor, sensory and autonomic neuropathy,

and drugs (e.g. alcohol, amiodarone, colchicine etc.) (Pop-Busui et al., 2017).
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1.6.2 Diagnosis and grading the severity of DSPN in the research environment

In the context of clinical research, it is essential that a confirmed diagnosis of DSPN is made
with precise grading of the disease. No individual test is adequate to diagnose and grade the
severity of DSPN (Dyck et al., 1987). Therefore, combining a range of different techniques is
preferable to ensure accurate case definition. The Toronto Diabetic Neuropathy Expert
Group recommend that a confirmed diagnosis is necessary for clinical research studies,
requiring the use of objective measures of neuropathy, see Table 1.4 (Tesfaye et al., 2010).
The ADA recommend that validated clinical scoring systems may be combined with
electrophysiology and measures of small fibre damage in the context of DSPN trials (Pop-
Busui et al., 2017). Whereas a joint report on the American Academy for Neurology, the
American Association of Electrodiagnostic Medicine, and the American Academy of Physical
Medicine and Rehabilitation suggested the combination of neuropathic symptomes, signs
and abnormal electrodiagnostic studies provide the most accurate diagnosis of distal

symmetrical polyneuropathy (England et al., 2005).

The grading of severity of DSPN is also necessary for clinical research. Research studies often
use either individual or a combination of clinical scoring system or neurophysiological
parameters to estimate the severity of DSPN (Pop-Busui et al., 2017). The Toronto Diabetic
Neuropathy Expert Group suggest grading based on a staged or a continuous approach, the
latter of which may involve the use of composite scoring systems including clinical

examination findings and neurophysiological tests (Dyck et al., 2011a).
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1.6.3 Clinical and composite scoring systems of DSPN

A number of clinical scoring systems have been developed and validated to measure
peripheral neuropathy/DSPN severity, with widespread use in epidemiologic and clinical
studies (Vas et al., 2015). The scoring systems can measure symptoms, signs or a
combination of the two. The most commonly used measures of symptoms and signs are the
Michigan Neuropathy Screening Instrument (Feldman et al., 1994) and the Toronto Clinical
Neuropathy Score (TCNS) (Bril and Perkins, 2002b). The TCNS has been validated against
sural nerve morphology and electrophysiology to determine the presence and severity of
DSPN (Bril and Perkins, 2002b). More recently, the TCNS has been validated for a wide
spectrum of peripheral neuropathies, showing inter- and intra-observer reliability (kappa
0.92-0.93) and an area under the receiver operating characteristics curve of 0.93 (Abraham
et al., 2018b). It is a validated 19-point scoring system which grades DSPN severity according
to symptom score (foot pain, numbness, tingling, weakness, imbalance and upper limb
symptoms), lower limb reflex score (bilateral knee and ankle reflexes) and sensory signs
(pinprick, temperature, light touch, vibration and position sense), see Appendix (Perkins et

al., 2001, Bril and Perkins, 2002b).

Dyck et al. (1997) devised the Neuropathy Impairment Score of the Lower Limb (NIS-LL),
which provides a summed score of clinical examination sensory and motor findings (e.g.
muscle tendon reflexes and muscle group power assessment of the lower limb), see
Appendix. The Neuropathy Impairment Score of the Lower Limb (NIS-LL) is able to
distinguish between neuropathy and normality with 83% sensitivity and 97% specificity,
although it predominantly assesses motor activity limiting its usefulness in pure small fibre

neuropathy (Zilliox et al., 2015). The NIS-LL plus 7 tests (NIS-LL+7) was developed, which
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combines the NIS-LL to seven neurophysiological tests, AFT, NCS measures and vibration
detection thresholds (VDT) to calculate an overall measure of neuropathy severity, see
Appendix (Dyck et al., 1997). The NIS-LL+7 is a continuous measure of DSPN severity and has

been widely used in DSPN research studies as a clinical endpoint (Dyck et al., 2013b).

1.6.4 Nerve conduction studies

NCS have long been considered the gold standard investigation to diagnose and grade the
severity of DSPN in both clinical and research settings (Dyck et al., 1985, Dyck, 1988). The
procedure involves stimulation of the proximal aspect of the targeted peripheral nerve with
recording electrodes placed distally either along the nerve for sensory studies or the muscle
target of a motor nerve. There are several individual attributes which may be measured
using NCS including: motor nerve amplitude, conduction velocity and distal motor latency,

sensory nerve amplitude, distal latency, and conduction velocity and F wave latencies.

Numerous guidelines recommend NCS for case definition of distal symmetrical
polyneuropathies in the research environment (England et al., 2005, Dyck et al., 2011a, Pop-
Busui et al., 2017). NCS measures correlate with the severity of DSPN and nerve biopsy
pathology (Behse et al., 1977, Dyck et al., 2003, Weisman et al., 2013) and are an objective
measure of nerve function which are sensitive, specific and reproducible. However, there
are some limitations of NCS. It can be time consuming to perform the studies and in general
they are only performed by specialist neurophysiologists which limits their accessibility and
raises their cost (Vas et al., 2015). Also, the ‘Clinical vs Neurophysiology Investigators’ have

demonstrated inter-observer differences in measurement of NCS (Dyck et al., 20133, Litchy
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et al., 2014). Therefore, strict protocols should be followed to ensure the accuracy of NCS,
including maintenance of limb temperature, correct and exact placement of electrodes,
accurate measurement of distances, avoidance of recording spurious responses and use of

just supramaximal electrical stimulation (England et al., 2005, Tesfaye et al., 2010).

There is no individual protocol that is uniformly used in the assessment of DSPN or distal
symmetrical polyneuropathy, although a combination of nerve conduction attributes is
more sensitive than a single measure (Dyck et al., 2003). The most frequently abnormal
electrophysiological abnormalities in DSPN are present in the nerves of the lower limb, the
sural, peroneal and tibial nerve (Dyck et al., 2011b, Karsidag et al., 2005). A simplified
protocol by the ‘Report of the American Academy of Neurology, the American Association of
Electrodiagnostic Medicine, and the American Academy of Physical Medicine and
Rehabilitation’ recommends sural sensory and peroneal nerve measures, as these are the
most sensitive markers for polyneuropathy (England et al., 2005). If either is abnormal then
additional studies should be performed. The peroneal nerve compound muscle action
potential, conduction velocity and distal latency, tibial nerve distal latency and sural nerve
action potential are the five attributes of nerve conduction within the NIS(LL)+7 (Dyck et al.,

1997).

1.6.5 Quantitative sensory testing

QST is a psychophysical measure of the perception of different external stimuli of controlled
intensity to assess a range of sensory modalities (Hansson et al., 2007, Cruccu et al., 2010).

QST techniques can measure large or small fibre dysfunction through a range of different
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assessment modalities. Abnormal thermal thresholds of the foot are recommended to
detect the presence of small fibre damage in DSPN (Tesfaye et al., 2010). Thermal threshold
testing is considered a reliable, sensitive and reproducible technique, however, it is only a
semi-objective measure and results may be influenced by psychological factors such as
attention and motivation (Chong and Cros, 2004). Their use is further limited as abnormal
results do not localise and therefore are not specific for peripheral neuropathy (Arezzo,

1999).

As part of the long-term observational follow up of the Diabetes Control and Complications
Trial, the Epidemiology of Diabetes Interventions and Complications study, 1,177 adults with
T1DM were tested for vibration detection thresholds (VDT) (Martin et al., 2010). VDT had a
sensitivity of 80% to detect definite clinical neuropathy and 62% to detect abnormal NCS.
One of the more established methods of VDT evaluation is the computer assisted sensory
evaluation IV (CASE 1V) device (Arezzo, 1999). A computer sets an algorithm for stimulus
delivery and asks the patient to score a response. The system has a large database of results
for thermal and VDT to serve as a comparison. CASE IV correlates with other means of
measuring VDT such as a graduated tuning fork and the neurothesiometer (Bril and Perkins,

2002a).

The German Research Network on Neuropathic Pain (DFNS) has developed a standardised
protocol from previously established QST techniques (Rolke et al., 2006). The protocol
examines numerous sub modalities of the sensory system. It aims to detect both sensory
loss, for small and large fibre function, and sensory gain. The protocol has a central database

of reference values for various anatomical sites (Magerl et al., 2010). The QST protocol has
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good inter-observer and test-re-test reliability with low heterogeneity when performed in

different centres throughout Europe (Geber et al., 2011, Vollert et al., 2016).

1.6.6 Diagnosis of painful-DSPN

A flow chart for the grading of neuropathic pain has been developed by the IASP

Neuropathic Pain Special Interest Group (NeupSIG) (Figure 1.7) (Finnerup et al., 2016).

Leading Pain
complaint J,

History of relevant neurological lesion or disease®
History and
Pain distribution neuroanatomically plausible®

Unlikely to be
neuropathic pain

Possible
neuropathic pain

Pain is associated with sensory signs in the same

Examination ¢ . RO
neuroanatomically plausible distribution®

Probable
neuropathic pain

Diagnostic test confirming a lesion or disease
of the somatosensory nervous system
explaining the pain

Confirmatory
tests

Definite
neuropathic pain?

Figure 1.7. Flow chart of grading system for neuropathic pain. History, including neuropathic

symptoms, suggestive of pain related to a neurological lesion and exclusion of other causes of pain.

Examination, the pain distribution is consistent with the suspected lesion or disease. Confirmatory
tests, e.g. sensory loss, touch-evoked or thermal allodynia. The term definite in this context means
‘probable neuropathic pain with confirmatory tests’. Reproduced from (Finnerup et al., 2016).
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Generally, as with DSPN, the diagnosis of painful-DSPN is a clinical one, relying on the
presence of typical neuropathic symptoms in the context of a diagnosis of DSPN (according
to the Toronto Diabetic Neuropathy Expert Group criteria, Table 1.4) with exclusion of other
causes. Similar to the diagnosis of DSPN, in a clinical environment specialist testing is not
required to diagnose painful-DSPN. In clinical research, making a ‘confirmed diagnosis of
DSPN’ in the presence of painful neuropathic symptoms will satisfy the criteria for NeupSIG
(Finnerup et al., 2016). However, there are no specific tests which distinguish DSPN from
painful-DSPN. Therefore, a number of validated screening tools to detect the presence of
possible neuropathic pain have been developed. The Doleur Neuropathique en 4 Questions
(DN4) combines patient interview and examination findings (Bouhassira et al., 2005). The
guestionnaire has 10 binary items on four domains: pain description (burning, squeezing,
painful cold and electric shocks), dysaesthesia symptoms (pins and needles, tingling,
numbness and itching), signs of sensory deficit (touch and pricking hypoaesthesia) and
evoked pain (brushing allodynia), see Appendix. It has been validated for the diagnostic
work-up of painful-DSPN (Spallone et al., 2012). The severity of neuropathic pain can be
reliably assessed by a simply numeric rating scale (NRS) or visual analogue scales (VAS) using
an 11-point Likert scale (0=no pain, 10=worst pain imaginable) (Tesfaye et al., 2010). The
Neuropathic Pain Symptom Inventory (NPSI) can also be used to evaluate different

symptoms of neuropathic pain, see Appendix (Bouhassira et al., 2004).
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1.7 Treatment of DSPN and painful-DSPN

1.7.1 Treatment and prevention of DSPN

Despite considerable research, there are only limited efficacious treatment options for the
prevention and delay of progression of DSPN, see Figure 1.8. Intensive glucose control to
achieve near normal glycaemia is strongly recommended for patients with TLDM (Pop-Busui
et al., 2017). In T2DM, lifestyle interventions are recommended but intensive glucose
control is only modestly effective and patient-centred goals should be targeted. Many
pathogenetic pharmacotherapeutic agents have been studies but there is limited evidence

for their benefit (Boulton et al., 2013).
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(DSPN) involves optimizing glycaemic control and achievement of cardiometabolic targets. A

multidisciplinary approach aimed at the management of painful DSPN and the prevention (part a)

and treatment (part b) of foot complications is vital. In the management of painful DSPN,
combination treatment is recommended in instances of partial efficacy of first-line agents. If there is
pain despite combination treatment, the use of opioids can be considered with caution. In refractory
painful DSPN, consider a high-dose capsaicin (8%) patch, intravenous lidocaine infusion and electrical
spinal cord stimulation. The management of diabetic foot ulcer disease includes the use of
therapeutic footwear, early involvement of vascular surgeons, when necessary, regular podiatry
(such as callus debridement and wound dressing), treatment of infection in collaboration with
microbiologists, the surgical management of foot deformities in collaboration with orthopaedic
surgeons, and the use of appropriate offloading and immobilization strategies (for example, casting).
The management of Charcot neuroarthropathy is based on strict immobilization in the acute

presentation and surgical treatment where indicated in the chronic setting. TLDM, type 1 diabetes

mellitus; T2DM, type 2 diabetes mellitus. Reproduced from (Sloan et al., 2021).

68



1.7.2 Treatment of painful-DSPN

The treatment of painful-DSPN is largely symptomatic, there is no evidence for the benefit
of achieving metabolic control although this should be encouraged as part of a holistic
approach to the patient, see Figure 1.8. Pathogenetic treatments for neuropathic symptoms
have received limited regional approvals but are not widely recommended by major
neuropathic pain/painful-DSPN guidelines (Sloan et al., 2021). The most widely used and
recommended pharmacotherapeutic agents for painful-DSPN with substantial supportive
evidence include anticonvulsants (voltage gated a26 ligands) and antidepressants
(serotonin-noradrenaline reuptake inhibitors; and tricyclic antidepressants) (Alam et al.,
2020). These neuropathic pain agents considered partially effective, with fewer than one
half patient receiving 50% pain relief from current neuropathic pain medications (Jensen et

al., 2006, Finnerup et al., 2015).

1.7.3 Pain phenotyping and treatment response

The current pharmacotherapeutic agents for neuropathic pain have not changed in over a
decade. Traditionally, neuropathic pain treatments are prescribed according to the disease
aetiology. However, the clinical features, and perhaps underlying disease mechanisms, of
neuropathic pain may vary from individual to individual (Yang et al., 2019). Recent studies
have explored whether stratification according to various patient characteristics can
determine the response to treatments. These characteristics include clinical phenotype,
neuroimaging and genotype. Early evidence suggests that neuropathic pain characteristics

have found enhanced analgesic responses depending on pain phenotype (Sloan et al., 2021),
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including in painful-DSPN (Wilkinson et al., 2020). However, there are no stratification
methods which are validated for use clinically, many of these methods are only at a very
early stage of investigation. Indeed, there are also no pain biomarkers available for use in
clinical trials, current trials use self-reported pain scales as measures of efficacy, which are

highly susceptible to confounding factors.

1.8 Conclusions

Painful-DSPN is a common and disabling complication of diabetes mellitus. As the
prevalence of diabetes mellitus continues to increase, the prevalence of painful-DSPN is
expected to rise also. Unfortunately, the available medications for this condition are
inadequate, which is predominantly due to a lack of understanding of the underlying
mechanisms of the disease. The CNS is a key component in the pathophysiology of
neuropathic pain; however, it remains under-investigated in painful-DSPN. Cerebral
neuroimaging has the potential to investigate two crucial areas of research: 1) The
interaction between patient phenotype and peripheral and central mechanisms of DSPN
and 2) whether patient stratification methods using neuroimaging can enhance mechanism-
based treatment response in painful-DSPN (Sloan et al., 2021). The main objective of this
thesis is to investigate the cerebral alterations in painful-DSPN. Further foci include the
cerebral alterations as a result of neuropathic pain treatments in painful-DSPN and skin

biopsy vascular markers in DSPN/painful-DSPN.
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1.9 Aims and hypotheses

Chapter 3: Cerebral morphometric alterations in painless- and painful-DSPN

The aims of this study were to 1) define the cerebral morphological alterations in carefully
phenotyped patients with painful-DSPN and painless-DSPN; 2) to explore the relationships
between brain morphology and clinical/neurophysiological measures of DSPN. The
hypothesis is that there will be a reduction in volume/thickness in somatomotor brain areas
[e.g. primary somatosensory cortex (S1), primary motor cortex (M1), thalamus and insular
cortex) with a relative preservation in somatosensory areas in painful- compared with
painless-DSPN; and the final aim, 3) to determine the cerebral morphological differences in
participants with irritable nociceptor (IR) and non-irritable nociceptor (NIR) painful-DSPN.
The hypothesis is that there will be a relative preservation of cortical thickness/cerebral

volume in somatosensory brain areas in IR- compared with NIR-painful-DSPN.

4. Cerebral Magnetic Resonance Spectroscopy alterations in DSPN: Neuronal viability in

painful- and painless-DSPN

The aim of the study was to assess proton metabolite ratios of the S1 cortex and thalami, as
a measure of neuronal viability, in patients with T2DM and DSPN at the S1 cortex and
thalami. We hypothesised that there will be a symmetrical reduction in N-acetylaspartate to
Choline (NAA:Cho) and/or NAA to creatine (Cr) in the thalami in patients with painless-

DSPN.
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5. Cerebral Magnetic Resonance Spectroscopy alterations in DSPN: Cerebral bioenergetics

in painful- and painless-DSPN

The aim of the study was to assess 31-phosphorus metabolite ratios, as measures of
cerebral bioenergetics and mitochondrial dysfunction, in patients with T2DM and DSPN in
the S1 cortex and thalamus. The hypothesis was there will be altered high energy
phosphorus metabolite ratios which will differentiate painful- and painless-DSPN, with
evidence of mitochondrial dysfunction in painless-DSPN and increased cellular energetics in

painful-DSPN.

6. The impact of optimised neuropathic pain treatment on the magnetic resonance

imaging correlates of painful-DSPN 1: Neurotransmitters

The aim of the study is to assess spectroscopy neurotransmitter parameters [GABA and
glutamine and glutamate (Glx)] in the ACC in patients with painful-DSPN, to determine
whether changes are detectable when participants are optimally treated for their painful
symptoms compared to without treatment. The hypothesis is that GABA levels will reduce
and Glx levels rise after withdrawal of treatment. Moreover, another hypothesis is that
patients with a greater increase in pain (i.e. responders to treatment) will have greater

changes in neurotransmitters.
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7. The impact of optimised neuropathic pain treatment on the magnetic resonance

imaging correlates of painful-DSPN 2: Functional connectivity

The aim of the study was to perform a Resting State Functional MRI (rs-fMRI) experiment in
patients with painful-DSPN, to determine differences in neuronal functional connectivity
between participants on neuropathic pain treatment and after these had been
discontinued. We hypothesise that there will be increased functional connectivity in
nociceptive brain regions after withdrawal of treatment. We also hypothesise that patients
with a greater increase in pain (i.e. responders to treatment) following treatment

discontinuation will have greater changes functional connectivity.

8. Peripheral vascular markers of Painful Diabetic Peripheral Neuropathy

The aim of the study is to determine whether there are any differences in skin biopsy
peripheral vascular and neural biomarkers between patients with T2DM and no neuropathy,
painless-DSPN, painful-DSPN, and healthy volunteer at the level of the proximal thigh and
their relationship to neuropathic pain. The hypothesis is that participants with painful-DSPN
will display elevated levels of von Willebrand Factor (vVWF) with correlations with pain scores

and DN4.
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2. General Methods

2.1 Participants

Participants were recruited from the Sheffield Teaching Hospitals NHS Foundation Trust and

the University of Sheffield using a variety of sources:

1. Local Trust Diabetes Database

2. Sheffield Teaching Hospitals clinics: medical and podiatry

3. Self-referral from promotional material (posters displayed throughout the Trust;
emails sent to Trust and University of Sheffield staff; and online noticeboard

announcement on the Trust intranet)

4. Relatives or friends of participants recruited through the above methods

All participants gave written, informed consent before participation into the study. Studies

had prior Ethics Approval by Research Ethics Committees.

Inclusion criteria

e Male and female participants aged over 18 years

e Able to give written informed consent

e Confirmed diagnosis of DM for more than one year or HV without DM

e Proficiency in the English language
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e Right-handed

Exclusion criteria

e Current or history of excess alcohol intake over 14 units per week, on average

e Non-diabetic neuropathies or neurological disorder

e Diabetic neuropathies other than DSPN

e Patients with painful medical condition other than painful-DSPN in that group

e Contraindication to MRI scanning: claustrophobia, inability to lay flat and failure to

comply with routine safety questions (e.g. irremovable metallic object on person)

e Pregnancy

e Major lower limb amputation

e Prescription of anti-depressants

2.2 Clinical and neurological assessment

Participants underwent a range of clinical and neurophysiological assessments, including:

e Clinical history, including collection of demographic data, medical history,
medication history, diabetes and diabetes complications history, social history, and

substance use habits.
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Mood and memory assessments: Hospital Anxiety and Depression Scale (HADS)
(Zigmond and Snaith, 1983) and Mini-mental state examination (MMSE) (Folstein et
al., 1975). The presence of depression or anxiety was defined as a score of >11 on

the HADSD or HADSA scale respectively.

Clinical examination: Height was measured to the nearest centimetre using an
electronic height measure (Seca, Germany); weight was measured to the nearest
0.5kg using standard weighing scales (Seca, Germany); Waist and hip circumference
obtained using a tape measure to the nearest centimetre according to the Geneva
World Health Organization Expert Consultation (Organization, 2011); and blood
pressure and pulse rate obtained using an automated blood pressure monitor
(Omron M4-1, Hoofderp, The Netherlands) after being supine for several minutes

during AFTs.

Structured neuropathy assessments

o TCNS (Appendix 10.1)

o NIS (Appendix 10.2)

o DN4 (Appendix 10.4)

o NPSI (Appendix 10.5)

Nerve Conduction Studies: to obtain sensory sural nerve amplitude and conduction
velocity; common peroneal motor nerve amplitude, motor conduction velocity and
distal latency; and tibial motor nerve distal latency. Surface electrodes were used at

a stable skin surface temperature of 31°C and a room temperature of 24°C using a
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Medelec electrophysiological system (Synergy Oxford Instruments, Oxford, U.K.).

Patient data compared with age adjusted reference values (JA and DM, 1992).

e Autonomic function testing

o Cardiac autonomic function tests according to the O’Brien protocol (O'Brien
et al., 1986). Heart rate was measured continuously during five procedures:
supine rest for 8 minutes; deep breathing, 5-seconds inhalation and 5-second
exhalation; Valsalva manoeuvre; and standing for 60 seconds. Additionally,
blood pressure at rest and standing were measured. Values of postural blood
pressure drop, heart rate variation (rest, deep breathing and Valsalva) and
heart rate variability in values of the 30™ and 15" beats after standing (30:15
ratio). An autonomic neuropathy score for each individual test was derived
from normative data and combined to calculate an autonomic neuropathy

score.

o Sudomotor function testing was performed using the SUDOSCAN device
(Impeto Medical, Paris, France). A low direct voltage was applied to the hands
and feet of subjects and the electrochemical skin conductance is obtained
from the ratio of the current measured and voltage applied (Mayaudon et al.,
2010). The device automatically calculated a quantitative result of

electrochemical skin conductance (ESC).

e (Quantitative sensory testing

o Vibration detection thresholds (VDT) obtained using the 4, 2, and 1 stepping

algorithm employed by the CASE IV (W.R. Electronics, Stillwater, MN, USA)
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system technique (Dyck et al., 1993, Dyck et al., 1997). The results are

expressed as percentile and normal deviate for age and sex.

German Research Network on Neuropathic Pain QST protocol (Rolke et al.,
2006) where the following sensory sub-modalities were tested: cold (CDT)
and warm detection thresholds (WDT; TSA-Il, MEDOC, Israel), cold (CPT) and
heat pain (HPT), mechanical detection (MDT, von Frey hairs, Optihair2-set,
Marstock Nervtest Germany) and pain (MPT, PinPrick stimulator set,
Medizintechnische Systeme, Germany) thresholds, mechanical pain
sensitivity (MPS), dynamic mechanical allodynia (DMA; Standardized brush,
Somedic, Sweden; cotton wool tip, cotton wisp), pressure pain thresholds
(PPT; Pressure gauge device, Wagner Instruments, USA), wind-up pain (WUR)
and VDT (Rydel-Seiffer tuning fork, 64 Hz, 8/8 scale). As per the DFNS
protocol, all modalities were tested using the same technique at the dorsum
of the foot, except for: vibration detection thresholds in which the tuning
fork is placed on the medial malleolus and pressure pain threshold where the
pressure algometer is placed on the abductor hallucis muscle. The QST data is
entered into a data analysis system, eQUISTA. This system z-transforms QST
data for each parameter and compared to site, gender and age specific
reference data. A positive z-score denotes a gain of function whereas a loss
of function is denoted by a negative z-score. Formal training for the protocol

was obtained at Bochum Hospital, Germany.
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e Neuropathy Impairment Score of the Lower Limb Plus 7 Tests neuropathy composite
score was derived from the NIS plus nerve conduction studies, autonomic function

testing and VDT (Appendix 10.3).

e Biochemical testing: Blood and urine samples were taken from all study participants
to analyse biochemistry relevant to the included studies, e.g., HbAlc, urinary

albumin to creatinine ratio (ACR), creatinine, cholesterol, etc.

2.3 Magnetic resonance imaging

MRI protocols differed among the included studies; however, all scans were performed in
the University of Sheffield Academic Radiology Unit at 3 Tesla (Ingenia 3.0T, Phillips
Healthcare, Best, NL). Participants underwent cerebral imaging, whereby the individual is
placed supine and headfirst into the scanner. All participants underwent detailed safety
precautions, including completion of MR safety forms and assessment by radiographers.
Pain rating scores, VAS or NRS, (0-10) were completed before the scan commenced. In
participants who had diabetes a finger-prick blood glucose level was taken before the scan.
If the blood glucose levels were significantly out of range (<4.0mmol/I or >25mmol/l) the

participant was not scanned, and the MRI was re-arranged.
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2.4 Diabetes participant grouping

Based on clinical and neurophysiological assessments and the presence of painful-DSPN
participants with diabetes were divided into three subgroups according to the Toronto

consensus criteria (Tesfaye et al., 2010):

e No-DSPN: Participant with DM with no symptoms of DSPN and normal clinical and

neurophysiological assessments

e Painless-DSPN: Participant with DM without symptoms of painful peripheral

neuropathy and confirmed- or subclinical-DSPN.

e Painful-DSPN: Participant with DM with symptoms or painful peripheral neuropathy

and confirmed- or subclinical-DSPN.

2.5 Statistical analysis

Statistical advice was sought at the Statistics Service Unit, University of Sheffield. Analysis
was performed using the statistical package Statistical Product and Service Solutions Version

26 (SPSS, IBM Corporation, New York, USA).

Normally distributed subgroup characteristics are presented as means and standard
deviations (mean * standard deviation). Those with a non-parametric distribution are
presented as medians and inter-quartile ranges [median (IQR)]. Categorical and

dichotomous variables are presented as group percentages.
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Continuous data was tested for normality and appropriate parametric or non-parametric
tests applied (including post-hoc corrections for multiple comparisons, where indicated).
ANOVA was used to analyse group differences for continuous normally distributed data. For
post hoc analysis of continuous normally distributed data the Least Significant Difference
(LSD) test was used. Kruskal-Wallis (KW) was used to analyse group differences for
continuous non-parametric data. For post hoc analysis of continuous non-parametric data
the Mann-Whitney U test was used. For categorical data the Chi? test was used to
determine the presence of group differences. Covariate analyses with ANCOVA was

employed where appropriate.

Relationships between data types was also be tested (e.g. correlations between severity of
DSPN and cerebral/skin biopsy measures) using Pearson’s rank correlation and Spearman’s

rank correlation for parametric and non-parametric data, respectively.
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3. Cerebral morphometric alterations in painless- and painful-DSPN

3.1 Introduction

3.1.1 Background

There is now clear evidence for CNS involvement in DSPN (Sloan et al., 2018). Structural and
functional alterations of the spinal cord were first demonstrated in post-mortem studies in
the 1960’s, followed by somatosensory evoked potential studies in patients with advanced
DSPN (Reske-Nielsen and Lundbaek, 1968, Reske-Nielsen et al., 1966, Kucera et al., 2005).
More recent MRI studies have demonstrated spinal cord atrophy was present not only in
patients with advanced DSPN but also in patients with early, subclinical DSPN (Selvarajah et
al., 2006). Moreover, several studies with a relatively small number of participants have now
demonstrated grey matter volume loss localised to areas associated with
somatosensory/motor function, including the S1, supramarginal gyrus, cingulate cortex,
insular cortex and M1 in DSPN (Frgkjeer et al., 2013, Selvarajah et al., 2014b, Zhang et al.,
2019). However, despite various studies showing vascular/functional alterations between
painful- and painless-DSPN (Shillo et al., 2019b), no clear structural alterations have been

demonstrated.

Painful-DSPN is a heterogenous condition comprising cohorts of patients with different
clinical pain phenotypes (Baron et al., 2009, Themistocleous et al., 2016). Early evidence

suggests that classifying participants into different phenotypes of painful-DSPN may help to
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predict response to different neuropathic pain treatments (Wilkinson et al., 2020). The most
common method is using QST to subdivide participants with neuropathic pain is into the IR
and NIR phenotype (Demant et al., 2014, Teh et al., 2021). The IR phenotype is
characterised by relatively preserved sensory function associated with thermal and/or
hyperalgesia; and the NIR phenotype by thermal and mechanical sensory loss without
hypersensitivity. Previous research has demonstrated alterations in functional connectivity
in nociceptive brain regions between IR and NIR phenotypes in painful-DSPN; however, the

morphological alterations are not known.

3.1.2 Rationale for study

The studies which have investigated the morphometric alterations in DSPN generally have
had a relatively small sample size (Selvarajah et al., 2014b, Selvarajah et al., 2019).
Moreover, in the largest study to date the case definition and patient phenotyping was
inadequate (Zhang et al., 2019). Therefore, there is a good rationale for performing a
cerebral morphometry study in a large cohort of participants with detailed clinical
characterization using advanced MR analysis to enable a robust exploration of the
relationships between alterations in brain morphometry and clinical/neurophysiological
assessments of DSPN. Additionally, there is considerable interest in the prospect of
stratification of participants into different clinical phenotypes to predict treatment
response. Therefore, there is justification to explore the cerebral morphometric alterations
in IR and NIR phenotypes of painful-DSPN to determine the cerebral mechanisms which

might contribute to these clinical differences.
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3.1.3 Aims and hypothesis

The aims of this study were to 1) define the cerebral morphological alterations in carefully
phenotyped patients with painful- and painless-DSPN; 2) to explore the relationships
between brain morphology and clinical/neurophysiological measures of DSPN. The
hypothesis was that there will be a reduction in volume/thickness in somatosensory/motor
brain areas (e.g. S1, M1, and insular cortices and the thalamus) with a relative preservation
in somatosensory areas in painful- compared with painless-DSPN; and the final aim, was 3)
to determine the cerebral morphological differences in participants with IR- and NIR-painful-
DSPN. The hypothesis was that there will be a relative preservation of cortical
thickness/cerebral volume in somatosensory brain areas in IR- compared with NIR-painful-

DSPN.

3.2 Methods

3.2.1 Study Design and Participants

Two-hundred and seventy-seven participants were recruited into the study (211 with
diabetes and 66 HV) from the Royal Hallamshire Hospital (Sheffield, U.K.) between 2009 and
2019. Inclusion criteria were as per the general methods and for people with diabetes type
1 or type 2 diabetes to be diagnosed for at least 6 months. Exclusion criteria were as per the

general methods and recurrent severe hypoglycaemia.
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The study design was a case controlled cross-sectional study.

3.2.2 Clinical and neurological assessment

History, clinical examination, structured neurological examination, nerve conduction studies
were performed as described in the general methods. The neurophysiological measures
analysed were sural sensory nerve action potential and conduction velocity; common
peroneal nerve compound muscle action potential, conduction velocity and distal latency;

tibial motor nerve distal latency.

3.2.3 Sensory phenotyping

DFNS-QST was performed as per the general methods in all participants. The QST results
were used to classify participants with painful-DSPN into IR- and NIR-nociceptor phenotypes

as follows (Demant et al., 2014):

e |R-painful-DSPN: presence of DMA, reduced MPT or PPT, increased MPS, lower CPT
or HPT, or any combination of these signs of hyperexcitability
e NIR-painful-DSPN: patients with painful-DSPN not classified as IR phenotype, i.e. no

signs of hyperexcitability described above
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3.2.4 Magnetic resonance imaging protocol

3.2.4.1 Rationale for using brain volumetry

Cerebral atrophy in clinical settings normally relies on visual qualitative interpretation of
structural brain images, such as an increase in cerebrospinal fluid spaces and reduced brain
parenchyma (Giorgio and De Stefano, 2013). These qualitative interpretations can be
guantified, for example by measuring ventricular or sulcal width (Jongen and Biessels, 2008).
However, these measures will be dependent on the operator and scanner, and therefore
are unlikely to be sensitive enough to detect subtle tissue loss and are therefore not suitable
for use in large clinical research studies. Quantitative assessment of brain volumes has been
used for nearly three decades due to advances in computer technology and MR techniques
(Giorgio and De Stefano, 2013). These measures can detect subtle regional differences in
brain morphology. The methods may be entirely manual, semiautomated of fully
automated. Fully automated methods include voxel-based morphometry (VBM) and

Freesurfer, the latter of which has been used in this study.

Brain volumetry allows the quantitation of brain tissue volume (Jongen and Biessels, 2008).
Before the development of automated techniques this was previously done using manual
outlining; however, this is time consuming and is not feasible for larger data sets. The
Freesurfer software is a suite of tools for the analysis of neuroimaging data, including
guantification of cerebral morphometry (Fischl, 2012). The software determines the
boundary between white matter and grey matter and grey matter and the pial surface
(Figure 3.1). Thereafter, anatomical measures are calculated including regional cortical

thickness, surface area and curvature. The pipeline is mostly automated, making it ideal for
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large data sets. The software is continuously improved and updated, and several studies
have found it to generate robust and reliable volumetric measures of the brain (Ochs et al.,

2015, Guo et al., 2019, Yim et al., 2021).

Figure 3.1. Freesurfer delineation of cerebral white and grey matter (yellow-line) and grey matter
and pia (red-line), reproduced from (Fischl and Dale, 2000).

3.2.4.2 Protocol for brain volumetry

3.2.4.2.1 MR acquisition

All participants underwent MRI of the brain and anatomical data acquired with a 3D T1-

weighted magnetization-prepared rapid echo sequence.
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3.2.4.2.2 Cortical thickness, and global and deep brain nuclei volume

Cortical reconstruction and volumetric segmentation were performed with the Freesurfer
software (https://surfer.nmr.mgh.harvard.edu). This processing included motion correction
and averaging (Reuter et al., 2010) of T1 weighted images and removal of non-brain tissue
using a hybrid watershed/surface deformation procedure (Figure 3.2) (Ségonne et al., 2004),
affine-registration to the Talairach atlas (Fischl et al., 2002, Fischl et al., 2004), intensity
normalisation, tessellation of the grey matter/white matter boundary, automated topology
correction (Fischl et al., 2001, Ségonne et al., 2007), and surface deformation following
intensity gradients to optimally place the grey/white and grey/cerebrospinal fluid borders at
the location where the greatest shift in intensity defines the transition to the other tissue
class (Figure 3.1) (Dale et al., 1999, Fischl and Dale, 2000). Surface based maps were created
from the intensity and continuity information from the entire 3D MR volume in
segmentation and deformation procedures to produce representations of cortical thickness,
calculated as the closest distance from the grey/white boundary to the grey/CSF boundary
at each vertex on the tessellated surface (Fischl et al., 2001). Global brain volumetric
measures were obtained, including: total brain, cortical, subcortical, total cordial white
matter and total grey volume. Regions of interest were also chosen in well-recognised brain
regions involved with somatosensory/motor function (Figure 3.3). These included: S1, M1,
insular and anterior cingulate cortices and the thalamus. Volumetric data for each region of
interest (ROI) were averaged between the two hemispheres prior to analysis being

performed.
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Figure 3.2. Example of skull stripped image in Freesurfer, reproduced from
https://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferAnalysisPipelineOverview.

Figure 3.3. Example of Volume-based labelling in Freesurfer, reproduced from
https://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferAnalysisPipelineOverview. A. Volume based
labelling., B Surface based labelling.
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3.2.5 Statistical Analysis

Statistical tests were applied as described within the general methods. The univariate test
ANOVA was used to compare differences between groups (HV, no-DSPN, painful-DSPN, and
painless-DSPN) by calculating the mean morphological parameter for each brain tissue type
per group. Brain group data were also adjusted for age and sex as fixed factors. A full
factorial model was used, with group difference as a contrast. The relationship between
brain morphological parameters and neurological/neurophysiological attributes (e.g. nerve
conductions studies, DN4 and NRS for pain) were analysed in more detail using Pearson’s
correlation coefficients. Group comparisons between the IR- and NIR-painful-DSPN

phenotype were analysed using an independent t-test.

3.3 Results

3.3.1 Clinical and neurological assessments

Table 3.1 shows the demographic details, metabolic characteristics and results of
neurophysiological assessments for all groups. There were some clinical and demographic
differences seen between groups. On post hoc analysis, participants with painless-DSPN
were significantly older than HV (LSD, p=0.003) and there were fewer females in the painful-
DSPN group compared with HV (Chi? test, p=0.037) and no-DSPN (p=0.005). The duration of
diabetes was longer in painless-DSPN compared with No-DSPN (LSD, p<0.001) and painful-
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DSPN (p=0.004) too. There was a higher body mass index (BMI) in painful-DSPN compared
with HV (p=0.001) and the HbAlc was also greater in painful-DSPN compared with no-DSPN
(p=0.014). There were no group significant group differences in the presence of other
microvascular complications although those with established DSPN had a greater
percentage of patients with proliferative diabetic retinopathy compared with no-DSPN (no-

DSPN vs. painless-DSPN, Chi? test p<0.001; no-DSPN vs. painful-DSPN, p=0.001).

All nerve conduction parameters confirmed neuropathy in the painless- and painful-DSPN
groups compared with no-DSPN and HV (LSD, all p<0.001), as expected. Both peroneal nerve
conduction velocity (p=0.020) and sural nerve action potential (p=0.002) were also reduced
in no-DSPN compared with HV but remained within normal limits in the no-DSPN group. In
addition, tibial distal latency was longer in painful- compared with painless-DSPN (p=0.009).
As expected, the DN4 score and NRS was higher than all other groups (all p<0.001). The DN4

was also higher in painless-DSPN compared with HV and no-DSPN (both p<0.001).
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HV (n = 66) No DSPN (n = | Painless-DSPN Painful-DSPN P value
57) (n=77) (n=77)

Age (years) 54.4+12.7 56.6 £9.7 60.0£9.3 57.7+8.6 0.030 A
Female sex, % | 53% 59.6% 44.7% 32.5% 0.010 Chi?
Duration of 15.5+14.1 23.9+14.0 17.7+11.6 0.001 A
diabetes
(years)
Type 1 36.8% 50% 32.2% 0.165 Chi?
Diabetes, %
Body mass 27.3+5.2 29.3+6.5 29.4+5.7 30.9+6.7 0.008 A
index (kg/m?)%
HbAlc 63.3+17.3 68.2+17.1 71.4+£20.5 0.047 A
(mmol/mol)
eGFR 83.7+10.2 80.3+14.0 79.5+14.8 0.190 A
(mL/min/1.73
m?)
No DR (%)% 47.3% 29.4% 33% 0.057 Chi?
Background/P 45.5% 36.8% 40.9% 0.621 Chi?
re-
proliferative
DR (%)%
Proliferative 5.5% 33.8% 26.1% <0.001 Chi?
DR (%)%
Sural 17.0+7.2 13.3+5.5 3.6%5.2 44+77 <0.001 A
amplitude
(mV)%
Sural velocity | 46.2+9.9 43.1+6.3 35.1+9.5 345+9.3 <0.001 A
(m/s)*
Peroneal 58+1.9 50+2.7 19+22 1.8+2.1 <0.001 A
amplitude
(mV)
Peroneal 458+49 43.6+4.6 36.7+4.8 36.3+5.5 <0.001 A
Velocity
(m/s)¥
Peroneal 47+0.8 4.7+0.9 6.2+2.8 6.5+2.8 <0.001 A
latency (ms)*
Tibial latency | 4.4+0.9 45+0.7 6.0+2.0 7.1+£3.7 <0.001 A
(ms)*
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DN4 0.0+0.0 0.1+04 0.8+1.2 6.7£1.6 <0.001 A

NRS 0.0+0.0 0.0+0.0 0.0+0.0 59+3.0 <0.001 A

Table 3.1. Demographic details, metabolic characteristics, and results of neurophysiological
assessments for the study cohort. Data are presented as mean * standard deviation or percentages
for categorical data. The statistical test used was ANOVA (A) for continuous normally distributed
data or Chi? for categorical data. f Sural nerve amplitude was undetectable in 36 patients with
Painless- and 46 in Painful-DSPN. Body mass index data missing in 10 individuals; HbAlc data missing
in 9 individuals; DR data missing in 14 individuals; Sural amplitude missing in 12 individuals; Sural
velocity missing in 155 individuals; Peroneal amplitude missing in 16 individuals; Peroneal velocity
missing in 54 individuals; Peroneal latency missing in 47 individuals; and Tibial latency missing in 70
individuals. DN4, Doleur Neuropathique en 4 questions; DR, Diabetic Retinopathy; NRS, Numeric
Rating Scale for pain.

3.3.2 Global and regional brain parameters

Table 3.2 shows the global and regional brain volumes in unadjusted analysis. In global brain
volume analysis, the subcortical grey volume was significantly lower in the diabetes groups
compared with HV [HV vs. no-DSPN (LSD, p=0.045), painless-DSPN (p=0.010) and painful-
DSPN (p=0.019)]. After adjustment for age and sex the significance was lost for subcortical
grey volume (ANCOVA, p=0.065), and there remained no significant group difference in

other global brain parameters.

In the ROI analysis, participants with painless-DSPN had significantly lower mean S1 cortical
thickness compared to other study groups (ANOVA, p=0.003). Post hoc analysis revealed
that cortical thickness was significantly lower in painless-DSPN compared with HV (LSD,
p<0.001) and no-DSPN (p=0.012) (Table 3.2 and Figure 3.4). Additionally, the S1 cortical
thickness was significantly reduced in painful-DSPN compared with HV (p=0.024). Group
differences in mean S1 cortical thickness lost significance after adjusting for age and sex

(ANCOVA, p=0.058).
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M1 cortical thickness was also significantly lower in participants with painful- and painless-
DSPN compared to no-DSPN and HV [ANOVA, p=0.001; Painless-DSPN vs. HV (LSD, p=0.001);
painful-DSPN vs. HV (p=0.002); painless-DSPN vs. no-DSPN (p=0.18); painful-DSPN vs. no-
DSPN (p=0.030)] (Table 3.2 and Figure 3.5). This group effect and post hoc analysis remained

statistically significant when adjusted for age and sex (ANCOVA, p=0.025).

The insular cortical thickness was numerically the lowest in painless-DSPN, which reached
significance vs. HV (LSD, p=0.003) (Table 3.2 and Figure 3.6). Additionally, in painful-DSPN
the mean insular cortical thickness was significantly lower than HV (p=0.029). The group
effect lost statistical significance when adjusted for age and sex (ANCOVA, p=0.223). The
thalamic volume was numerically the lowest in the painless-DSPN group; however, there
was no significant group effect (ANOVA, p=0.125). The ACC cortical thickness was also

numerically lowest in painful-DSPN but there was no significant group difference (p=0.119).
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Thickness (mm)

HV (n = 66) No DSPN Painless-DSPN Painful-DSPN P value
(n=57) (n=77) (n=77)

Global brain parameters
Total Brain 1060.46 + 1019.88 + 1022.03 £ 1036.47 0.182
volume (cm?) 108.23 123.80 129.92 111.11
Cortical volume | 412.0+47.79 404.23 £48.61 | 404.70+48.27 | 403.52+£45.98 | 0.135
(cm?)
Subcortical 54.74 +5.39 52.76 £ 5.67 52.38 +5.82 52.60 +4.89 0.043
grey volume
(cm?)
Total grey 571.31+61.76 | 548.55+63.72 | 550.08 +63.80 | 549.65+57.20 | 0.098
volume (cm3)
Total cortical 459.81+52.48 | 443.45+63.11 | 444.48 +68.52 | 458.87 £+58.91 | 0.231
white matter
volume (cm?)
Regional brain parameters
Mean Thalamic | 6.66 £ 0.79 6.42 +0.88 6.38 £ 0.789 6.59+0.81 0.125
Volume (mm3)
Mean S1 1.93+0.11 1.91+0.12 1.86+0.13 1.88+0.11 0.003
Cortical
Thickness (mm)
Mean M1 2.39+0.14 2.37+0.12 2.31+0.16 2.31+0.16 0.001
Cortical
Thickness (mm)
Mean Insular 291+0.14 2.86+0.15 2.83+0.17 2.85+0.17 0.025
Cortical
Thickness (mm)
Mean ACC 2.50+0.20 2.52+0.23 2.56+0.25 2.47 +0.23 0.119
Cortical

Table 3.2. Global brain volumes and regional brain volume and cortical thickness. Data are presented
as mean * standard deviation. Statistical test, ANOVA. ACC, anterior cingulate cortex; M1, primary

motor; S1, primary somatosensory.

95




194

1.92

1.90

1.88 —l

1.86

Mean Postcentral Thickness (mm)

1.84

HV No DPN Painless Painful
-DPN -DPN

Figure 3.4. Mean Postcentral (S1) Cortical Thickness (mm) and 95% Cl in participants with diabetes
and HV (p=0.004, ANOVA). Painless-DSPN vs. HV (LSD, p<0.001); Painless-DSPN vs. no-DSPN
(p=0.012); Painful-DSPN vs. HV (p=0.024).

Mean Precentral Thickness (mm)
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Figure 3.5. Mean Precentral (M1) Cortical Thickness (mm) and 95% Cl in participants with diabetes
and HV (ANOVA, p=0.001). Painless-DSPN vs. HV (LSD, p=0.001); Painful-DSPN vs. HV
(p=0.002); Painless-DSPN vs. no-DSPN (p=0.18); Painful-DSPN vs. no-DSPN (p=0.030).

96



Mean Insular Thickness (mm)
S
&

HV No DPN Painless Painful
-DPN -DPN

Figure 3.6. Mean Insular Cortical Thickness (mm) and 95% Cl in participants with diabetes and HV
(ANOVA, p=0.025). Painless-DSPN vs. HV (LSD, p=0.003); Painful-DSPN vs. HV (p=0.029).

3.3.3 Correlation analysis

The global brain parameters showed consistent mild-moderate correlations with sural nerve
velocity, see Table 3.3. Additionally, as expected, age correlated with all global measures of
brain volume; although there was no correlation with total cortical white matter volume
(Pearson’s correlation, r -0.102, p=0.090). Moreover, there were correlations with measures
of DM and global brain parameters. Total brain volume correlated with duration of DM and
severity of retinopathy; cortical volume correlated with duration of DM, severity of
retinopathy and eGFR; total grey volume correlated with duration of DM, severity of
retinopathy and eGFR; total cortical white matter correlated with duration of DM; and

subcortical grey volume correlated with eGFR.
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Total brain

Cortical volume

Subcortical grey

Total grey volume

volume volume

r P value r P value r P value r P value
Sural -0.034 | 0.582 0.007 0.910 0.049 | 0.427 0.024 0.700
amplitude
Sural velocity | -0.314 | <0.001 -0.277 0.002 -0.205 | 0.024 -0.295 0.001
Peroneal -0.096 | 0.154 -0.046 0.494 0.008 | 0.904 -0.060 0.376
velocity
Peroneal 0.077 0.246 0.035 0.593 -0.014 | 0.833 0.012 0.857
latency
Peroneal -0.035 | 0.575 -0.009 0.593 0.006 | 0.922 -0.003 0.967
amplitude
Tibial latency | 0.057 0.418 0.051 0.468 0.016 | 0.816 0.042 0.551
Age -0.159 | 0.008 -0.289 <0.001 -0.427 | <0.001 -0.299 <0.001
Body mass -0.023 | 0.707 -0.100 -0.104 0.015 | 0.809 -0.103 0.095
index
HbA1lc 0.049 0.485 0.068 0.333 0.108 | 0.125 0.080 0.260
Duration of 0.213 0.002 0.213 0.002 0.085 | 0.218 0.237 0.001
DM
Degree of 0.162 0.022 0.197 0.005 0.104 | 0.144 0.213 0.003
retinopathy
eGFR 0.119 0.091 0.151 0.032 0.176 | 0.012 0.149 0.035

Table 3.3. Pearson’s correlation between global brain parameters and clinical and neurophysiological

parameters. DM, diabetes mellitus; eGFR, estimated glomerular filtration rate.
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Table 3.4 shows the correlation analysis for the M1, S1 and insular cortex. As expected, M1,
S1 and insular cortical thickness most strongly correlated with age. There were also weak
correlations between these cerebral parameters and neurophysiological parameters, the
most consistent of which was with sural nerve amplitude [M1 (Pearson’s correlation r 0.256,
p<0.001); S1 (r 0.214, p<0.001)]. Moreover, the ACC cortical thickness correlated with CPT (r
-0.139, p=0.030) and MPS (r -0.250, p<0.001). In addition, the thalamic volume correlated
with age (r -0.394, p<0.001), HbA1lc (r -0.394, p=0.019), sural nerve velocity (r -0.253,

p=0.005) and VDT (r -0.140, p=0.030).
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M1 cortical thickness

S1 cortical thickness

Insular cortical thickness

R P value R P value R P value
Sural 0.256 <0.001 0.214 <0.001 0.104 0.092
amplitude
Sural velocity 0.045 0.624 -0.035 0.704 -0.041 0.651
Peroneal 0.113 0.093 0.117 0.082 0.239 <0.001
velocity
Peroneal -0.210 0.001 -0.115 0.019 -0.073 0.270
latency
Peroneal 0.217 <0.001 0.137 0.027 0.201 0.001
amplitude
Tibial latency -0.089 0.201 0.000 0.995 -0.063 0.366
Age -0.303 <0.001 -0.351 <0.001 -0.374 <0.001
Body mass -0.162 0.008 -0.128 0.038 -0.088 0.151
index
HbA1c 0.053 0.454 0.022 0.758 0.090 0.200
Duration DM 0.072 0.302 -0.026 0.708 -0.094 0.175
CDT 0.088 0.169 0.112 0.080 -0.007 0.917
WDT 0.175 0.006 0.134 0.036 0.121 0.058
TSL 0.153 0.017 0.141 0.028 0.096 0.246
CPT 0.099 0.121 0.054 0.402 -0.024 0.710
HPT 0.160 0.012 0.098 0.123 0.004 0.947
PPT 0.152 0.019 0.173 0.007 0.150 0.020
MPT 0.173 0.007 0.151 0.019 0.148 0.021
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MPS 0.048 0.454 0.030 0.644 0.021 0.740
WUR -0.085 0.261 -0.018 0.811 -0.043 0.588
MDT 0.153 0.017 0.160 0.013 0.221 <0.001
VDT 0.173 0.007 0.150 0.019 0.123 0.056
DMA -0.078 0.227 -0.098 0.128 -0.031 0.634

Table 3.4. Pearson’s correlation between M1, S1 and insular cortical thickness and
neurophysiological parameters. CDT, cold detection threshold; CPT, cold pain threshold; DM,
diabetes mellitus; DMA, dynamic mechanical allodynia; eGFR, estimated glomerular filtration rate;
HPT, heat pain threshold; M1, primary motor cortex; MDT, mechanical detection threshold; MPT,
mechanical pain threshold; PHS, paradoxical heat sensation; PPT, pressure pain threshold; S1,
primary somatosensory cortex; VDT, vibration detection threshold; WUR, wind up ratio.

3.3.4 Painful-DSPN subgroup analysis: IR and NIR stratification

The painful-DSPN group were stratified into two clinical phenotypes, IR-painful-DSPN and
NIR-painful-DSPN. Table 3.5 shows the demographic, clinical and metabolic characteristics,
results of neurophysiological assessments, DFNS QST assessment and cerebral measures for
the two painful-DSPN phenotypes. The clinical and demographic measures were similar,
although there was a greater proportion of patients with TLIDM in the IR group (Chi?,
p=0.012). The sural amplitude was lower (independent samples t-test, p=0.017) and
peroneal latency higher (p=0.017) in the NIR compared with IR group, suggestive of milder
neuropathy severity in the latter. There were also between group differences in cold pain
threshold (p=0.012), pressure pain threshold (p<0.001), mechanical pain sensitivity
(p=0.001) and dynamic mechanical allodynia (p=0.045), suggestive of neuronal

hypersensitivity/hyperalgesia in the IR group.
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IR Painful-DSPN NIR Painful-DSPN P value

(n=34) (n=43)
Age (years) 56.4+10.3 58.7+8.9 0.299
Female sex, % 37.1% 28.9% 0.434*
Duration of diabetes 19.8 +12.2 16.0+11.0 0.155
(years)
Type 1 Diabetes, % 61.3% 38.7% 0.012%*
Body mass index (kg/m?) | 30.2+7.3 31.6+6.2 0.368
HbAlc (mmol/mol) 72.6+20.6 70.5+20.7 0.651
Sural amplitude (mV) 6.9+99 24+46 0.017
Sural velocity (m/s) 32.5+9.1 38.1+9.0 0.181
Peroneal amplitude 22+2.2 14+20 0.113
(mV)
Peroneal velocity (m/s) 36.8+5.1 35.8+6.0 0.501
Peroneal latency (ms) 56+1.1 7.3+34 0.017
Tibial latency (ms) 6.2+1.8 7.81+4.6 0.150
DN4 7017 6.5+1.5 0.186
NRS 6.1+3.3 58+29 0.698
CDT (z-score) -2.13+1.00 -2.57+0.97 0.560
WDT (z-score) -1.72+0.84 -1.87 £ 0.53 0.328
TSL (z-score) -1.95+0.89 -2.32+£0.76 0.061
CPT (z-score) -0.52+0.85 -0.93+0.39 0.012
HPT (z-score) -0.93+1.64 -1.42 +0.46 0.100
PPT (z-score) 2.42 £3.53 -0.70 £ 1.66 <0.001
MPT (z-score) -1.02+£1.72 -1.68 £1.48 0.074
MPS (z-score) -0.04+1.74 -1.29+1.07 0.001
WUR (z-score) 0.09 +1.69 -0.23+1.51 0.537
MDT (z-score) -2.76 £1.70 -2.76 £ 1.60 0.985
VDT (z-score) -2.85+2.40 -3.45 + 2.65 0.310
DMA (z-score) 3.24£9.05 0.01+0.03 0.045
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Mean Thalamic Volume | 6660 + 728 6539 + 877 0.519
(mm?3)

Mean S1 Cortical 1.89+0.10 1.88+£0.12 0.678
Thickness (mm)

Mean M1 Cortical 2.34+0.14 2.29+0.18 0.148
Thickness (mm)

Mean Insular Cortical 2.85+0.19 2.85+0.16 0.887
Thickness (mm)

Mean ACC Cortical 2.36+0.22 2.57+0.21 <0.001
Thickness (mm)

Table 3.5. Demographic, clinical and metabolic characteristics, neurophysiological and DFNS QST
assessments and cerebral measures for the two painful-DSPN phenotypes IR (Irritable nociceptor)
and NIR (Non-irritable nociceptor). Data are presented as mean * SD or percentage. Data analysed
using the independent samples t-test except for * which were analysed using the Chi®test. ACC,
anterior cingulate cortex; CDT, cold detection threshold; CPT, cold pain threshold; DMA, dynamic
mechanical allodynia; DN4, Doleur Neuropathique en 4 questions; HPT, heat pain threshold; M1,
primary motor; MDT, mechanical detection threshold; MPS, mechanical pain sensitivity; MPT,
mechanical pain threshold; NRS, Numeric Rating Scale for pain; PPT, pressure pain threshold; S1,
primary somatosensory; TSL, thermal sensory limen; VDT, vibration detection threshold; WDT, warm
detection threshold; WUR, wind-up ratio.

There was no significant differences in global brain volumes between the two painful-DSPN
phenotypes. However, ACC thickness was significantly lower the in IR- compared with NIR-
painful-DSPN phenotype, Table 3.5 and Figure 3.7. The ACC cortical thickness negatively

correlated with mechanical pain sensitivity (Pearson’s correlation, r -0.281, p=0.014).
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Figure 3.7. Mean ACC Thickness (mm) and 95% Cl in participants with IR and NIR painful-DSPN. ACC
thickness significantly lower in IR- compared with NIR-painful-DSPN (independent t-test, p<0.001).
ACC, anterior cingulate cortex.

3.4 Discussion

To the best of our knowledge, this is the largest study to date involving well characterised
participants to examine alterations in brain morphometry in DSPN. The key finding was a
reduction in S1 and M1 cortical thickness in both painful- and painless-DSPN cohorts.
Moreover, participants with neurophysiological evidence of more severe neuropathy had
greater reductions in S1 and M1 cortical thickness. This suggests an important role in the
neuropathic process which drives cortical changes in the brain. This study also
demonstrated that the degree of alteration in cortical thickness was generally more marked
in participants with painless- compared with painful-DSPN in regions associated with

somatosensory function whereas in M1 the reduction in cortical thickness was similar. A
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novel finding in the study was that ACC cortical thickness was reduced in participants with
IR- compared with NIR-painful-DSPN, with greater reduction in cortical thickness in the
former group. Additionally, the study also showed that global subcortical grey matter was

reduced in participants with diabetes compared with HV.

Firstly, this study examined global cerebral parameters in the four patient groups. There was
a significant group difference in subcortical grey volume, with all three-diabetes group
showing a reduction in volume of similar magnitude, compared with HV. There were no
significant group differences in the other global parameters; although there was a trend
towards a reduction in the three diabetes groups in total brain volume, cortical volume and
total grey volume compared with HV. Global brain volumes also correlated with sural nerve
velocity, but not other measures of neurophysiological tests. However, this finding is limited
by the fact that many cases had this neurophysiological variable missing from the dataset.
Other global cerebral variables did not correlate with measures of neuropathy; therefore,
this result may therefore be a false positive. There were correlations with global brain
volumes and some clinical parameters, mostly consistently and strongly with age, as
expected, but also with measures of diabetes, e.g., duration of DM and severity of

microvascular complications

Large meta-analyses have previously demonstrated significant reductions in global grey
matter volume in patients with T2DM compared with HV (Wu et al., 2017, Yao et al., 2021).
There are fewer studies examining the differences in global brain parameters between
T1DM and HV; although a 2015 meta-analysis found no differences in brain volume or total
grey matter volume between these two groups (Moulton et al., 2015). Smaller studies,

including our own, have found greater differences in global brain parameters in patients
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with diabetes and a greater burden of microvascular complications compared to those
without (Selvarajah et al., 2014b, Fang et al., 2018). However, the study in this thesis
indicates that global brain volumes were similar between all three diabetes groups.
Therefore, these results suggest that reductions in global brain volumes may be accelerated
by the presence of diabetes but may not be significantly impacted by the presence of
neuropathy. Further large meta-analyses and longitudinal analyses are required to
determine the relationship between global brain measures and diabetic complications,

however, to confirm this hypothesis.

On regional brain analysis there were significant group differences in S1, M1 and insular
cortical thickness in DSPN groups. The cortical thickness was lowest at these regions in
painless-DSPN compared with both control groups, with a lesser reduction in painful-DSPN.
However, the group analysis significance was lost after correction at the S1 and insular
cortex. At at these regions there was a stepwise reduction from the no-DSPN group to the
DSPN groups. These results suggest that there are reductions in S1, M1 and insular cortical
thickness as a result of diabetes, with an additive effect of DSPN. Overall, the data are
consistent with previous smaller studies which have demonstrated reductions in brain areas
associated with somatosensory and motor function in patients with DSPN compared with
HV and no-DSPN, including: S1 (Selvarajah et al., 2014b), M1 (Selvarajah et al., 2019) and

the insular cortices (Zhang et al., 2019).

A notable feature of this data was that the M1 cortical thickness was similar between
painless- and painful-DSPN. Whereas at regions of the brain associated with somatosensory
function and the pain matrix, i.e. S1 and insular cortices, there was a stepwise reduction

from HV to no-DSPN, then painful-DSPN and lastly painless-DSPN which had the lowest

106



cortical thickness. In a previous study within our group we found that the S1 and M1 cortical
thickness was lowest in an insensate painful-DSPN subgroup compared with HV, no-DSPN,
painless-DSPN and sensate painful-DSPN groups (Selvarajah et al., 2019). In this prior study
the sample size was smaller than the current study. Additionally, the subgrouping of painful-
DSPN cohorts were different (sensate and insensate vs. IR and NIR) and the participants
with insensate painful-DSPN had the most severe neuropathy, which may explain the
differences in the results. Few studies have explored the morphological differences in the
brain between painless- and painful-neuropathies. However, dichotomous symptom-based
subgroupings were found to have distinct neuroplasticity in S1 and M1 cortices in
participants with carpal tunnel syndrome (Maeda et al., 2016). Participants with carpal
tunnel syndrome and paraesthesia demonstrated reduced S1/M1 cortical thickness which
correlated with measures of neurophysiology; whereas those with neuropathic pain had
greater S1/M1 thickness and showed correlation with pain severity. Similarly, in other
chronic pain states cortical thickness appears preserved, if not increased, at the S1 cortex
(Smallwood et al., 2013, Dai et al., 2015). In painful-DSPN there is a concurrent loss of
peripheral sensation and peripheral neuropathic pain, sometimes referred to as the
painful/painless leg (Ward, 1982). Thus, there may be a partial, but incomplete, loss of
cortical thickness in areas related to somatosensory function in painful-DSPN, with larger
reductions in painless-DSPN where there is greater reduction in peripheral neuronal impulse
transmission, i.e. a dying back phenomenon with disuse atrophy. The cortical thickness in
these regions may be partially maintained in painful-DSPN due to persistence of neuronal
input from painful signalling. In our study there was no correlation between somatosensory
brain regions and measures of neuropathic pain; therefore, further investigation into

subgroups of painful-DSPN are necessary to explore this relationship in more detail.
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Previous research within our group has demonstrated functional alterations in different
phenotypes of painful-DSPN (Selvarajah et al., 2019, Wilkinson et al., 2020, Teh et al.,
2021). Indeed, this study demonstrated structural alterations of the ACC in different

subgroups, discussed below.

The clearest group differences in the S1, M1 and the insular cortices were between DSPN
groups and HV. However, there were fewer significant differences between no-DSPN and
the other groups. There were some clinical and neurophysiological variables which might
explain the lack of group effect between no-DSPN and the DSPN groups. For example, the
sural nerve amplitude was significantly lower in no-DSPN compared with HV. This has
previously been described in participants with no-DSPN having relatively reduced peripheral
neurological function compared with healthy volunteers (Gibbons et al., 2010). Also, the
duration of diabetes was greater in painless- compared with painful-DSPN and no-DSPN. It is

possible that these group differences may act as confounds for the cerebral results.

In this study there was no significant group differences on volumetric analysis in the
thalamus. There was a trend towards a reduced volume in the painless-DSPN group with a
lesser reduction in no-DSPN, which did not reach significance. This analysis measured the
volume of the entire thalamus whereas only the certain areas of the thalamus, such as the
ventral posterior lateral (VPL) thalamic subnucleus, are involved in somatosensory
perception. Other studies have demonstrated focal reduced grey matter volume within the
thalamus in DSPN using another MR analysis technique, VBM, which performs pairwise
analysis between two groups (Zhang et al., 2019, Hansen et al., 2021). Therefore, the
technique in this study may not have been sensitive enough to detect focal changes in

thalamic subnuclei. A number of studies have also demonstrated thalamic functional
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alterations between painful- and painless-DSPN (Shillo et al., 2019b), which will be explored

further within this thesis in later chapters.

As this study recruited many participants, it was possible to explore the relationship of
clinical and neurophysiological alterations and morphological differences within the brain.
Generally, the cerebral parameters correlated with clinical measures, such as age and BMI.
Indeed, age is well known to be a key determinant of morphological alterations within the
brain. However, there were also correlations between cortical thickness at
somatosensory/motor brain regions and neurophysiological parameters. The strongest
correlations for neurophysiological parameters were with sural nerve amplitude and the S1
and M1 cortical thickness. Other brain regional morphometric parameters also correlated
with measures of neurophysiology, such as the insular and anterior cingulate cortical
thickness and thalamic volume. The strength of correlation between cerebral parameters
and neurophysiology was relatively weak. This likely reflects the heterogeny of not only
DSPN but also diabetes itself, e.g. type of diabetes, duration of diabetes and degree of other
co-morbidities such as hypertension, microvascular and macrovascular disease. To
definitively determine the relationship between cerebral parameters and DSPN, detailed
prospective studies are necessary with baseline sensory phenotyping and longitudinal

imaging.

DFNS QST was used to subgroup patients into the IR- and NIR-painful-DSPN phenotype to
determine whether there were structural brain alterations between these two groups.
Despite evidence of milder neuropathy in the IR group, there was a significant reduction in
ACC cortical thickness compared with the NIR phenotype. Moreover, although the rating of

pain was similar between groups, the ACC cortical thickness negatively correlated with MPS,
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a measure of neuronal hypersensitivity. Therefore, this appears to show that there are
differences in cortical thickness driven by the underlying phenotype. These findings are
consistent with previous research within our group with a smaller cohort of patients (Teh et
al., 2021). Zhang et al. has also demonstrated a reduced ACC cortical thickness on VBM in a
paired painful-DSPN vs. HV analysis but not in painless-DSPN < HV analysis; although this

study did not perform analysis on subgroups of painful-DSPN (Zhang et al., 2019).

The ACC has been highlighted as a key area for nociceptive processing of acute pain in
humans (Apkarian et al., 2005). This region has been shown to be involved in the descending
modulation of pain, attention to pain and emotional aspects of pain (Tracey and Mantyh,
2007). It is activated in response to noxious pain (Duerden and Albanese, 2013) accessing its
sensory, cognitive and affective components (Xie et al., 2009). The ACC also shows
heightened activation in chronic pain states (Bliss et al., 2016) and a number of studies have
demonstrated anatomical alterations within the ACC in chronic pain states (Davis and
Moayedi, 2013), suggesting a degenerative process or functional alteration (Bushnell et al.,
2013). For example, reduced ACC cortical thickness has been shown in chronic lower back
pain (Seminowicz et al., 2011, Kregel et al., 2015), fibromyalgia (Burgmer et al., 2009,
Robinson et al., 2011), osteoarthritis (Woodworth et al., 2019) and headache disorders
(Obermann et al., 2009, Gerstner et al., 2011) etc. (May, 2011). Moreover, reduced ACC
cortical thickness has been shown to reverse with improvement in painful symptoms
(Obermann et al., 2009, Seminowicz et al., 2011); although, these findings are not universal
across the literature (Apkarian et al., 2004, Schmidt-Wilcke et al., 2006). The neurobiology
causing this alteration is uncertain but may be due to neuronal loss related to excitotoxicity

(Bushnell et al., 2013). The precise reason for reduced ACC cortical thickness in participants
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with the IR-painful-DSPN phenotype is also unclear. ACC activation has been shown in
participants with painful-DSPN, indeed it was found that increased activity within this region
predicted successful treatment with duloxetine (Watanabe et al., 2018). Therefore,
enhanced affective and emotional activity within the ACC may lead to excitotoxicity and
consequent reduced cortical thickness in those with IR-painful-DSPN. An alternative
explanation may be that degeneration within this region may be associated with reduced
descending inhibition. Teh et al. demonstrated altered functional connectivity in IR and NIR
phenotypes in painful-DSPN (Teh et al., 2021) and these two phenotypes have also been
shown to have different responses to neuropathic pain treatments in a clinical trial (Demant
et al., 2014). The finding in this study further supports the concept that different
phenotypes of neuropathic pain have different underlying disease mechanisms. However,
the aetiology and pathophysiology of different clinical phenotypes of neuropathic pain
remain understudied. A greater understanding of this in the future may lead to improved

mechanisms based management of painful-DSPN (Sloan et al., 2021).

There are many strengths to this study, to the best of our knowledge it is the largest study
of cerebral morphometry in DSPN. Participants underwent detailed neurophysiological
assessment as well as advanced volumetric cerebral imaging. However, the limitations of
the study include the group differences in demographics, clinical characteristics, and
metabolic parameters which may confound for the results. The reasons for this include that
the study recruited many participants over a long period of time and incorporated 3D T1-
weighted MR images from several studies. However, several of the differences between
groups also reflect the well-known risk factors for DSPN and painful-DSPN. For example,

age, BMI and longer duration of diabetes are risk factors for DSPN. The preponderance of
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males in the painful-DSPN is difficult to explain, as female sex is a risk factor for the
condition (Hébert et al., 2017). This may be due to a recruitment bias. Moreover, there were
some missing data in the clinical and neurophysiological assessment of patients, which may

have impacted the correlation analysis.

3.5 Conclusions and future work

This study demonstrates that key somatosensory and motor brain regions have reduced
cortical thickness which relate to measures of neurophysiology, suggesting that DSPN is
driving these structural alterations. This finding is consistent with our understanding that
DSPN is not merely a disorder of the peripheral nerve, but the CNS also. Moreover, the
cortical thickness reduction is more pronounced in somatosensory regions in painless-
compared with painful-DSPN, suggesting relative preservation from cortical degeneration in
the latter, which may be due to persisting neuronal impulses. Whereas the motor cortical
thickness is similarly reduced in painless- and painful-DSPN. A novel finding of this study was
that ACC thickness is dramatically reduced in participants with IR-painful-DSPN compared
with the NIR phenotype. Maladaptation within this region therefore may reflect the changes

occurring in the brain in different clinical phenotypes of painful-DSPN.

Future work is necessary to determine the mechanisms resulting in morphometric
alterations in DSPN. Prospective studies in matched participants are required to
longitudinally determine the factors associated with changes in cerebral morphology.

Moreover, the finding of reduced ACC cortical thickness differentiating patients with IR- and
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NIR-painful-DSPN phenotypes opens critical lines of future work. Further multimodal
imaging studies are necessary to explore the functional role of the ACC as a determinant of
different pain phenotypes in painful-DSPN. Numerous advanced imaging modalities are
available which may interrogate the ACC in painful-DSPN, including blood flow
haemodynamics, functional connectivity and neurotransmitter levels, which have the
potential to unlock the causal relationship of morphological abnormalities in the ACC in
different pain phenotypes. Exploration of the nature of different pain phenotypes is
important in order to determine whether a mechanism-based approach to pain

management may be feasible with painful-DSPN.
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4. Cerebral Magnetic Resonance Spectroscopy alterations in DSPN:

Neuronal function in painful- and painless-DSPN

4.1 Introduction

4.1.1 Background

Chapter 3 demonstrated evidence of structural changes in the brain in DSPN. Other studies
have also shown brain vascular and functional alterations using a range of imaging
modalities (Selvarajah et al., 2008, Cauda et al., 2009a, Cauda et al., 2009b, Selvarajah et al.,
2011, Segerdahl et al., 2018, Selvarajah et al., 2019, Hansen et al., 2021, Wilkinson et al.,
2020, Teh et al., 2021). Certain cerebral alterations including thalamic microvascular
perfusion, somato-thalamic functional connectivity, descending pain modulatory function
and ACC blood flow appear to differentiate painless- from painful-DSPN (Table 1.3) (Shillo et
al., 2019b), suggesting involvement of the CNS in the aetiopathogenesis of neuropathic pain
in diabetes. In Chapter 3, S1 cortical thickness was found to be reduced in painless-DSPN
with lesser reductions in painful-DSPN. Other studies have highlighted the S1 cortex and the
thalamus as two key brain regions thought to be involved in the pathophysiology of both
DSPN and painful-DSPN. This chapter will describe the first of two Magnetic Resonance
Spectroscopy (MRS) analyses exploring neurochemical differences in the S1 cortex and
thalamus on the same cohort of participants. This chapter will describe the proton MRS data

(1H-MRS) and Chapter 5 the 31-phosphorus MRS data (31P-MRS).
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The S1 cortex is in the post-central gyrus and is responsible for processing, localizing, and
discriminating of somatosensory impulses. It receives somatosensory information from the
entire body; however, the proportional representation of body areas is different. The
representation of the human body is known as the homunculus, with the leg and foot areas
represented on the medial and superior surface of the cerebral hemisphere. In both DSPN
and painful-DSPN, studies have demonstrated structural and functional alterations in the S1
cortex, including data from Chapter 3 (Selvarajah et al., 2014b, Wilkinson et al., 2020, Teh et
al., 2021, Sloan et al., 2021). However, few S1 cortical alterations between painful- and
painless-DSPN have been described. Recent publications from our group have shown that
different pain phenotypes of painful-DSPN were associated with altered S1 cortical
thickness/volume (Selvarajah et al., 2019, Wilkinson et al., 2020). Further studies in painful-
DSPN have described altered functional connectivity with the S1 cortex and other key brain
regions involved in the processing of pain (Cauda et al., 2009a, Selvarajah et al., 2019,

Wilkinson et al., 2020, Teh et al., 2021).

The thalamus, however, is a grey matter structure of the diencephalon lying above the
midbrain. It has neuronal projections to all the cerebral cortex, acting as a relay for
somatosensory signals. It receives most of the peripheral somatosensory impulses from the
spinal cord, where they are modulated, processed, and transmitted to higher brain centres
within the pain matrix. There are numerous lines of evidence which have suggested altered
function within the thalamus in painful- compared with painless-DSPN. Data from
experimental models of painful-DSPN have shown hyper excitability, enhanced spontaneous
activation and enlarged receptive fields in thalamic neurons (Fischer et al., 2009, Freeman et

al., 2016). Moreover, the inhibitory neurotransmitter GABA was significantly elevated in the

115



thalamus in patients with painful- compared to painless-DSPN (Shillo et al., 2019). Also,
altered thalamic blood flow has been shown in two separates studies using exogenous
intravenous contrast (Selvarajah et al., 2011, Greig et al., 2017). These studies suggest
preserved or heightened neuronal activity within the thalamus in painful- compared with

painless-DSPN; however, this has not been confirmed in human DSPN.

The mechanisms underlying the structural and functional changes in DSPN, both with and
without pain, are unclear. Studies have used 1H-MRS to investigate the underlying
neurochemical alterations to gain insight into these cerebral changes in DSPN. Initially our
group performed 1H-MRS in a small cohort of participants with TIDM with and without
DSPN, shown in Figure 4.1 (Selvarajah et al., 2008). Patients with DSPN had a significantly
lower N-acetylaspartate (NAA) to choline (Cho) ratio and NAA to creatine (Cr) ratio, as
measures of neuronal function, compared with HV and no-DSPN. This finding was confirmed
in a recent study which linked reduced thalamic grey matter volume loss with a reduced
NAA:Cr in patients with TIDM and severe DSPN, suggesting thalamic neuronal loss (Hansen
et al., 2021). A further unpublished study performed 1H-MRS in a much larger cohort of
participants, and found there were no alterations in neurochemical markers of neuronal
function in the S1 cortex in patients with painless- and painful-DSPN who had T1DM, shown
in Figure 4.2 (Gandhi et al., 2006). However, this study found that there was a reduction in
NAA:Cr in the thalamus in painless-DSPN, confirming the above findings; although, the
NAA:Cr ratio in painful-DSPN was unaltered compared with no-DSPN and HV, see Figure 4.2

(Gandhi et al., 2006, Selvarajah et al., 2008).
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Figure 4.1. NAA:Cr (a) and NAA:Cho (b) ratio quantified using 1H-MRS in the thalamus in HV, patients
with T1IDM diabetes without DPN (No-DSPN) and patients with TIDM and DSPN (DPN) in a study
performed by Selvarajah et al. (2008). Subgroup 1H-MRS metabolite differences: (DPN vs. No-DPN
and HV) p =0.04 (a), p = 0.02 (b). Cr, Creatine; Cho, choline; DPN, diabetic peripheral sensorimotor
neuropathy; Cho, choline; Cr, creatine; NAA, N-Acetylaspartate. Reproduced from (Selvarajah et al.,

2008).
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Figure 4.2 NAA:Cr ratio quantified using 1H-MRS in the thalamus in HV and four groups of patients
with TIDM [No-DPN, T1DM without DSPN; subclinical DPN, TIDM with neurophysiological but not
clinical evidence of DSPN; painful- and painless-DPN (DSPN)] in a study performed by Gandhi et al.
(RA et al., 2006). The ratio was significantly lower in painless-DPN compared with all four other
groups, p<0.001. Cr, Creatine; DPN, diabetic peripheral sensorimotor neuropathy; NAA, N-
Acetylaspartate. DPN, diabetic peripheral sensorimotor neuropathy. Reproduced from (RA et al.,

2006).

4.1.2 Rationale for study

Overall the above studies have demonstrated a reduced NAA level in participants with
T1DM and painless-DSPN in the thalamus, with one study finding a normal ratio at the S1
cortex in DSPN. It therefore appears as though there may be a reduction of neuronal
function in the thalamus in patients with painless-DSPN; whereas, in painful-DSPN neuronal

function may be retained. However, these changes have not been demonstrated in T2DM
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nor in both left and right thalami and S1 cortices. We therefore sought to 1H-MRS
neurometabolite ratios in the thalamus and S1 cortices bilaterally in DSPN, with and without

neuropathic pain, initially using 1H-MRS in participants with T2DM.

4.1.3 Aims and hypothesis

The aim of the study was to assess proton metabolite ratios of the S1 cortices and thalami,
as a measure of neuronal function, in patients with T2DM and DSPN. We hypothesised that
there will be a symmetrical reduction in NAA:Cho and/or NAA:Cr in the thalami in patients

with painless-DSPN.

4.2 Methods

4.2.1 Study Design and Participants

Fifty-five participants were recruited to the study (12 HV, 11 T2DM without DSPN i.e no-
DSPN, 12 with painless-DSPN and 20 with painful-DSPN). All participants with diabetes had
T2DM and were diagnosed at least 6-months prior to their inclusion in the study. Inclusion

and exclusion criteria were performed as described in the general methods section.

The study design was a case control cross-sectional study.
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4.2.2 Clinical and neurological assessment

History, mood/memory assessment, clinical examination, structured neurological
examination, nerve conduction studies and calculation of NIS-LL+7 was performed as

described in the general methods.

4.2.3 Magnetic resonance spectroscopy protocol

4.2.3.1 Rationale for using Magnetic resonance spectroscopy

In vivo MRS allows the non-invasive measurement of biochemical processes within the
human body in a particular region of interest, known as a voxel. This technique has been
used in the research environment to examine biochemical/metabolic alterations in various
neurological diseases and also has clinical applications, including the investigation of
cerebral tumours. Hydrogen is the most commonly interrogated nuclei because of the
sensitivity of this nucleus, its abundance within cerebral neurometabolites and the short
acquisition time (Currie et al., 2013a). However, spectra from other MR sensitive
endogenous nuclei such as 31-P may be detected too. It is possible to differentiate
neurometabolites because of the phenomenon of chemical shift due to the shielding of
different nuclei by their surrounding electron cloud. The MR spectra is a plot of signal
intensities, measured along the y-axis, using an arbitrary scale; whereas the intensity of
absorption, the area under spectral peaks, is proportional to the concentration of the
measured metabolite (Figure 4.3). 1H-MRS detects metabolites containing protons and

offers the ability to investigate neuronal function/viability.
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Figure 4.3. 1H-MRS spectrum as presented in jMRUI. The red line is the original spectra after pre-
processing and the purple line the spectral line fitting for metabolite quantitation using AMARES.
The peak on the far right represents N-acetylaspartate (located at 2.02ppm), the middle peak is
creatine (3.02ppm) and the far-left peak choline (3.2ppm).

N-Acetylaspartate: The NAA peak is the most prominent peak on a 1H-MRS spectra, located
at 2.02ppm (parts per million) (Figure 4.3) (Currie et al., 2013a). The function of NAA is
incompletely established but it is postulated to be involved in a number of cerebral
processes, including: neuronal osmoregulation, myelin lipid synthesis, nitrogen removal
from the brain, facilitating energy metabolism and it is a precursor to N-
acetylaspartylglutamate, a prevalent neurotransmitter (Moffett et al., 2007, Currie et al.,
2013a). NAA acts as a marker for neuronal health, viability and number and is reduced in a

variety of lesions and neurological disorders.

Phosphocreatine/Creatine: The creatine (Cr) resonance is a combination of creatine and
phosphocreatine located at 3.02ppm, with a smaller peak at 3.9ppm (Currie et al., 2013a).
Creatine and phosphocreatine are in equilibrium; therefore, creatine is commonly used as a

an internal standard in MR spectroscopy from which metabolite ratios can be measured.
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However, some authors advise caution as there are cases, particularly during tissue

destruction, where creatine levels have fallen.

Choline: The Cho spectral peak is located at 3.2ppm, containing soluble constituents of the
cell membrane (Currie et al., 2013a). Increases in this peak may be caused by rises in cell
proliferation or membrane disruption. Also, this peak is greater in glial cells and within white

compared to grey matter.

4.2.3.2 Protocol for 1H-MRS

Magnetic resonance spectroscopy imaging was performed using the 3T scanner described in
the general methods with a dual tuned 1H/31P head coil (RAPID Biomedical GmbH,
Wiirzburg, Germany). Initially, a multiple 2D survey scan was performed for localization of
the voxel matrix (sagittal, coronal and transverse plane) with the following parameters: TR
11 ms, TE 4.6 ms, flip angle 15°, and voxel size 1.0 mm?3. The spectroscopy matrix contained
a 14 x 14 grid of voxels with an individual voxel size was 25 x 25 x 40 mm3. For 1H-MRS the
TE was 288ms and TR 2000ms. The matrix was orientated to encompass the two ROIs, the

foot region of the somatosensory cortex and the thalamus bilaterally (Figure 4.4).
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Figure 4.4 Example of the placement of spectroscopy matrix in the sagittal, coronal and transverse
planes.

The 1H-MRS technique performed in the protocol was point resolved spectroscopy (PRESS)
(Bottomley, 1987). PRESS is the commonest technique used for 1H-MRS. It involves the
application of three concurrent radiofrequency pulses, one 90° excitation and two 180¢
refocusing pulses, in three orthogonal gradients (Figure 4.5). The spin echo is obtained from
where the three orthogonal planes intersect, i.e. the region of interest. Additionally, the
double spin-echo technique allows a much longer signal sampling window which is

necessary to analyse small frequency differences in the chemical shift of 1H metabolites.
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Figure 4.5. PRESS-sequence with three radiofrequency pulses (rf) applied simultaneously with field
gradients along the three axes of the magnet (z, y and x). Reproduced from Klose et al. (Klose, 2008).

4.2.3.3 Magnetic resonance spectroscopy data processing

The data were processed using the software package for time-domain analysis of MRS data,
java-based version of the MR user interface package (jMRUI, version 5.2) (Stefan et al.,
2009). The jMRUI software allows pre-processing and quantitation of MRS spectra. The pre-
processing algorithm Hankel Lanczos Squares Singular Values Decomposition (HLSVD) was
used to suppress water and lipid peaks for 1H-MRS (de Beer et al., 1992). This requires the
manual selection of the beginning and end of these peaks, which are then removed from

the spectral analysis.

The non-least squares quantitation algorithm function of jMRUI was used, Advanced

Method for Accurate, Robust, and Efficient Spectral fitting (AMARES) (Vanhamme et al.,
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1997). The algorithm necessitates user input of components to be estimated into the
algorithm, for which prior knowledge constraints regarding the peaks can also be imposed.
Such user-input components include the weighting of the signal, which is the multiplication
of the first points of the free induction delay signal. The other user components are starting

values for frequencies and linewidths, which are displayed in Table 4.1 for 1H-MRS

metabolites.
Neurometabolite Peak Frequency (ppm) Line Width (Hz)
Choline 3.22 4.4
Creatine 3.03 8.9
NAA 2.02 4.4

Table 4.1. Starting values for 1H-MRS on jMRUI. NAA, N-acetylaspartate; ppm, parts per million.

The jMRUI software provides a graphical representation of the original spectrum obtained
from the MR scan (Figure 4.3 —red line). After calculation of the amplitude of the spectra
the estimated signal, individual estimated components, and the remaining residue of the
fitted estimated signal (i.e., difference after subtraction of the estimated signal from the
original signal) are displayed (Figure 4.3 — purple line). From these graphical displays the

spectra can be visually assessed for quality.

Automatically generated metabolite maps can be unreliable for several reasons, e.g
movement artefact and inaccurate spectral line fitting. The individual metabolite maps in

this study were assessed for quality manually with visual assessment of the line fit (Figure
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4.3) and calculation of the Cramér—Rao lower bound from each spectrum, which is

calculated during jMRUI processing (Stefan et al., 2009). Cramér—Rao lower bounds are an

estimate of error of the concentration measurements and are the lowest possible standard

deviations of model parameter estimates obtained during spectral quantification (Cavassila

et al., 2001). Widely used thresholds levels of Cramér—Rao lower bounds are 20% or 50%.

Levels above 50% this means the data may not be significantly different from zero and

therefore may be considered unreliable (Wilson et al., 2019). However, quality filtering

using Cramér—Rao lower bounds may cause bias in the estimated mean concentrations of

cohort data (Kreis, 2016). Table 4.2. presents the Cramér—Rao bound values for the 1H-MRS

metabolites. The spectra of the included participants in the final analysis were therefore of

adequate quality, none were removed as a result of high Cramér—Rao bound values.

Cramér—Rao bound Non- Cramér—Rao bound
dominant hemisphere Dominant hemisphere

S1 Cho 15.7+17.0 16.8 +13.9

S1Cr 16.0+17.3 19.2+17.3

S1 NAA 57+54 6.3+7.0

Th Cho 9.5+3.7 83%57

Th Cr 10.8+7.8 11.9+14.0

Th NAA 39+3.0 41+4.1

Table 4.2. Cramér—Rao bound for 1H-MRS analysis of all study participants. Data are presented as

mean + standard deviation. Cho, choline; Cr, creatine; NAA, N-acetylaspartate; Th, thalamic; S1,

primary somatosensory cortex.

1H-MRS metabolites may be quantified in either absolute or relative measurements.

Absolute quantification requires the correction of many factors including tissue composition

of the voxel, this is not always feasible and is likely to result in higher error than relative
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guantification. Moreover, the area under the spectral peak is not always proportional to the
metabolite concentration, as the relationship depends on various biophysical and MR
parameters (Ulmer, Backens and Ahlhelm 2015). The semi-quantitative approach involves
the generation of metabolite ratios which is the most used method (Currie, et al. 2013). In
this study as we assessed the metabolite ratios and the following metabolite ratios were

qguantified: NAA:Cho, NAA:Cr, Cho:Cr.

4.2.4 Statistical Analysis

The Shapiro-Wilk Test was used to test normality. Spectroscopy metabolites and ratios were
analysed from both hemispheres of the brain and the mean ratio calculation. The dominant
hemisphere (DH) refers to the left hemisphere of the brain as all participants were right-
handed and the non-dominant (NDH) the right hemisphere of the brain. The mean value of
ratios was calculated from the mean of each of the DH and NDH metabolites. The data was

analysed otherwise as described in the general methods.
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4.3 Results

4.3.1 Participant recruitment details

A total of 55 participants underwent 31P-MRS and 1H-MRS analysis; however, participants
had to be removed for certain analyses because of inadequate MRS spectra, see Figure 4.6.
The participants were removed from the 1H-MRS analysis due to movement artefact and/or

inadequate water/fat suppression.

55 participants
undergoing 31P-MRS and
1H-MRS

49 participants with
adequate thalamic 31P-
MRS data

Participants removed
due to inadequate MRS 42 participants with
data adequate S1 1H-MRS
data

40 participants with
adequate thalamic 1H-
MRS data

Figure 4.6. Consort flow diagram of the inclusion of patient MRS data in the final analysis. 55
participants underwent 31P-MRS; 6 participants were excluded for 31P-MRS thalamic analysis; 13
participants were excluded for 1H-MRS analysis; and 15 participants were excluded for 1H-MRS
thalamic analysis. 1H-MRS, proton magnetic resonance spectroscopy; 31P-MRS, 31-phosphorus
magnetic resonance spectroscopy; S1, primary somatosensory cortex.
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4.3.2 Participant demographic, clinical and neurophysiological data

Table 4.3 summarises the demographic and clinical data, and biochemistry test results for all
study participants. The HbA1lc was greater in the diabetes groups compared with HV (all,
Mann Whitney U test, p<0.001); however, there was no significant difference amongst the
three diabetes groups. Current alcohol intake was significantly lower in the painful-DSPN
group compared with other groups (p<0.01). Post hoc analysis revealed no other statistically
significant difference in study variables in Table 4.3 between the painful- and painless-DSPN

groups.
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HV (n=12) No-DSPN Painless- Painful-DSPN | P value
(n=11) DSPN (n=12) (n=20)

Age (years) 67 (IQR 12.8) | 60.0 (7.0) 61.5 (7.8) 61.6 (8.3) 0.442 KW
Sex (% female) 33% 45% 58% 40% 0.638 Chi?
Duration DM 87156 15.8+5.7 12.5+8.3 0.065 A
(years)
Retinopathy 45% 50% 60% 0.710 Chi?
presence
(% present)
Retinopathy score 0=6 0=6 0=8 0.242 Chi?
(0=No DR, 1= 1=5 1=5 1=6
Bck/Pre-P, 5 o1 5
2=Pro/Laser) =0 - =6
Nephropathy 9% 45% 53% 0.055 Chi?
presence (%
present)
ACR (mg/mmol) 0.5(0.81QR) | 1.4(1.8) 2.4 (1.7) 0.135 KW
Number of 0.0 (0.0 1QR) 0.0 (0.0) 0.0(2.8) 0.157 KW
hypoglycaemic
episodes in last 12
months
Smoked ever (% 42% 73% 50% 70% 0.289 Chi?
Yes)
Pack Years smoking | 0 (18.8 IQR) 10 (24.0) 0.38(25.9) 2.2 (33.8) 0.644 KW
[Packs (1 pack =20
cigarettes) x
Number of years]
Alcohol intake 3.0 (10.5IQR) | 7.5 (12.0) 1.5 (8.5) 0.0 (0.4) 0.006 KW
(units/week)
Waist/hip ratio 0.89+0.1 0.93+0.1 0.98+0.1 0.95+0.1 0.082 A
Body mass index 28.0+£6.6 28.7+t4.1 322+34 31.3+5.2 0.116 A
(kg/m?)
Systolic blood 135.3+20.9 128.2+11.2 142.6 £ 17.7 141.8+15.6 0.126 A
pressure (mmHg)
Creatinine (umol/l) | 70.8+7.2 72.8+12.0 7791126 71.2+16.0 0.489 A
Total Cholesterol 483+1.0 486+1.0 3.89+1.0 429+1.0 0.054 A
(mmol/l)
HbA1c (mmol/mol) | 37.5 (IQR 61.0 (29.0) 58.5 (26.0) 64.0 (31.5) <0.001 KW

14.0)
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Glucose During MR 9.8 (IQR 4.3) 9.0 (4.8) 8.6 (4.3) 0.955 KW
(mmol/l)

MMSE 30.0 (IQR 0.0) | 30.0(1.0) 30.0 (1.8) 29.0 (1.8) 0.164 KW
Depression (% Yes) | 0% 0% 0% 15% 0.136 Chi?
Anxiety (% Yes) 0% 0% 8% 20% 0.159 Chi?

Table 4.3. Clinical details of participants undergoing MRS. Data are presented as mean % standard
deviation for parametric and median (IQR) for non-parametric continuous data or percentage for
categorical data. The statistical test used was ANOVA (A) for continuous normally distributed data,
Kruskal-Wallis (KW) for non-parametric continuous data or Chi? for categorical data. Retinopathy
parameters: Bck, background retinopathy; DR, diabetic retinopathy; Laser, panretinal
photocoagulation; Pre-P, pre-proliferative retinopathy; Pro, proliferative retinopathy. ACR, albumin
creatinine ratio; DM, Diabetes Mellitus; HV, healthy volunteer; MMSE, mini-mental state
examination; MR, magnetic resonance scan.

Table 4.4 summarises the neurological assessments of the study participants. The values for
the clinical scoring systems for neuropathic pain, NPSI and DN4, were both statistically
higher in the painful-DSPN group compared with all other groups, as expected (Mann
Whitney U test, all, p<0.001). The values for the clinical scoring systems for peripheral
neuropathy, TCNS and NIS-LL, were also both statistically higher in the DSPN groups
compared with HV and no-DSPN (p<0.001). The TCNS was also statistically higher in the
painful- compared with painless-DSPN group (p=0.025); although, objective measures of
neuropathy, including nerve conduction parameters, ESC, CAN composite score and NIS-LL7
were not significantly different between painless- and painful-DSPN groups. However, these
all indicated a greater severity of neuropathy in the DSPN groups compared with HV and no-
DSPN, except for peroneal motor nerve distal latency which was not statistically different

between HV and painful-DSPN.
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HV (n=12) No-DSPN Painless- Painful-DSPN P value
(n=11) DSPN (n=12) (n=20)
NPSI (Total 0.0 (IQR 0.0) 0.0 (0.0) 0.0(0.8) 22.58 (14.8) <0.001 KW
score)
DN4 0.0 (IQR 0.0) 0.0 (0.0) 0.0 (1.8) 6.5 (2.8) <0.001 KW
TCNS 0.0 (IQR 0.0) 0.0 (2.0) 9.0(7.0) 14.5 (4.5) <0.001 KW
NIS-LL 0.0 (IQR0.0) | 0.0 (0.0) 12.0 (12) 17.5(9.5) <0.001 KW
NIS-LL+7 0.0 (IQR 0.8) 0.0 (0.0) 23.5(14.7) 24.5 (16.8) <0.001 KW
Peroneal 6.3+2.4 6.2+1.9 19+20 31121 <0.001 A
CMAP (mV)
Peroneal 46.5 (IQR 3.0) | 45.5(2.3) 39.5(9.6) 37.7 (8.1) <0.001 KW
MNCV (m/s)
Peroneal 4.9 (IQR 0.6) 4.2 (0.5) 6.5(3.9) 5.5(1.6) 0.001 KW
MNDL (msec)
Tibial MNDL 4.6 (IQR 0.9) 4.4 (0.8) 5.4 (2.4) 6.0 (2.9) 0.001 KW
(msec)
Sural SNAP 14.1 (IQR 6.0) | 12.6 (4.8) 1.8 (3.4) 0.7 (9.1) <0.001 KW
(mV)
CAN 0.0 (IQR 0.0) 0.0 (0.5) 0.0 (0.0) 2.0(2.5) 0.077 KW
composite
score
ESC (uS) 79.0 (IQR 78.0 (15.05) 61.0 (26.0) 53.0(35.0) 0.002 KW
11.5)

Table 4.4. Neurological assessments of study participants undergoing MRS. Data are presented as
mean + standard deviation for parametric and median (IQR) for non-parametric continuous data.
The statistical test used was ANOVA (A) for continuous normally distributed data and Kruskal-Wallis
(KW) for non-parametric continuous data. CAN, cardiac autonomic neuropathy; CMAP, compound
muscle action potential; DN4, doleur neuropathique 4; ESC, electrochemical skin conductance;
MNDL, motor nerve distal latency; MNCV, motor nerve conduction velocity; NIS-LL, neuropathic
impairment score of the lower limb; NPSI, neuropathic pain symptom inventory; SNAP, sural nerve
action potential; TCNS, Toronto clinical neuropathy score.

Appendix 10.7 provides a breakdown of the individual components of the NPSI score for

participants with painful-DSPN and 10.8 the DFNS-QST results in all participants. Participants

with painful- and painless-DSPN had QST evidence of small- and large-nerve fibre

dysfunction in comparison to HV and no-DSPN. Moreover, DFNS-QST parameters were
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similar between the two DSPN groups with no evidence of allodynia/hyperalgesia in the

painful-DSPN group.

4.3.3 1H-MRS Participant demographic, clinical and neurophysiological data

Forty-two (n=42) participants had adequate S1 cortical 1H-MRS data available for analysis
(HV, n=8; no-DSPN, n=7; painless-DSPN, n=9; and painful-DSPN, n=18) and 40 for thalamic
analysis (HV, n=9; no-DSPN, n=8; painless-DSPN, n=9; and painful-DSPN, n=14). Therefore,
13 participants did not have somatosensory cortical 1H-MRS data available for analysis (HV:
Age 59.3 + 18.5, female 50%, BMI 27.6 + 8.7 kg/m? and HbA1c 36.8 + 6.0 mmol/mol; no-
DSPN: Age 61.0 * 3.4, female 50%, BMI 28.3 + 2.4 kg/m? and HbA1c 59.0 + 8.1 mmol/mol;
painless-DSPN: Age 62.7 + 2.1, female 67%, BMI 32.3 + 5.5 kg/m? and HbA1c 67.0 + 14.0
mmol/mol; painful-DSPN: Age 59.0 + 8.5, female 50%, BMI 37.6 + 2.3 kg/m? and HbA1c 50.0
+ 18.4 mmol/mol). Also, 15 participants did not have thalamic 1H-MRS data available for
analysis (HV: Age 63.3 + 4.9, female 33.3%, BMI 35.5 + 4.3 kg/m?and HbA1c 40.7 + 3.8
mmol/mol; no-DSPN: Age 61.7 + 4.6, female 0%, BMI 29.9 + 2.3 kg/m? and HbA1c 52.0 +
13.7 mmol/mol; painless-DSPN: Age 61.7 + 0.6, female 100%, BMI 32.4 + 5.4 kg/m? and
HbA1c 62.3 + 16.2 mmol/mol; painful-DSPN: Age 60.0 + 3.7, female 50%, 35.9 + 4.8 kg/m?
and HbA1c 60.2 + 15.0 mmol/mol). In view of the potential for group clinical and
neurophysiological characteristics to be altered after participant exclusion, their group

variables were re-analysed, Appendix 10.9 — 10.12.

The group differences in those undergoing 1H-MRS were similar in HbAlc (Kruskal Wallis.

P=0.001) and current alcohol intake (Kruskal Wallis, p=0.023) in comparison to all study
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individuals. In this patient cohort there were additional group differences in cholesterol
(ANOVA, p=0.022) and percentage of participants with nephropathy (Chi?, p=0.046). There
was a significantly greater percentage of participants with diabetic nephropathy in the
neuropathy groups compared with no-DSPN; however, this was not the case for ACR. Total
cholesterol was also significantly lower in the two neuropathy groups compared with no-
DSPN and HV. The neurological assessments for participants undergoing S1 1H-MRS analysis

were similar to the full cohort analysis.

The group differences for those undergoing 1H-MRS thalamic analysis were similar in HbAlc
and current alcohol intake in comparison to participants undergoing 1H-MRS of S1. In this
patient cohort there were additional group differences in waist/hip ratio (Kruskal Wallis,
p=0.024), but not cholesterol and nephropathy. The waist/hip ratio was significantly higher
in painless-DSPN compared with HV and no-DSPN. The waist/hip ratio was also significantly
higher in painful-DSPN compared with HV but not no-DSPN. Finally, the BMI was
significantly higher in the two DSPN groups compared with HV (ANOVA, p=0.017). The group
differences of neurological assessments were similar to those described above for

participants undergoing 31P-MRS.
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4.3.3 1H-MRS Imaging results

The raw 1H-MRS metabolite values for S1 and the thalamus are presented in Table 4.5 and

4.6, respectively, and the 1H-MRS ratios for S1 are presented in Table 4.7 with the mean

NAA:Cho graphically displayed in Figure 4.7. There were no significant differences among

the raw metabolite values or ratios at the S1 cortex either.

HV (n=8) No-DSPN Painless- Painful-DSPN P value
(n=7) DSPN (n=9) (n=18)
NDH S1 Cho 5.65 (IQR 2.9) | 6.86 (2.5) 6.00 (2.1) 6.61 (1.8) 0.118
NDH S1 Cr 5.96 (5.3) 8.45 (2.3) 7.21(3.2) 7.64 (1.4) 0.390
NDH S1 NAA 12.54 (3.5) 16.40 (1.5) 17.21(5.8) 16.91 (4.8) 0.190
DH S1 Cho 5.70(3.8) 6.65 (1.8) 7.25(3.9) 7.15(3.5) 0.378
DH S1 Cr 6.00 (5.6) 7.45 (2.5) 7.44 (3.9) 6.3 (2.5) 0.637
DH S1 NAA 13.59 (3.5) 15.10 (3.9) 16.83 (4.2) 16.45 (3.4) 0.072

Table 4.5. 1H-MRS raw data of the S1 cortex. Data are presented as median (IQR). The statistical test
used was the Kruskal-Wallis test. Cho, choline; Cr, creatine; DH, dominant hemisphere; NAA, N-
acetylaspartate; NDH, non-dominant hemisphere; S1, somatosensory cortex.
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HV (n=9) No-DSPN Painless- Painful-DSPN P value
(n=8) DSPN (n=9) (n=14)

NDHThCho | 8.40(IQR3.7) | 10.70(1.7) 9.66 (3.4) 9.21(2.6) 0.537 KW
NDH Th Cr 8.28+2.6 8.99+2.38 8.90+3.2 8.07+2.7 0.856 A
NDH Th NAA 17.80 (6.8) 19.91 (2.9) 17.56 (5.0) 18.0(2.7) 0.507 KW
DH Th Cho 7.76 (3.4) 9.97 (1.6) 9.74 (3.1) 8.72 (3.0) 0.056 KW
DHThCr 6.27 (2.8) 8.76 (2.8) 7.88 (4.7) 7.59 (4.3) 0.568 KW
DH Th NAA 17.86 (8.1) 19.13 (3.1) 18.0 (5.4) 17.02 (4.3) 0.527 KW

Table 4.6. 1H-MRS raw data of the thalamus. Data are presented as mean + standard deviation for
parametric and median (IQR) for non-parametric continuous data. The statistical test used was
ANOVA (A) for continuous normally distributed data and Kruskal-Wallis (KW) for non-parametric
continuous data. Cho, choline; Cr, creatine; DH, dominant hemisphere; NAA, N-acetylaspartate;
NDH, non-dominant hemisphere; S1, somatosensory cortex.

HV (n=8) No-DSPN Painless- Painful-DSPN P value
(n=7) DSPN (n=9) (n=18)

NDH S1 2.53 (IQR 0.7) 2.23(0.8) 2.82(0.8) 2.31(0.6) 0.211 KW
NAA:Cho
NDH S1 2.27+0.8 2.00+0.3 260+1.1 2,101 0.6 0.221 A
NAA:Cr
NDH S1: 0.97+0.6 0.84+£0.2 0.97+0.3 0.93+0.3 0.841 A
Cho:Cr
DH S1 2.48 (1.0) 2.31(0.3) 2.35(0.9) 2.07 (0.7) 0.335 KW
NAA:Cho
DH S1 27611 254+1.1 2.49+0.6 2.45+05 0.431A
NAA:Cr
DH S1: 1.08+0.3 1.12+0.5 1.05+0.3 1.12+0.2 0.955 A
Cho:Cr
Mean S1 2.50 (0.4) 2.25 (0.4) 2.64 (0.7) 2.17 (0.7) 0.127 KW
NAA:Cho
Mean S1 2.51+0.7 2.27+0.6 2.55+0.6 2.28+0.3 0.503 A
NAA:Cr
Mean S1: 1.02+04 0.98+0.3 1.01+0.2 1.02+0.3 0.986 A
Cho:Cr

Table 4.7. 1H-MRS metabolite ratios at the S1 cortex. Data are presented as mean + standard
deviation for parametric and median (IQR) for non-parametric continuous data. The statistical test
used was ANOVA (A) for continuous normally distributed data and Kruskal-Wallis (KW) for non-
parametric continuous data. Cho, choline; Cr, creatine; DH, dominant hemisphere; NAA, N-
acetylaspartate; NDH, non-dominant hemisphere; S1, somatosensory cortex.
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Figure 4.7. Mean somatosensory cortical NAA:Cho box and whisker plot (P=0.127, Kruskal Wallis).
Cho, Choline; NAA, N-acetylaspartate.

In view of the significant group differences in HbAlc, cholesterol, alcohol intake and the
presence of nephropathy for participants undergoing 1H-MRS analysis of the somatosensory
cortex, these variables were added to an ANCOVA. None of these four variables had a
significant impact upon the outcome of the model for the mean NAA:Cho, NAA:Cr and

Cho:Cr.

On correlation analysis, the mean S1 NAA:Cho correlated with DN4 (r -0.355, p=0.021),
peroneal motor nerve conduction velocity (r 0.401, p=0.017), CAN total score (r-0.432,
p=0.010) and NRS during the scan (r -0.311, p=0.048), Spearman’s correlation. The mean

NAA:Cr correlated with age (r 0.305, p=0.049), Pearson’s correlation.

Table 4.8 shows the results of 1H-MRS at the thalamus. There was a significant group effect

in DH thalamic NAA:Cho (Kruskal-Wallis test, p=0.013), see Figure 4.9. The NAA:Cho was
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significantly lower in no-DSPN (Mann Whitney-U test, p=0.036) and painless-DSPN (p=0.004)
compared with HV. Also, this ratio was reduced in painless- compared with painful-DSPN
(p=0.013). There was a trend towards a reduced NAA:Cho at the mean thalamus, with the
numerical value the lowest in painless-DSPN, see Figure 4.8, which did not reach statistical
significance. The NAA:Cr was numerically the lowest at the DH, NDH and mean thalamus,
although there was no significant group effect. Similarly, there was no significant group

difference in Cho:Cr.

HV (n=9) No-DSPN Painless- Painful-DSPN P value
(n=8) DSPN (n=9) (n=14)

NDH Th 1.98 (IQR0.3) | 1.85(0.8) 1.79 (0.3) 2.00 (0.6) P=0.460 KW
NAA:Cho
NDH Th 2.37+0.7 2.36+0.8 2.10+£0.5 2.16+0.4 P=0.723 A
NAA:Cr
NDH Th 1.18+0.3 1.290.6 1.20+0.3 1.10+0.2 P=0.941 A
Cho:Cr
DH Th 2.29(0.4) 1.8 (0.5) 1.71(0.5) 2.00(0.7) P=0.013 KW
NAA:Cho
DH Th NAA:Cr | 2.57+0.7 244 +0.5 2.04+0.3 2.62+1.0 P=0.215 A
DHTh Cho:Cr | 1.15+0.3 1.40+0.5 1.64+1.0 1.32+04 P=0.358 A
Mean Th 2.07 (0.3) 1.79 (0.4) 1.74 (0.3) 1.93 (0.4) P=0.060 KW
NAA:Cho
Mean Th 247 +0.7 2.40+0.7 2.10+£0.3 2.56+0.7 P=0.384 A
NAA:Cr
Mean Th 1.17+0.3 1.35+0.5 1.42+0.6 1.28+0.3 P=0.628 A
Cho:Cr

Table 4.8. 1H-MRS metabolite ratios at the thalamus. Data are presented as mean * standard
deviation for parametric and median (IQR) for non-parametric continuous data. The statistical test
used was ANOVA (A) for continuous normally distributed data and Kruskal-Wallis (KW) for non-
parametric continuous data. Cho, choline; Cr, creatine; DH, dominant hemisphere; NAA, N-
acetylaspartate; NDH, non-dominant hemisphere; S1, somatosensory cortex.
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Figure 4.8. Mean thalamic NAA:Cho box and whisker plot (p=0.060, Kruskal Wallis). Cho, choline;
NAA, N-acetylaspartate
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Figure 4.9. Dominant hemisphere thalamic NAA:Cho box and whisker plot (p=0.013, Kruskal Wallis).
HV vs. painless-DSPN (p=0.004, Mann Whitney-U); HV vs. no-DSPN (p=0.036); Painless- vs. painful-
DSPN (p=0.013). Cho, choline; NAA, N-acetylaspartate.
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When HbA1c, alcohol intake and waist/hip ratio were included there remained a significant
group effect in the DH thalamic NAA:Cho (ANCOVA, p=0.012). However, when BMI was

added to the model the group effect lost significance (p=0.089).

In order to determine whether the alterations in neurometabolite levels were symmetrical,
a paired analysis was performed and there was no significant difference between DH and
NDH NAA:Cho at the level of the somatosensory cortex (p=0.187) or thalamus (Mann

Whitney-U test, p=0.445).

Correlation analysis was performed to determine the cause of the reduction of NAA:Cho in
the DH of the thalamus, Table 4.9. There were significant correlations between the DH
thalamic NAA:Cho and the glucose level taken before the MR (Spearman’s correlation, r -
0.381, p=0.015) and the BMI (r -0.439, p=0.005), see Figure 4.11. There was no significant
correlation seen with metabolic and neurophysiological measures except the peroneal
motor nerve conduction velocity (r 0.354, p=0.043), see Figure 4.10. No other correlations
were observed between other thalamic 1H-MRS metabolite ratios and metabolic or
neurophysiological measures, including DFNS QST and NPSI measures. The mean thalamic
NAA:Cho correlated with BMI only, (r -0.387, p=0.014, Spearman’s correlation). The mean

thalamic NAA:Cr and Cho:Cr did not correlated with any other variables.
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DH Th NAA:Cho r Significance
Age 0.091 0.577
NIS-LL+7 -0.153 0.353
TCNS -0.230 0.887
Total NPSI 0.093 0.570
NRS pain score during MRl 0.069 0.676
DN4 -0.017 0.915
HbAlc -0.268 0.095
Glucose during MRI -0.381 0.015
Peroneal motor nerve 0.354 0.043
conduction velocity

Body mass index -0.439 0.005

Table 4.9. Spearman’s correlation between dominant hemisphere thalamic NAA:Cho metabolic and
neurological variables. Cho, choline; DH, dominant hemisphere; DN4, doleur neuropathique 4; MRI,

magnetic resonance imaging; NAA, N-acetylaspartate; NIS-LL+7, Neuropathy Impairment Score of
the Lower Limb plus 7 tests; NRS, numeric rating scale; Th, thalamus; TCNS, Toronto clinical
neuropathy score.

3.00 | @ HV
@ No DSPN
@ Painless-DSPN
o @ Painful-DSPN

NAA:Cho
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Peroneal motor nerve conduction velocity

Figure 4.10. Spearman’s correlation between dominant hemisphere thalamic NAA:Cho and peroneal

motor nerve conduction velocity (r 0.354, p=0.043). Cho, choline; NAA, N-acetylaspartate.
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Figure 4.11. Spearman’s correlation between dominant hemisphere thalamic NAA:Cho and body
mass index (r -0.439, p=0.005). Cho, choline; NAA, N-acetylaspartate.

4.4 Discussion

In this study, 1H-MRS was performed to investigate proton containing cerebral
neurometabolites in pain processing areas of the brain in well characterized patients with
DSPN. The main finding of the study was a reduction in DH thalamic NAA:Cho in painless-
DSPN compared with painful-DSPN and HV, with a lesser reduction in no-DSPN which
reached significance versus HV. The DH thalamic NAA:Cho negatively correlated with
fingerpick glucose before the MRI scan, BMI and peroneal motor nerve velocity. There were
no group differences in the 1H-MRS ‘raw’ phosphorus metabolite levels and no significant

differences in neurometabolite ratios at the S1 cortex.

Overall, these results suggest a reduction in NAA:Cho within the thalamus in painless-DSPN,

with a lesser reduction in no-DSPN, and NAA:Cho preservation in painful-DSPN. The

142



NAA:Cho alterations reached statistical significance only in the thalamus in the DH;
however, the pattern of NAA:Cho results, and the fact that there was no difference in
NAA:Cho in pairwise analysis, suggest this is likely to be a symmetrical phenomenon. The
NAA:Cho may not have reached statistical significance on the non-dominant side due to
inadequate statistical power and/or methodological reasons, which will be discussed in the
limitations. However, there are known to be subtle differences in right and left thalamic
function, which have been noted in thalamic stroke syndromes (Schmahmann, 2003, Chen
et al., 2017). For example, thalamic pain syndrome more commonly occurs following lesions
of the right (NDH) thalamus. The volumetric data appeared similar in the left and right
thalamus Chapter 3, which suggest the alterations to the brain in DSPN are symmetrical;

however, further research is necessary to confirm this hypothesis.

NAA has one of the highest concentrations of all free amino acids within the brain (Rae,
2014). Its function is incompletely understood, but it is well recognised as a neuronal marker
for 1H-MRS. There is some controversy as to whether NAA is a better marker of neuronal
density or neuronal function. However, the majority of pathological conditions and diseases
demonstrate a reduced NAA (Cecil, 2013). Whereas the total Cho signal arises from nine
proteins in the N-methyl moiety of choline-containing compounds (Rae, 2014). The Cho
peak is regarded as a product of myelin breakdown and increases in the Cho signal may
occur due to elevations of precursors of myelin synthesis as well as products upon myelin
degradation and/or destruction (Cecil, 2013). Therefore, the findings of this study suggest
that there is greater neuronal dysfunction and/or membrane turnover in participants with

T2DM and no-DSPN and painless-DSPN.
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Previous research within the group has also demonstrated reduced NAA within the
thalamus in participants with DSPN and T1DM. Selvarajah et al. conducted a study with a
small number of participants performing 1H-MRS using an 8ml?3 voxel placed within the VPL
nucleus of the thalamus (Selvarajah et al., 2008) and found a lower mean NAA:Cr and
NAA:Cho ratio in participants with DSPN compared with no-DSPN and HV. Similarly, Gandhi
et al. demonstrated a significantly lower NAA:Cr ratio, but not NAA:Cho, at the VPL nucleus
in the thalamus in patients with painless-DSPN compared with HV, no-DSPN, painful-DSPN
and subclinical-DSPN in a large 1H-MRS study (20 HV and 110 with TIDM) (Gandhi et al.,
2006). Although these previous research studies showed reduced NAA in the thalamus in
participants with TIDM and painless-DSPN, the study in this thesis also found reduced
NAA:Cho in no-DSPN. The previous studies indicated that patients with TIDM of both
moderate (11.6 £ 7.7 years) and long duration of diabetes (27.0 + 4.2 years) without DSPN
(no-DSPN) had unaltered NAA levels at the thalamus (Gandhi et al., 2006, Selvarajah et al.,
2008). Further, reduced cerebral NAA has been demonstrated in patients with diabetes
without complications; although results are inconsistent amongst studies (Zhao et al., 2018).
A potential methodological reason for the reduced NAA:Cho in no-DSPN in this study is that
the voxel was larger, encompassing the whole of the thalamus, whereas in the two previous
studies (Gandhi et al., 2006, Selvarajah et al., 2008) the voxel was smaller and just included
the ventral posterolateral nucleus (VPL) nucleus, the main thalamic nucleus involved with
somatosensory function. Therefore, there may be a generalised thalamic reduction in NAA

in diabetes, but the VPL nucleus may be relatively unaffected in no-DSPN.

The correlation analysis in this study indicates that metabolic measures were driving
NAA:Cho alterations more than neurophysiological alterations. Indeed, previous studies

have shown that BMI, HbAlc and acute changes in glucose lead to lower cerebral levels of
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NAA (Wootton-Gorges et al., 2007, Gazdzinski et al., 2008, Sahin et al., 2008, Gazdzinski et
al., 2010, Zhao et al., 2018); although the mechanisms of cerebral alterations of Cho are less
clear. However, Selvarajah et al. (2008) previously found that there were consistent
moderately strong correlations between NAA:Cr and NAA:Cho ratios and neurophysiological
measures, suggesting the reduced thalamic NAA was related to DSPN in TIDM. The reasons
for the differences in results between the study by Selvarajah et al. and this thesis are
unclear. The inclusion of a painful-DSPN group, larger voxel size or imaging of T2DM
participants may contribute to these discrepancies. There is increasing recognition of
different mechanisms underlying DSPN in T1 and T2DM (Callaghan et al., 2012). This may
also be reflected in different underlying cerebral alterations in patients with DSPN. The
components of the metabolic syndrome which are more prevalent in T2DM, i.e. obesity,
hypertension and hyperlipidaemia, may result in greater cerebral cell membrane disruption

compared with TLDM.

The finding of a higher NAA in patients with painful- compared with painless-DSPN is also
consistent with the study by Gandhi et al. (2006). However, a smaller study by Sorensen et
al. (2008) found that the thalamic NAA was reduced in participants with T1 and T2DM
diabetes with and without painful-DSPN. However, there were a number of methodological
issues with the study, such as case definition and MRS analysis techniques, which may act as
confounding factors. The mechanism of a reduced NAA in the thalamus in painless- but not
painful-DSPN is incompletely understood, it could reflect the neuronal ‘dying-back’
phenomenon in painless-DSPN which is well recognised in the peripheral nervous system in
DSPN. Spinal cord atrophy has been shown in DSPN; therefore, neuronal dysfunction/loss
may extend to the CNS (Selvarajah et al., 2006). Recent findings by Hansen et al. (Hansen et

al., 2021) performing combined volumetric and spectroscopy analysis, found reduced
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thalamic and NAA levels, suggesting thalamic neuronal loss in painless-DSPN. In contrast to
the findings in painless-DSPN, in painful-DSPN there appears to be a preservation of
thalamic neuronal function. It has previously been hypothesised that relative preservation
of thalamic neuronal function is necessary for the transmission of painful signals to higher
centres and the perception of chronic pain in DSPN (Gandhi et al., 2006). Although the cause
is unclear, there is evidence suggesting that there is thalamic neuronal hyperexcitability in
experimental DSPN (Fischer et al., 2009) and thalamic hypervascularity in clinical painful-
DSPN (Selvarajah et al., 2011), potentially as a response to increased oxygen demand due to
increased neuronal activity. Persistent neuronal activity due to sensory impulses from the
peripheral nervous system in painful-DSPN may preserve thalamic sensory neuronal
function. Further research is required to determine the causal and temporal nature of
thalamic metabolite alterations in DSPN and its potential role in the pathogenesis of painful-

DSPN. This concept will be further explored in the 31P-MRS analysis in Chapter 4.

The S1 cortical NAA levels seems to be less impacted than the thalamus as demonstrated by
Gandbhi et al. (2006) and this thesis. Therefore, the volume loss/reduced cortical thickness
which has been described in the S1 cortex in DSPN in a previous research study (Selvarajah
et al., 2014b) and Chapter 3 (Selvarajah et al., 2014b) may not be associated with underlying
neuronal dysfunction; however, further research is necessary to determine the mechanisms

underlying structural brain alterations in DSPN.

The strengths of this study include the use of chemical shift imaging, to quantify 1H-MRS
spectra within multiple voxels. Moreover, the clinical characterization of the study
participants patients was comprehensive, with neurophysiological data which was

statistically similar between painful- and painless-DSPN. Despite the strengths of the study
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there are some limitations. Firstly, although there are benefits to using chemical shift
imaging; the technique has a lower signal to noise ratio than single voxel spectroscopy. The
signal to noise ratio is determined by a number of factors including the MR field strength,
voxel size and scan time. Although a longer scan can improve signal intensity the spectra are
more susceptible to movement artefact. As a result of movement artefact and inadequate
water/fat suppression, some patients (13 for S1 analysis and 15 for thalamic analysis) had to
be excluded due to poor quality of the spectra; although removal of these patients did not
lead to important clinical/neurophysiological differences in group analysis. Moreover, due
to the aforementioned constraints, the voxel size in this study is relatively large (25cm3).
Therefore, there may be a partial volume effect, which is likely to be particularly pertinent
to the thalamic voxels. Only part of the thalamus is involved in sensory perception, most
notably the VPL nucleus. When the VPL nucleus was selectively imaged in aforementioned
studies there was a clear reduction in NAA in painless-DSPN (Gandhi et al., 2006, Selvarajah
et al., 2008). The lower signal to noise ratio also may have impacted other results, and may
explain why other neurometabolite ratios were not significantly altered in this study,
particularly the NAA:Cr in the thalamus. Finally, there was evidence of a greater BMl in
participants with DSPN and a lower level of cholesterol and alcohol intake; the latter two are
likely a consequence of the patients having treatment for cardiovascular risk factors and

targeted advice to reduce alcohol intake.
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4.5 Conclusions and future work

This study furthers the concept of thalamic neurochemical alterations in diabetes and DSPN.
The results are largely consistent with previous findings within the study group, that NAA is
reduced in the thalamus in patients with painless-DSPN but not painful-DSPN. However, in
this study there was also a reduction in NAA in the thalamus in participants with no-DSPN
compared with HV, suggesting a diabetes effect on the thalamus. This is contrary to
previous research in participants with TIDM and this may reflect differing thalamic neuronal
pathology in T2DM. Moreover, the S1 cortical 1H-MRS metabolites are unaltered in DSPN.
The mechanism of these findings is unknown but suggests disruption of thalamic, but not S1
cortical, neuronal function and/or membrane turnover in patients with T2DM without
painful-DSPN. These results also suggest a preservation of thalamic neuronal
function/number in painful- compared with painless-DSPN, which may be related to

increased thalamic neuronal activity in painful-DSPN.

The underlying mechanisms of the dichotomous 1H-MRS metabolite ratios in the thalamus
in painful- and painless-DSPN are unknown. There is indirect evidence for heightened
neuronal activity as demonstrated in experimental and clinical studies. 31P-MRS allows for
the non-invasive measurement of cerebral bioenergetics which can inform on cellular
mitochondrial function and energy usage. The following chapter will use this technique to
assess whether there are altered thalamic and S1 alterations in cellular energetics to

determine whether these might underly 1H-MRS abnormalities in DSPN.
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5. Cerebral Magnetic Resonance Spectroscopy alterations in DSPN:

Cerebral bioenergetics in painful- and painless-DSPN

5.1 Introduction

5.1.1 Background

Preceding chapters have indicated there is unaltered volume in the thalamus in participants
with painful- and painless-DSPN; whereas there is neuronal dysfunction, as measured using
NAA:Cho, in no-DSPN and painless- but not painful-DSPN. Moreover, there is a reduction in
S1 cortical thickness in painless-DSPN but lesser reductions in those with painful-DSPN, with
no alterations in NAA:Cho. This study used 31P-MRS as the investigative technique to
determine whether abnormalities in cerebral bioenergetics or mitochondrial function might

underly these alterations at the thalamus or S1 cortex.

31P-MRS is a non-invasive technique which allows the indirect assessment of phosphorus
containing metabolites which represent markers of various biological processes including
mitochondrial dysfunction and cellular energetics. Mitochondrial dysfunction has been
highlighted as an important mechanism in the pathophysiology of DSPN in the peripheral
nerve; although; it is unknown whether it impacts nerves within the brain too (Fernyhough,
2015). Moreover, several studies, including within Chapter 3 and 4, suggest heightened
neuronal activity within the brain in painful-DSPN. Previous studies have found direct
evidence of neuronal hyperexcitability in the thalamus in experimental painful-DSPN

(Fischer et al., 2009) and indirect evidence in clinical DSPN, by measuring microvascular
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perfusion (Selvarajah et al., 2011). However, the extent of neuroplasticity and altered
function of the S1 cortex in painful-DSPN is incompletely understood. In response to noxious
heat pain, patients with painful-DSPN have been reported to show activation of the S1
cortex; although these responses were similar to those seen in healthy controls in a
functional magnetic resonance imaging (fMRI) study (Tseng et al., 2013). Moreover, in a rs-
fMRI study there was reduced functional connectivity in patients with painful-DSPN
between the S1 cortex and a number of other brain regions, including the thalamus, S1, M1
and anterior cingulate cortices (Cauda et al., 2009a). Cerebral energetics and mitochondrial
dysfunction have not been explored in clinical DSPN and 31P-MRS was used in this study to
determine whether this might provide an explanation for the thalamic and S1 cortical

abnormalities described in previous Chapters.

5.1.2 Rationale for study

The mechanisms underlying cerebral manifestations of DSPN in the thalamus and S1 are
incompletely understood. 31P-MRS is an investigative technique which provides information
relating to mitochondrial function and cellular energetics. The technique has been applied
to experimental DSPN (Biessels et al., 2001); but not clinical DSPN. Therefore, this study
applied 31P-MRS to the brain to investigate whether phosphate metabolites as markers of

mitochondrial dysfunction and cellular energetics are altered in painless- and painful-DSPN.
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5.1.3 Aims and hypothesis

The aim of the study was to assess 31-phosphorus metabolite ratios, as measures of
cerebral bioenergetics and mitochondrial dysfunction, in patients with T2DM and DSPN in
the S1 cortex and thalamus. The hypothesis was there will be altered high energy
phosphorus metabolite ratios which will differentiate painful- and painless-DSPN, with
evidence of mitochondrial dysfunction in painless-DSPN and increased cellular energetics in

painful-DSPN.

5.2 Methods

5.2.1 Study Design and Participants

Fifty-five participants were recruited to the study (12 HV, 11 No-DSPN, 12 with painless-
DSPN and 20 with painful-DSPN). All participants with diabetes had T2DM, according to the
World Health Organization criteria (https://www.who.int/diabetes/publications/
Definition%20and%20diagnosis%200f%20diabetes_new.pdf) and were diagnosed at least 6-
months prior to their inclusion in the study. Inclusion and exclusion criteria were performed

as described in the Chapter 4 (4.2.1).

The study design was a case control cross-sectional study.
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5.2.2 Clinical and neurological assessment

History, mood/memory assessment, clinical examination, structured neurological
examination, nerve conduction studies and calculation of NIS-LL+7 were performed as

described in the general methods.

5.2.3 Magnetic resonance spectroscopy protocol

5.2.3.1.1 Rationale for using 31P-Magnetic resonance spectroscopy

The same principles for using 1H-MRS apply to the use of 31P-MRS, described in Chapter 4.
However, instead of detecting proton containing metabolites, 31P-MRS measures 31-
phosphorus containing metabolites. allowing the non-invasive detection of markers of tissue
bioenergetics (ATP; Phosphocreatine, PCr; and inorganic phosphate, Pi), cellular membrane

composition (Phosphomonoesters, PME; and phosphodiesters, PDE) and intracellular pH.

The three markers of 31P-MRS relating to cellular metabolism (ATP, PCr and Pi) are
intricately linked (Figure 5.1). During non-ischaemic conditions in normally functioning
mitochondrion ATP is kept at a stable level in the process of mitochondrial phosphorylation
whereby ADP is combined with Pi. During increased energy expenditure or reduced ATP
generation PCr donates its high energy phosphate metabolite, Pi, to ADP in order to

maintain cellular levels of ATP.
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5.2.3.1.2 31P-MRS metabolites

Adenosine tri-phosphate (ATP): ATP is often referred to as the energy currency for cellular
life, acting as the primary source of energy in living cells (Figure 5.1). 31P-MRS identifies
three ATP isotopomers in the form of three peaks: a doublet y-ATP, a doublet a-ATP and a
triplet for B-ATP. It is often used as an internal reference standard, as cellular metabolic
processes act to maintain a constant level of ATP. However, the concentration may be
altered in different conditions, e.g. ischaemia, although this is often a late finding and
normally occurs after alteration of other phosphorus containing metabolites (Liu et al.,

2017).

Phosphocreatine: PCr is the most prominent peak in 31P-MRS and is therefore used as the
reference for the location, rather than the intensity, of other peaks at Oppm. The high
energy phosphate bind serves as a buffer to maintain constant levels of ATP during periods

of increased energy expenditure or reduced energy generation (Valkovi€ et al., 2017).

Inorganic phosphate (Pi): Pi serves as a substrate or product in chemical reactions of energy

metabolism (Valkovi€ et al., 2017). The peak lies at 5.0ppm.
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Figure 5.1. Cerebral cellular ATP metabolism. During non-ischaemic conditions, ATP is generated
from oxidative phosphorylation where ADP is combined with Pi by ATP synthase in the inner
mitochondrial membrane. In healthy tissues the rate of ATP production is linked to ATP hydrolysis
(red line) such that ATP content remains constant. Creatinine kinase catalyses the reaction, ADP +
PCr + H* < ATP + Cr. During increased periods of demand, or reduced ATP generation (e.g.
ischaemia or hypoxia) CK allows the rapid transfer of Pi in PCr to ADP (blue line).

5.2.3.2 Protocol for Magnetic resonance spectroscopy

The protocol was the performed as described in Chapter 4 (4.2.3.2) except for the echo
time, repetition time and 31P-MRS technique. The TE for 31P-MRS was 0.26ms and TR
4000ms. The 31P-MRS technique performed in the protocol was Image-Selected in Vivo
Spectroscopy (ISIS) (Ordidge et al., 1988). ISIS is one of the most used techniques for short
T2 metabolites in 31P (Figure 5.2). The spectra within a volume of interest are calculated
using the free induction delay signal from several separate radio-frequency pulses cycles.

The data from these cycles are added and subtracted to calculate the final spectra.
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Figure 5.2. Radiofrequency pulses and magnetic field gradient sequences for ISIS. Selective inversion
pulses may be applied in three orthogonal slices followed by a non-selective 90° pulse, which excites
the entire volume under the coil. The free induction delay signal is subsequently acquired. This
sequence is repeated multiple times with various permutations of the inversion pulses (i.e. x=on/off,
y=on/off and z=on/off). The spectrum is constructed after calculation of several ISIS cycles. G, field
gradient; RF, radiofrequency. Image reproduced from Ordidge et al. (Ordidge et al., 1988).

5.2.3.3 Magnetic resonance spectroscopy data processing

Java-based version of the MR user interface package was utilised as described in Chapter 4
(4.2.3.3). However, as there are no 31P metabolites within water and lipids, the HLSVD
algorithm was not required. For AMARES the starting values for frequencies and linewidths
are displayed in Table 5.1. Additionally, prior knowledge was imposed upon the amplitude
of the ATP peaks, the ratio of the amplitude of the 3 B-ATP peaks were fixed to 0.5:1:0.5;
the two a-ATP and y-ATP peaks amplitude ratio was also fixed in a 1:1 ratio. Soft constraints
were also applied to the line width for each metabolite where the range was pre-

determined for each peak.
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Peak Frequency (ppm) Line Width (Hz)
B-ATP-1 -16.86 11.7
B-ATP-2 -16.58 29.4
B-ATP-3 -16.24 29.4
a-ATP-1 -7.75 235
o-ATP-2 7.4 235
y-ATP-1 -3.19 35.3
y-ATP-2 -2.62 29.4
PCr 0.05 11.7
GPC 2.92 11.7
GPE 3.42 23.5
Pi 4.85 11.7
PE 6.52 353
PC 6.78 29.4

Table 5.1. Starting values for 31P-MRS on jMRUI. ATP, adenosine tri-phosphate; GPC,
glycerophosphocholine; GPE, glycerophosphoethanolamine; Pi, inorganic phosphate; PC,
phosphocholine; PE, phosphoethanolamine; ppm, parts per million.

The pH was calculated in jMRUI, as the chemical shifts of Pi and PCr are pH dependent. The

pH was calculated with the following formula where & is &pi (Liu et al., 2017).

)
pH :pK—l—log((s

— Om, PO,

> — &

HPO}

)

A graphical illustration of 31P-MRS spectra obtained within jMRUI are reproduced in Figure

5.3.
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Figure 5.3. 31P-MRS as presented in jMRUI. The red line is the original spectra after pre-processing
and the purple line the spectral line fitting for metabolite quantitation using AMARES.

The individual spectra were assessed for visual quality as per Chapter 4 (4.2.3.3). Also, the

Cramér—Rao bands were calculated, Table 5.2.

157



Cramér—Rao bound Non- Cramér—Rao bound
dominant hemisphere Dominant hemisphere

Th B-ATP 38.4+16.2 36.8+25.1

Th a-ATP 18.5+3.6 19.1+4.2

Th y-ATP 224+5.0 21.6+3.9

Th PCr 11.2+2.4 109+2.1

Th Pi 454 +325 41.2+15.2

Th PME 70.0+43.9 7291493

Th PDE 41.4+18.0 44.8 £ 26.0

S1 B-ATP 49.1+19.1 442 +15.6

S1 a-ATP 22.9+5.9 229+5.38

S1y-ATP 25.6+6.8 24.2+6.3

S1PCr 13.4+33 13.2+31

S1Pi 46.5+12.1 449+11.0

S1 PME 80.2+69.4 64.6 £ 35.2

S1 PDE 56.4+39.7 51.3+22.8

Table 5.2. Cramér—Rao bound for 31P-MRS analysis of all study participants. Pi, inorganic phosphate;
PDE, phosphodiesters; PCr, phosphocreatine; PME, phosphomonoesters; S1, primary somatosensory

cortex; Th, Thalamus.

The B-ATP peak was poorly fit on the spectra and at times indistinguishable from the

residue, on both visual assessment of spectra and the Cramér—Rao lower bound which

ranged between approximately 20-200%. It is recognised that the B-ATP concentration can

appear to be low due to a reduced signal to noise ratio (Meyerspeer et al., 2020). Expert

consensus recommendations for 31P-MRS in skeletal muscle (none exist for 31P-MRS

cerebral analysis) suggest using the y-ATP (Meyerspeer et al., 2020), although others

exclude the B-ATP peak and use the combination of the y-ATP and a-ATP peaks (Novak et

al., 2014). For this analysis B-ATP was excluded, and the y-ATP and a-ATP peaks analysed.

The 31P-MRS metabolite ratios which were assessed in this study were: PCr:ATP (Mean y-

ATP and a-ATP), Pi:ATP, Pi:PCr, PME (PE+PC):PDE (GPC+GPE). Table 5.3 shows what the

different metabolite ratios represent.
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Metabolite Ratio What the measure represents

PCr:ATP This is a marker of cellular energetics. A reduction in the ratio
signifies depletion of PCr, which occurs during increased energy

usage or reduced ATP supply.

Pi:ATP This is a measure of oxidative phosphorylation. A rise in this ratio

signifies mitochondrial dysfunction

Pi:PCr This is a marker of cellular energy reserves or energy metabolism. A
rise is associated with bioenergetic defects or defective oxidative

capacity.

PME:PDE As PME includes contributions from phospholipid membrane
precursors, and PDE from membrane breakdown products, the
PME:PDE ratio is used as a measure of cellular membrane turnover.

A reduction in the ratio signifies increased membrane turnover.

Table 5.3. 31P-MRS metabolite ratios measured in this study and what they represent (Kemp, 2000,
Rango et al., 2006, Dinh et al., 2009, Ha et al., 2013, Shi et al., 2015, Walchhofer et al., 2021). Pi,
inorganic phosphate; PDE, phosphodiesters; PCr, phosphocreatine; PME, phosphomonoesters.

5.2.4 Statistical Analysis

The DH refers to the left hemisphere of the brain as all participants were right-handed and
the NDH the right hemisphere of the brain. The mean value of ratios was calculated from
the mean of each of the DH and NDH metabolites. The data were analysed otherwise as

described in the general methods.

Participants undergoing S1 31P-MRS analysis were subgrouped into those with low pain

(NRS 0-2) and moderate/severe pain (NRS 3-10) on a 0-10 Likert scale. The Mann-Whitney U
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test was used to compare pain scores and 31P-MRS variables between these groups as the

data was non-parametric.

5.3 Results

5.3.1 Participant recruitment details

Participant recruitment details are displayed in Chapter 4 (4.3.1). Fifty-five participants

underwent 31P-MRS analysis of the S1 cortex and 49 the thalamus (Figure 4.6).

5.3.2 Participant demographic, clinical and neurophysiological data

Table 4.3 summarises the demographic, clinical and biochemistry data for all study
participants; Table 4.4 the neurological assessments; Appendix 10.7 the breakdown of NPSI

scores for painful-DSPN; and Appendix 10.8 the DFNS-QST results.

Six patients had either inadequate voxel placement or spectra and were removed from the
analysis for the thalamus (One HV: Age 60, male, BMI 40.0kg/m? and HbA1c 43.0mmol/mol;
two No-DSPN, Patient 1: Age 59, male, BMI 27.3kg/m? and HbAlc 67.0mmol/mol. Patient 2:
Age 67, male, BMI 28.3kg/m? and HbA1c 49.0 mmol/mol; Painless-DSPN: Age 61, male, BMI
31.3 kg/m? and HbA1c 94.0mmol/mol; Painful-DSPN, Patient 1: Age 61, female, BMI
31.6kg/m? and HbA1c 73.0mmol/mol. Patient 2: Age 53, male, BMI 39.2kg/m? and HbA1c

37.0mmol/mol). Therefore, patients who underwent thalamic 31P-MRS had re-analysis of
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the demographic and clinical data, and biochemistry test results. In the group that
underwent thalamic 31P-MRS, in addition to alcohol intake and HbA1c, there was significant
group effect in the presence of nephropathy and total cholesterol level. Otherwise, there
were no other differences in the statistical significance of group effects as described above

(Table 5.4 and 5.5).
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HV (n=11) No-DSPN Painless- Painful-DSPN P value
(n=9) DSPN (n=11) (n=18)
Age (years) 69 (IQR 13.0) 60.0 (7.0) 62.0 (9.0) 61.5 (8.0) 0.442 KW
Sex (% female) | 36% 56% 64% 39% 0.482 Chi?
Duration DM 9.7+5.8 16.5£5.6 12.0x7.4 0.065 A
(years)
Retinopathy 44.4% 54.5% 61.1% 0.713 Chi?
presence
(% present)
Retinopathy 0=5 0=5 0=7 0.241 Chi?
score
1=4 1=5 1=5

(0= No DR, 1= ) ) )
Bck/Pre-P, 2=0 2=1 2=6
2=Pro/Laser)
Nephropathy 0% 45.5% 47.1% 0.040 Chi?
presence
(% present)
ACR 0.5 (0.1) 1.5(1.8) 1.8 (1.7) 0.070 KW
(mg/mmol)
Number of 0.0 (0.0) 0.0 (0.0) 0.0 (3.5) 0.129 KW
hypoglycaemic
episodes in
last 12 months
Smoked ever | 45.5% 77.8% 54.5% 66.7% 0.454 Chi?
(% Yes)
Pack Years 0(20.0 IQR) 12.0(22.5) 0.75(31.3) 2.2 (36.3) 0.661 KW
smoking
[Packs (1 pack
=20
cigarettes) x
Number of
years]
Alcohol intake | 4.0 (11.01QR) | 10.0(12.0) 2.0 (10.0) 0.0 (0.13) 0.005 KW
(units/week)
Waist/hip 0.88+0.1 0.92+0.0 0.97+0.1 0.95+0.1 0.055 A
ratio
Body mass 26.8+5.5 28.9+4.5 32.3+3.6 30.8+5.1 0.056 A
index (kg/m?)
Systolic blood | 134.2 +21.5 130.4 £ 10.7 142.6 £17.7 141.3+159 0.292 A
pressure
(mmHg)
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Creatinine 70.4+7.4 69.1+£9.6 77.0+£12.7 71.8+16.7 0.532 A
(umol/l)

Total 493+1.0 498+1.0 3.81+1.0 433+1.0 0.028 A
Cholesterol

(mmol/1)

HbAlc 37.0(IQR5.0) | 61.0(31.5) 56.0 (20.0) 64.0 (32.8) <0.001 KW
(mmol/mol)

MMSE 30.0(IQR0.0) | 30.0(1.5) 30.0(2.0) 29.0(2.25) 0.206 KW
Depression 0% 0% 0% 17% 0.138 Chi?
(% Yes)

Anxiety 0% 0% 9% 16.7% 0.317 Chi?
(% Yes)

Table 5.4. Clinical details of participants undergoing 31P-MRS of the thalamus. Data are presented as
mean + standard deviation for parametric and median (IQR) for non-parametric continuous data or
percentage for categorical data. The statistical test used was ANOVA (A) for continuous normally
distributed data, Kruskal-Wallis (KW) for non-parametric continuous data or Chi? for categorical
data. Retinopathy parameters: Bck, background retinopathy; DR, diabetic retinopathy; Laser,
panretinal photocoagulation; Pre-P, pre-proliferative retinopathy; Pro, proliferative retinopathy.
ACR, albumin creatinine ratio; DM, Diabetes Mellitus; HV, healthy volunteer; MMSE, mini-mental

state examination; MR, magnetic resonance scan.
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HV (n=11) No-DSPN Painless- Painful-DSPN ANOVA /
(n=9) DSPN (n=11) | (n=18) KW / Chi?

NPSI (Total 0.0 (IQR0.0) | 0.0(0.0) 0.0 (1.0) 19.1 (14.8) 0.001 KW
score)
DN4 0.0 (IQR 0.0) 0.0 (0.0) 0.0 (2.0) 6.0 (3.0) 0.001 KW
TCNS 0.0 (IQR 0.0) 0.0 (2.0) 9.0(7.0) 14.5 (5.8) 0.001 KW
NIS-LL 0.0 (IQR 0.0) 0.0 (0.0) 14.0 (11.0) 17.5(11.3) 0.001 KW
NIS-LL+7 0.0 (IQR 1.0) 0.0 (0.0) 25.0 (15.0) 24.5(14.8) 0.001 KW
Peroneal 6.0+2.4 6.0+2.1 1.7+1.8 25%+19 0.001 A
CMAP (mV)
Peroneal 46.7 (IQR 3.0) | 45.6(2.5) 39.2 (12.8) 37.7 (5.9) 0.001 KW
MNCV (m/s)
Peroneal 4.9 (IQR 0.6) 4.2 (0.5) 7.5(4.5) 5.8(2.2) 0.002 KW
MNDL (msec)
Tibial MNDL 4.7 (IQR 0.8) 4.4 (0.8) 5.4 (2.3) 6.2 (3.5) 0.001 KW
(msec)
Sural SNAP 13.6 (IQR 7.0) | 12.6(5.9) 1.4 (3.2) 0.7 (7.0) 0.001 KW
(mV)
CAN 0.0 (IQR 0.0) 0.0(0.8) 0.0 (0.0) 0.0 (3.1) 0.071 KW
composite
score
ESC (uS) 79.0 (IQR 78.0 (16.0) 61.0 (26.0) 53.0(32.0) 0.001 KW

13.0)

Table 5.5. Neurological assessments of study participants undergoing 31P-MRS of the thalamus. Data
are presented as mean = standard deviation for parametric and median (IQR) for non-parametric
continuous data. The statistical test used was ANOVA (A) for continuous normally distributed data
and Kruskal-Wallis (KW) for non-parametric continuous data. CAN, cardiac autonomic neuropathy;
CMAP, compound muscle action potential; DN4, doleur neuropathique 4; ESC, electrochemical skin

conductance; MNDL, motor nerve distal latency; MNCV, motor nerve conduction velocity; NIS-LL,

neuropathic impairment score of the lower limb; NPSI, neuropathic pain symptom inventory; SNAP,
sensory nerve action potential; TCNS, Toronto clinical neuropathy score.
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5.3.3 31P-MRS results

5.3.3.1 Raw metabolite data

The ‘raw’ metabolite values for 31P-MRS are presented in Table 5.6 and 5.7. There was no
significant difference in metabolite ratios at the S1 cortex. At the DH thalamic Pi there was a
significant group effect (Kruskal-Wallis test, p=0.002). The Pi was numerically the highest in
painless-DSPN, reaching significance compared with HV (Mann Whitney U test, p=0.034)
and painful-DSPN (p<0.001). Additionally, in no-DSPN the DH thalamic Pi levels were

significantly higher compared with painful-DSPN (p=0.004).
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HV (n=12) No-DSPN Painless- Painful-DSPN P value
(n=11) DSPN (n=12) | (n=20)
NDH a-ATP 0.076 £ 0.02 0.098 + 0.02 0.086 + 0.02 0.093 £ 0.02 0.057 A
NDH y-ATP 0.076 £ 0.01 0.081 +0.02 0.078 £ 0.02 0.087 £ 0.02 0.305A
NDH PCr 0.195 (IQR 0.188 (0.06) 0.202 (0.04) 0.185 (0.05) 0.467 KW
0.06)
NDH Pi 0.072 £ 0.03 0.069 £ 0.04 0.087 £ 0.04 0.083 £ 0.03 0.567 A
DH a-ATP 0.080 £ 0.01 0.092 £ 0.02 0.082£0.01 0.089 £ 0.02 0.202 A
DH y-ATP 0.081 £ 0.01 0.085+0.01 0.083 £0.02 0.085 £+ 0.02 0.895 A
DH PCr 0.195 (IQR 0.183 (0.04) 0.191 (0.03) 0.171 (0.05) 0.114 KW
0.05)
DH Pi 0.079 +0.04 0.083 +0.03 0.087 £ 0.04 0.092 £ 0.03 0.761 A

Table 5.6. Raw 31P-MRS metabolite levels in the S1 cortex. Data are presented as mean * standard
deviation for parametric and median (IQR) for non-parametric continuous data. The statistical test
used was ANOVA (A) for continuous normally distributed data and Kruskal-Wallis (KW) for non-
parametric continuous data. DH, dominant hemisphere; NDH, non-dominant hemisphere; Pi,

inorganic phosphate; PDE, phosphodiesters; PCr, phosphocreatine; PME, phosphomonoesters.

HV (n=11) No-DSPN Painless- Painful-DSPN P value
(n=9) DSPN (n=11) | (n=18)
NDH a-ATP 0.095 (IQR 0.086 (0.02) 0.095 (0.02) 0.1015 (0.04) | 0.327 KW
0.02)
NDH y-ATP 0.080 + 0.02 0.081 £ 0.01 0.082 £ 0.01 0.087 £ 0.01 0.374 A
NDH PCr 0.198 + 0.02 0.200 + 0.03 0.186 + 0.02 0.191 + 0.02 0.523 A
NDH Pi 0.072 £ 0.03 0.093 £ 0.05 0.104 £ 0.05 0.080 £ 0.04 0.304 A
DH a-ATP 0.089 + 0.02 0.087 £ 0.01 0.093 £ 0.02 0.090 + 0.02 0.848 A
DH y-ATP 0.084 +0.01 0.078 £ 0.01 0.078 £ 0.01 0.081 +0.02 0.562 A
DH PCr 0.203 £ 0.03 0.177 £0.03 0.196 £ 0.03 0.179 £ 0.03 0.093 A
DH Pi 0.076 + 0.05 0.107 £ 0.02 0.117 £ 0.02 0.076 £ 0.03 0.002 KW

Table 5.7. Raw 31P-MRS metabolite levels in the thalamus. Data are presented as mean * standard
deviation for parametric and median (IQR) for non-parametric continuous data. The statistical test
used was ANOVA (A) for continuous normally distributed data and Kruskal-Wallis (KW) for non-
parametric continuous data. DH, dominant hemisphere; NDH, non-dominant hemisphere; Pi,

inorganic phosphate; PDE, phosphodiesters; PCr, phosphocreatine; PME, phosphomonoesters.
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5.3.3.2 51 cortex metabolite ratio analysis

Table 5.8 shows the 31P-MRS DH, NDH, and mean S1 cortical results for the different
groups. There was a reduction in the mean PCr:ATP in the no-DSPN group compared to
healthy volunteers (LSD, p=0.013) (Figure 5.4). There was a further reduction in mean
PCr:ATP in patients with painful-DSPN compared to HV (p=0.001), but this did not reach
statistical significance compared to no-DSPN (p=0.462). However, the mean PCr:ATP was
significantly increased in patients with painless-DSPN compared with painful-DSPN (p=0.04).
There were also significant differences in the PCr:ATP on the DH and NDH hemisphere. In
the NDH hemisphere, PCr:ATP was lower in painful-DSPN compared with HV (p=0.003) and
painless-DSPN (p=0.018). PCr:ATP was also lower in no-DSPN compared with HV (p=0.05). In
the DH hemisphere, PCr:ATP was also lower in painful-DSPN (p=0.004) and no-DSPN
(p=0.015) compared with HV. There were no significant group differences in Pi:ATP (Figure
5.5), Pi:PCr (Figure 5.6), PME:PDE and pH at the NDH, DH and mean S1. Adding HbA1c had
no effect upon the statistical model in an ANCOVA for PCr:ATP, Pi:ATP nor Pi:PCr. The

ANCOVA for the mean somatosensory cortical PCr:ATP remained significant, p=0.008.
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HV (n=12) No-DSPN Painless- Painful-DSPN P value
(n=11) DSPN (n=12) (n=20)

NDH PCr:ATP 3.08 £ 1.50 2.21 +0.50 2.63 +£0.60 2.15+0.48 0.019
NDH Pi:ATP 1.03£0.62 0.84 +0.54 1.15+0.62 1.02 £0.57 0.643
NDH Pi:PCr 0.34+0.14 0.38+0.23 0.45+0.28 0.44+0.20 0.515
NDH PME:PDE | 0.89 +0.42 1.04 +0.25 1.06 +0.38 1.35+0.91 0.212
NDH pH 7.036 £0.04 | 7.084 +0.12 7.032 £ 0.05 7.043 £0.08 0.372
DH PCr:ATP 2.57+0.83 2.12+0.38 2.43+0.51 1.95+0.38 0.011
Dh Pi:ATP 1.03+0.59 0.98 +0.49 1.06 +0.41 1.13+0.50 0.869
Dh Pi:PCr 0.41+0.20 0.48+0.23 0.47£0.24 0.56+0.23 0.348
Dh PME:PDE 0.91+0.48 1.09+0.54 0.95+0.55 1.05+0.40 0.759
DH pH 7.035+0.06 | 7.042 £0.05 7.036 £ 0.04 7.056 £ 0.11 0.875
Mean PCr:ATP | 2.83+1.04 2.16+0.39 2.53+0.52 2.05+0.40 0.006
Mean Pi:ATP 1.03+0.50 0.91+0.45 1.11+0.39 1.08 £ 0.48 0.740
Mean Pi:PCr 0.3710.15 0.42+0.21 0.46+0.22 0.50+0.19 0.339
Mean 0.90+0.41 1.07 £0.33 1.01+0.41 1.20+0.59 0.364
PME:PDE

Mean pH 7.036 £0.04 | 7.063 +0.08 7.036 £ 0.04 7.047 £ 0.08 0.727

Table 5.8. 31P-MRS metabolite ratios in the S1 cortex. Data are presented as mean # standard

deviation. The statistical test used was ANOVA. DH, dominant hemisphere; NDH, non-dominant

hemisphere; Pi, inorganic phosphate; PDE, phosphodiesters; PCr, phosphocreatine; PME,
phosphomonoesters.
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Figure 5.4. Mean S1 cortical PCr:ATP box and whisker plot (p=0.006, ANOVA). Painful-DSPN vs. HV

(p=0.001, LSD); Painful-DSPN vs. painless-DSPN (p=0.04); No-DSPN vs. HV (p=0.013). PCr,

phosphocreatine.
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Figure 5.5. Mean S1 cortical Pi:ATP box and whisker plot (p=0.740, ANOVA). Pi, inorganic phosphate.
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Figure 5.6. Mean S1 cortical Pi:PCr box and whisker plot (p=0.339, ANOVA). PCr, phosphocreatine; Pi,
inorganic phosphate.

The correlation between mean S1 cortical PCr:ATP and clinical and neurophysiological
variables is displayed in Table 5.9. The mean S1 cortical PCr:ATP did not correlate with
demographic or clinical parameters, nor neurological or neurophysiological measures.
However, there were significant negative correlations between this ratio and measures of
neuropathic pain, such as the DN4 (Spearman’s rank, r -0.326, p=0.015), NRS (r -0.424,
p=0.001) and the total NPSI (r -0.391, p=0.003). Moreover, subscores of the NPSI correlated
with the S1 PCr:ATP (Burning spontaneous pain r -0.342, p=0.011; pressing spontaneous
pain, r -0.298, p=0.027; paroxysmal pain, r -0.448, p=0.001; evoked pain, r -0.377, p=0.005;
paraesthesia/dyseasthesia r -0.408, p=0.002), with the strongest relationship shown with

paroxysmal pain. There was no correlation with DFNS-QST z-scores.

The mean S1 Pi:ATP and pH did not correlate with demographic or clinical parameters, or

neurological or neurophysiological parameters. The Pi:PCr correlated with the total burning
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NPSI subscore (r 0.304, p=0.024), evoked pain NPSI subscore (r 0.266, p=0.050) and MMSE (r

-0.310, p=0.034). The PME:PDE showed a negative correlation with number of pack years

smoking and (r-0.352, p=0.008) and fingerpick blood glucose before the MRl scan (r 0.278,

p=0.040), but no other variables.

Mean PCr:ATP r P value
Age 0.200 0.143
HbAlc -0.041 0.765
Glucose during MR -0.055 0.690
Body mass index -0.036 0.792
Systolic blood pressure -0.034 0.810
NIS-LL+7 -0.073 0.601
TCNS -0.155 0.258
Total NPSI -0.391 0.003
Total burning NPSI subscore -0.342 0.011
Total pressing NPSI subscore -0.298 0.027
Total paroxysmal NPSI -0.448 0.001
subscore

Total evoked pain NPSI -0.377 0.005
subscore

Total dysaesthesia NPSI -0.408 0.002
subscore

NRS during MR -0.424 0.001
DN4 -0.326 0.015

Table 5.9. Spearman’s correlation between mean S1 cortical PCr:ATP metabolic and neurological
variables. DN4, doleur neuropathique 4; MR, magnetic resonance scan; NIS-LL+7, Neuropathy

Impairment Score of the Lower Limb plus 7 tests; NPSI, neuropathic pain symptom inventory; NRS,

numeric rating scale; PCr, phosphocreatine; TCNS, Toronto clinical neuropathy score.
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Figure 5.7. Mean S1 PCr:ATP in participants with painful-DSPN and low pain (NRS <3) and
moderate/severe pain (NRS 3-10) on a 0-10 scale, box and whisker plot (p=0.033, Mann-Whitney U
test). NRS, numeric rating scale; PCr, phosphocreatine.

Figure 5.7 shows mean S1 PCr:ATP for participants with painful-DSPN after stratification into
those experiencing low pain (NRS <3, mean SD, 0.4 + 0.9; n=6) and moderate to severe pain
(NRS 3-10, mean = SD, 5.6 + 1.8; n=14) during the MR scan. The PCr:ATP was significantly
higher in the moderate/severe pain group [median (IQR) 1.87(0.35)] compared with the low
pain group [2.35 (0.67), p=0.033], Mann-Whitney U test. Other than NRS pain scores (Mann-
Whitney U test, p<0.001) there were no other significant group differences in clinical or

neurophysiological measures between the two groups.
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5.3.3.3 Thalamus metabolite ratio analysis

Table 5.10 shows the 31P-MRS DH, NDH, and mean thalamic results for the different groups.
There was a significant group effect at the NDH PCr:ATP ratio, shown in Figure 5.9 (ANOVA,
p=0.036). The ratio was numerically the lowest in painful-DSPN, which reached significance
versus HV (LSD, p=0.045) and no-DSPN (p=0.008). The PCr:ATP was numerically the lowest in
painful-DSPN at the DH and mean value (Figure 5.8); however, neither reached statistical

significance.

There was a significant group effect in Pi:ATP and Pi:PCr ratio at the DH and mean thalamic
value (Figures 5.10 and 5.11). The mean thalamic Pi:ATP was statistically higher in painless-
DSPN compared with HV (LSD, p=0.008) and painful-DSPN (p=0.005). The mean thalamic
Pi:PCr was statistically lower in HV compared with no-DSPN (p=0.049) and painless-DSPN
(p=0.008). Additionally, the mean Pi:PCr was lower in painful- compared with painless-DSPN
(p=0.039). There was no group effect in the Pi:ATP or Pi:PCr at the NDH thalamus. There was

also no difference between the groups in the PME:PDE nor the pH.

In view of the significant group differences in HbAlc, this variable was added to an ANCOVA.
HbA1c had no significant effect upon the outcome of the model for PCr:ATP; however, it did
for Pi:ATP and Pi:PCr. The thalamic Pi:ATP ANCOVA and post hoc group differences retained
significance (ANCOVA, p=0.015; painful-DSPN vs. no-DSPN, p=0.042; painful-DSPN vs.

painless-DSPN, p=0.002) but the Pi:PCr ANCOVA was no longer significant (p=0.087).
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HV (n=11) No-DSPN Painless- Painful-DSPN P value
(n=9) DSPN (n=11) (n=18)

NDH PCr:ATP | 2.28 +0.24 2.37+£0.35 2.13+0.34 2.04 +0.27 0.036 A

NDH Pi:ATP 0.85+0.39 1.10 £0.59 1.25+0.65 0.89+0.52 0.241 A

NDH Pi:PCr 0.40 (IQR 0.40 (0.14) 0.62 (0.50) 0.41 (0.44) 0.366 KW
0.25)

NDH 0.89 (IQR 0.94 (0.45) 0.97 (0.41) 0.95 (0.77) 0.955 KW

PME:PDE 0.60)

NDH pH 7.110 (IQR 7.070 (0.09) 7.0250 (0.06) | 7.030 (0.08) 0.063 KW
0.14)

DH PCr:ATP 2.38+0.47 2.19+0.45 2.33+0.41 2.13+0.38 0.406 A

Dh Pi:ATP 0.91+0.63 1.31+0.28 1.41+041 0.90 +£0.40 0.010A

Dh Pi:PCr 0.38+0.26 0.61+0.16 0.61+0.14 0.45+0.24 0.022 A

Dh PME:PDE | 0.98 (IQR 1.23(0.45) 0.81(0.7) 0.89 (0.7) 0.618 KW
0.92)

DH pH 7.090 (IQR 7.060 (0.09) 7.045 (0.08) 7.030 (0.04) 0.638 KW
0.11)

Mean 2.33+0.30 2.28+0.37 2.23+0.34 2.09+0.26 0.197 A

PCr:ATP

Mean Pi:ATP | 0.88 +0.41 1.21+£0.30 1.33+0.46 0.90+0.36 0.012 A

Mean Pi:PCr | 0.38+0.19 0.55+0.18 0.60+0.19 0.45+0.19 0.034 A

Mean 1.13 (IQR 1.10(0.43) 0.89 (0.45) 0.97 (0.45) 0.954 KW

PME:PDE 0.58)

Mean pH 7.095 (IQR 7.060 (0.13) 7.0450 (0.05) | 7.040 (0.07) 0.208 KW
0.13)

Table 5.10. 31P-MRS metabolite ratios in the thalamus. Data are presented as mean + standard
deviation for parametric and median (IQR) for non-parametric continuous data. The statistical test
used was ANOVA (A) for continuous normally distributed data and Kruskal-Wallis (KW) for non-
parametric continuous data. DH, dominant hemisphere; NDH, non-dominant hemisphere; Pi,
inorganic phosphate; PDE, phosphodiesters; PCr, phosphocreatine; PME, phosphomonoesters.
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Figure 5.8. Mean thalamic PCr:ATP box and whisker plot (p=0.197, ANOVA). PCr, phosphocreatine.
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Figure 5.9. NDH thalamic PCr:ATP box and whisker plot (p=0.036, ANOVA). Painful-DSPN vs. HV
(p=0.045, LSD); Painful-DSPN vs. no-DSPN (p=0.008). PCr, phosphocreatine.
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Figure 5.10. Mean thalamic Pi:ATP box and whisker plot (p=0.012, ANOVA). Painless-DSPN vs. HV
(p=0.008, LSD); Painless-DSPN vs. painful-DSPN (p=0.005). Pi, inorganic phosphate.
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Figure 5.11. Mean thalamic Pi:PCr box and whisker plot (p=0.034, ANOVA). Painless-DSPN vs. HV
(p=0.049, LSD); Painless-DSPN vs. HV (p=0.008); Painful-DSPN vs. Painless-DSPN (p=0.039). PCr,
phosphocreatine; Pi, inorganic phosphate.
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Correlation analysis with the NDH PCr:ATP revealed significant correlations between blood
pressure (Spearman’s correlation, r -0.283, p=0.049) and a number of neurological and
neurophysiological measures (Table 5.11). The TCNS and NIS-LL+7 score all showed
significant correlations, indicating the PCr:ATP was negatively related to increasing severity
of neuropathy. Additionally, the PCr:ATP was negatively related to increasing neuropathic
pain, as indicated by correlations with the pain score during the MR scan (r -0.289, p=0.046),
DN4 (r -0.283, p=0.049) and total NPSI (r -0.390, p=0.006) and two subscores (Total burning

pain NPSI subscore: r -0.318, p=0.026; total pressing NPSI subscore: r -0.476, p=0.001).
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NDH PCr:ATP r Significance
Age -0.028 0.850
HbAlc -0.220 0.129
Glucose before MR -0.219 0.131
Body mass index -0.119 0.415
Systolic blood pressure -0.283 0.049
NIS-LL+7 -0.470 0.001
TCNS -0.400 0.004
Total NPSI -0.390 0.006
Total burning NPSI subscore -0.318 0.026
Total pressing NPSI subscore -0.476 0.001
Total paroxysmal NPSI -0.387 0.006
subscore

Total evoked pain NPSI -0.224 0.121
subscore

Total dysaesthesia NPSI -0.273 0.058
subscore

NRS during MR -0.289 0.046
DN4 -0.283 0.049

Table 5.11. Spearman’s correlation between NDH thalamic PCr:ATP and metabolic and neurological

variables. DN4, doleur neuropathique 4; MR, magnetic resonance scan; NIS-LL+7, Neuropathy
Impairment Score of the Lower Limb plus 7 tests; NDH, non-dominant hemisphere; NRS, numeric

rating scale; PCr, phosphocreatine; TCNS, Toronto clinical neuropathy score.

Correlation analysis with the mean thalamic Pi:ATP revealed no significant correlations with

pain, neurological or neurophysiological measures (nerve conduction studies and DFNS-
QST). However, Pi:ATP showed significant correlations with HbAlc (r 0.363, p=0.010),

duration of diabetes (r 0.364, p=0.025) and there was a trend toward a relationship with

fingerprick glucose values before the MR (r 0.261, p=0.070) (Table 5.12).
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Mean Pi:ATP r Significance
Age -0.163 0.262
HbAlc 0.364 0.010
Glucose before MR 0.261 0.070
Body mass index 0.174 0.232
Systolic blood pressure 0.173 0.236
NIS-LL+7 -0.021 0.889
TCNS -0.041 0.780
Total NPSI -0.117 0.224
NRS during MR -0.266 0.068
DN4 -0.232 0.109

Table 5.12. Spearman’s correlation between mean thalamic Pi:ATP and metabolic and neurological

variables. DN4, doleur neuropathique 4; MR, magnetic resonance scan; NIS-LL+7, Neuropathy

Impairment Score of the Lower Limb plus 7 tests; NRS, numeric rating scale; Pi, inorganic phosphate;
TCNS, Toronto clinical neuropathy score.

Correlation analysis with the mean Pi:PCr was similar to the Pi:ATP, there were positive

correlations between this ratio and HbAlc (Spearman’s correlation, r 0.477, p=0.001),

glucose during the MR (r 0.345, p=0.015) and duration of diabetes (r 0.322, p=0.049) (Table

5.13).
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Mean Pi:PCr R Significance
Age -0.193 0.184
HbAlc 0.477 0.001
Glucose during MR 0.345 0.015
Body mass index 0.174 0.232
Systolic blood pressure 0.211 0.146
NIS-LL+7 0.119 0.420
TCNS 0.094 0.520
Total NPSI -0.008 0.955
NRS during MR -0.123 0.406
DN4 -0.107 0.464

Table 5.13. Spearman’s correlation between mean thalamic Pi:PCr and metabolic and neurological

variables. DN4, doleur neuropathique 4; MR, magnetic resonance scan; NIS-LL+7, Neuropathy

Impairment Score of the Lower Limb plus 7 tests; NRS, numeric rating scale; PCr, phosphocreatine;

Pi, inorganic phosphate; TCNS, Toronto clinical neuropathy score.

5.3.3.4 Correlation analysis between 31P and 1H-MRS variables

At the S1 NDH there was a significant correlation between the NAA:Cho and PCr:ATP (r
0.344, p=0.026, Spearman’s correlation) (Figure 5.12) and also the Cho:Cr and Pi:PCr (r -

0.311, p=0.045, Pearson’s correlation). For comparison, the dominant hemisphere

somatosensory cortical NAA:Cho and PCr:ATP Spearman’s correlation was r 0.297 (p=0.056)

and the Cho:Cr and Pi:PCr Pearson’s rank correlation was r -0.110 (p=0.489).
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Figure 5.12. Spearman’s correlation between NDH S1 cortical NAA:Cho and PCR:ATP (r 0.344,
p=0.026). Cho, choline; NAA, N-acetylaspartate; PCr, phosphocreatine.

At the dominant hemisphere of the thalamus there was a significant correlation between
the NAA:Cho and Pi:ATP, Figure 5.13, (r -0.383, p=0.018, Spearman’s correlation) and the
NAA:Cho and Pi:PCr (r -0.328, p=0.045). There was no correlation between DH thalamic
NAA:Cho and PCr:ATP (r -0.008, p=0.960). At the NDH, the NAA:Cho correlated with the

PCr:ATP (r -0.343, p=0.035), Figure 5.14, and the Pi:PCr (0.-381, p=0.018).

The mean thalamic PCr:ATP correlated with the mean somatosensory cortical PCr:ATP (r
0.370, p=0.009). The DH thalamic PCr:ATP correlated with the DH somatosensory cortical
PCr:ATP (r 0.454, p=0.001). The NDH thalamic PCr:ATP did not significantly correlate with
the NDH somatosensory cortical PCr:ATP (r 0.158, p=0.279). There was no correlation

between the Pi:ATP or Pi:PCr between the thalamus and S1 cortex.
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Figure 5.13. Spearman’s correlation between DH thalamic NAA:Cho and Pi:ATP (r -0.383, p=0.018).
Cho, choline; NAA, N-acetylaspartate; Pi, inorganic phosphate.
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Figure 5.14. Spearman’s correlation between NDH thalamic NAA:Cho and PCr:ATP (r -0.343,
p=0.035). Cho, choline; NAA, N-acetylaspartate; PCr, phosphocreatine.
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5.4 Discussion

In this study 31P-MRS was performed to examine phosphorus containing neurometabolites
in pain processing areas of the brain in well characterized patients with DSPN. The results
suggest differing bioenergetic processes occurring in the thalamus and S1 cortex. At the S1
cortex, there was a clear pattern with PCr:ATP being the lowest in painful-DSPN whilst it was
significantly higher in painless-DSPN. The PCr:ATP ratio was also lower in those with no-
DSPN compared to HV, but not painless-DSPN. The S1 PCr:ATP also correlated with several
measures of neuropathic pain. At the thalamus, however, the mean thalamic Pi:PCr and
Pi:ATP were highest in painless-DSPN compared with HV and painful-DSPN. The Pi:PCr was
also statistically higher in no-DSPN compared with HV. The Pi:PCr and Pi:ATP also correlated
with measures of diabetes, e.g. HbAlc and duration of diabetes. The PCr:ATP was also lower
at the NDH thalamus in painful-DSPN compared with HV and no-DSPN. Additionally, there
were correlations seen between the 31P and 1H-MRS parameters at the thalamus and S1
cortex where the NAA:Cho correlated with Pi:ATP and Pi:PCr at the DH thalamus and the
NDH NAA:Cho with the PCr:ATP and Pi:PCr. Finally the NAA:Cho correlated with the PCr:ATP

at the non-dominant hemisphere at S1.

The findings at the S1 cortex are suggestive of greater S1 cortical energy usage in painful-
DSPN with higher pain scores. The S1 cortex is one of the main components of the cerebral
network for processing pain, receiving ascending impulses from important pain pathways
such as the spinothalamic tract (Apkarian et al., 2005). Other studies have shown that
increased brain activity in this region in experimental pain is coupled with increased blood
flow (Liu et al., 2013) and relates to the severity of stimulus intensity (Bornhovd et al.,

2002). These studies support the findings of depleted S1 PCr in painful-DSPN. Moreover, the
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findings are consistent with other studies which have shown evidence of increased cerebral
neuronal activity in painful-DSPN in other brain regions (Sloan et al., 2021), for example
hyperexcitable ventral posterolateral thalamic neurons in experimental conditions (Fischer
et al., 2009), hyperperfusion of the thalamus (Selvarajah et al., 2011), ventrolateral
periadqueductal grey-mediated pain facilitation (Segerdahl et al., 2018) and increased ACC
activity (Watanabe et al., 2018) in human painful-DSPN.

PCr:ATP levels in patients with Painless-DSPN were significantly higher compared to those
with painful-DSPN despite a similar severity of neuropathy. This signifies the relative lower
resting state neuronal activity in the S1 cortex compared to patients with painful-DSPN.
Other studies have demonstrated that painless-DSPN may be associated with reduced
cerebral neuronal activity, including a reduction in the NAA levels, shown in previous work
within our group (Selvarajah et al., 2008) and Chapter 4, and sensorimotor fibre tracts
(Hansen et al., 2019), thalamic atrophy (Hansen et al., 2021) and altered thalamic perfusion
characteristics, including reduced blood volume (Selvarajah et al., 2008). Moreover,
previous studies have demonstrated volume loss within the S1 cortex in participants with
DSPN, but the potential pathophysiological mechanisms have been unexplained (Selvarajah
et al., 2014b). This is the first study to show a marker of bioenergetics in patients with
painless-DSPN, suggesting reduced neuronal activity, which may be associated with cortical
atrophy or a dying back axonopathy secondary to reduced sensory input causing Wallerian
degeneration. Further, there was a negative correlation between NAA:Cho and PCr:ATP at
the NDH S1 indicating reduced neuronal function/viability as energy usage increases. This
might be consistent with the concept of excitotoxicity in cerebral neurons in neuropathic

pain (Bushnell et al., 2013); however, the mechanism of this is unclear.
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Other negative results within this study provide insight into the alterations at S1 in DSPN.
Although the results suggest that the energy status at this region was altered, the pH, Pi:ATP
and Pi:PCr were equivocal between groups suggesting that cellular oxygen supply was
adequate for activity and mitochondrial function. Finally, there were no group differences in
PME:PDE although there was a significant negative correlation with pack years smoking and
a positive correlation with finger prick glucose. The PME and PDE peaks were not well
defined, as indicated by the higher Cramér—Rao lower bounds, and further study would be
required to confirm these findings.

At the level of the thalamus, the pattern of 31P-MRS alterations was drastically different,
suggesting differing bioenergetic processes occurring at this site. The results were
suggestive of altered mitochondrial function in no-DSPN and painless-DSPN, which may be
secondary to the effect of chronic metabolic dysfunction on the thalamus rather than DSPN.
However, in participants with painful-DSPN the comparable levels of Pi:PCr and Pi:ATP with
HV indicated relatively preserved mitochondrial function at the thalamus, which is
consistent with previous findings of relatively normal thalamic GABA neurotransmitter
levels (Shillo et al., 2016) and 1H-MRS parameters as described in Chapter 4 and in a
previous study (Gandhi et al., 2006). Moreover, heightened microvascular blood flow in the
thalamus in patients with painful-DSPN may also ensure adequate oxygen delivery and
preserve thalamic mitochondrial function compared with patients with painless-DSPN
(Selvarajah et al., 2011). NAA:Cho also correlated with Pi:PCr at both DH and NDH thalamus
and Pi:ATP at the DH. This novel finding suggests that increased 31P markers of
mitochondrial dysfunction are related to reduced neuronal function. The mechanisms of
cerebral neuronal injury in diabetes are incompletely understood. It is believed that

mechanisms of cerebral injury in cognitive dysfunction include hyperglycaemia, protein
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glycation, microvascular disease, endothelial dysfunction, inflammation, etc (McCrimmon et
al., 2012). These results give new insight into the aetiology of neuronal injury in the
thalamus in diabetes and DSPN, indicating that mitochondrial dysfunction is a potential

mechanism.

The PCr:ATP ratio was also shown to be the lowest at the NDH thalamus in painful-DSPN.
This finding is suggestive of increased energy usage within the thalamus in this group
compared with HV and no-DSPN. However, the meaning of this result is less clear as there
was no significant group effect at the DH thalamus nor the mean values. Moreover, this
ratio correlated with measures of neuropathy (NIS-LL+7) more strongly than neuropathic
pain. Therefore, this finding could be suggestive of increased energy demand in the
thalamus secondary to metabolic or microvascular dysfunction due to chronic diabetes and
DSPN, there may be an additional effect of increased neuronal activity due to peripheral
neuropathic pain. The thalamic NDH PCr:ATP positively correlated with NAA:Cho; although
converse to the S1 cortex this was a negative correlation suggesting reduced energy usage
was associated with reduced NAA:Cho levels. The reasons for this discrepancy are unclear,

but again point towards different energetic processes in the thalamus and S1 cortex.

The strengths of this study include that it is the first to use 31P-MRS to study DSPN and
chronic pain conditions affecting the periphery. 31P-MRS is a unique tool as it allows the in
vivo assessment of tissue metabolism without ionizing radiation nor administration of
contrast/radioactive tracers (Liu et al., 2017). Therefore, this technique is complimentary to
other cerebral imaging methods such as blood oxygen level-dependent (BOLD) functional
MRI and those which determine blood flow dynamics because 31P-MRS provides an

objective measure of cellular energetics and mitochondrial function. Additionally, the

186



sample size is adequate and similar to other cerebral imaging studies in DSPN (Selvarajah et
al., 2008, Selvarajah et al., 2011, Teh et al., 2021). We deliberately increased the numbers in
painful-DSPN to ensure further exploration of this group was possible. The clear group
differences in PCr:ATP justify the sample sizes. The limitations of this study are similar to the
limitations of the 1H-MRS study. The ISIS MRS technique is also recognised to be particularly
susceptible to movement artefact. Also, although the study sample size is greater than the

1H-MRS study, further larger studies may be recommended to confirm the findings.

5.5 Conclusions and future work

To conclude, for the first time this study used cerebral 31P-MRS to examine a peripheral
neuropathic pain condition. There appears to be a diabetes effect in phosphorus metabolite
ratios at both the level of the thalamus (Pi:PCr and Pi:ATP) and S1 cortex (PCr:ATP). 31P-
MRS metabolite ratios reveal that mitochondrial dysfunction in the thalamus may be the
cause of reduced neuronal dysfunction in no- and painless-DSPN; whereas there appears to
be normal mitochondrial function in painful-DSPN, comparable to that of HV. These findings
also relate to markers of neuronal function, indicating that mitochondrial function may be a
key mechanism of thalamic neuronal dysfunction in diabetes. At the S1 cortex, the PCr:ATP
ratio was found to be lowest in painful-DSPN due to increased S1 cortical energy
metabolism. This compliments findings in other studies reporting painful-DSPN is associated
with heightened pain matrix cerebral neuronal activity (Selvarajah et al., 2011, Watanabe et
al., 2018, Fischer et al., 2009) and whilst conversely there was reduced activity in painless-

DSPN (Selvarajah et al., 2011). The negative correlation between PCr:ATP and measures of
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neuropathic pain, and the lower PCr:ATP ratios in those with higher pain scores compared
to those with low pain scores, suggests S1 cortex bioenergetics are related to the severity of
neuropathic pain. Exploratory studies are now required in other chronic pain conditions,
and other pain processing areas of the brain. Finally, S1 cortical PCr:ATP may serve as a
potential biomarker for neuropathic pain and a target for therapeutic intervention for novel

treatments.
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6. The impact of optimised neuropathic pain treatment on the

maghnetic resonance imaging correlates of painful-DSPN 1:

Neurotransmitters

6.1 Introduction

6.1.1 Background

The management of painful-DSPN poses a significant treatment challenge (Alam et al.,
2020). The first line treatments for painful-DSPN have remained unchanged for over a
decade and are generally considered to be inadequate. The number needed to treat for 50%
pain relief for neuropathic pain ranges from 4 to 10 across most positive trials, indicating
only modest improvements in pain (Finnerup et al., 2015). Moreover, these treatments are

often offset by intolerable adverse effects.

A potential reason for the inefficacy of analgesic agents is the lack of a pain biomarker.
Current trials use self-reported pain scales as measures of efficacy, which are highly
susceptible to confounding factors. Studies have investigated neuroimaging parameters to
determine their suitability as biomarkers of treatment response in neuropathic pain trials,
although none are validated for clinical use. One brain region which has been studied in two
clinical trials of painful-DSPN is the ACC, a key brain region within the pain matrix. Increased
functional connectivity from the ACC to insular cortex was demonstrated in patients with

painful-DSPN who responded to intravenous lidocaine compared with non-responders
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(Wilkinson et al., 2020). Another study found that increased ACC blood flow, as measured by
using iodine-123-N-isopropyl-p-iodoamphetamine single-photon emission computed
tomography, was associated with painful- compared with painless-DSPN (Watanabe et al.,
2018). Additionally, a decrease in cerebral blood flow in this region was observed in patients
gaining significant pain relief with three months of duloxetine treatment compared with
non-responders. However, the effect of painful-DSPN treatments on neurotransmitters in

the ACC has not been explored.

Neurotransmitters are critically involved in the modulation of pain perception in cortical
structures (Quintero, 2013). GABA is the main inhibitory and glutamate the main excitatory
neurotransmitter, both of which may be quantified using 1H-MRS (Yasen et al., 2017).
Glutamate is often assessed spectrally as the combination of glutamine+glutamate (Glx).
The balance of these neurotransmitters has been investigated to a limited extent in DSPN.
Lower relative levels of GABA were observed within the thalamus of patients with DSPN
(painful- and painless-DSPN combined) in comparison to those without DSPN (HV plus no-
DSPN groups combined) (Shillo, 2019). GABA and glutamate are also key neurotransmitters
within the ACC (Bliss et al., 2016). Healthy participants undergoing tonic noxious stimulation
have been shown to have an increased glutamate and Glx at the ACC (Archibald et al.,

2020b).

6.1.2 Rationale for study

GABA and Glx are key neurotransmitters involved in the processing of pain. However, the

response of these neurotransmitters to analgesia have not been studied in painful-DSPN.
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This study has chosen the ACC as our region of interest as blood flow changes in the ACC

have been associated with a better treatment response to duloxetine.

6.1.3 Aims and hypothesis

The aim of the study is to assess MRS neurotransmitter parameters (GABA and GIx) in the
ACC in painful-DSPN, to determine whether changes are detectable when participants are
optimally treated for their painful symptoms compared to without treatment. The
hypothesis is that GABA levels will reduce and Glx levels rise after withdrawal of treatment.
Moreover, another hypothesis is that patients with a greater increase in pain (i.e.

responders to treatment) will have greater changes in neurotransmitters.

6.2 Methods

6.2.1 Study Design and Participants

The study design is a pre-post observational study conducted alongside the OPTION DM
[Optimal Pathway for Treatlng neuropathic paiN in Diabetes Mellitus trial (REC reference
16/YH/0459)] study. The study within this thesis aimed to include 20 patients with painful-
DSPN enrolled in the OPTION-DM study at Sheffield Teaching Hospitals. Sample size

calculations have not specifically been performed as this is a preliminary study.
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6.2.2 Inclusion and exclusion criteria

The study inclusion and exclusion criteria for patients recruited into this study from the
OPTION-DM study cohort were as presented in Chapter 2 General Methods (section 2.1.1
and 2.1.2). However, participants were only eligible for OPTION-DM if certain criteria were

met (Selvarajah et al., 2018):

6.2.2.1 OPTION-DM inclusion criteria

1. Participant aged 218 years

2. Neuropathic pain affecting both feet and / or hands for at least 3 months or taking

pain medication for neuropathic pain for at least 3 months

3. Bilateral distal symmetrical neuropathic pain confirmed by the DN4 questionnaire at

screening visit

4. Bilateral distal symmetrical polyneuropathy confirmed by modified TCNS (mTCNS) >

5 at screening visit (Appendix 10.6).

5. Stable glycaemic control (HbAlc < 108mmol/mol)

6. Participants with a mean total pain intensity of at least 4 on an 11-point NRS during 1

week off pain medications.

7. Willing and able to comply with all the study requirements and be available for the

duration of the study.

192



8. Willing to discontinue current neuropathic pain-relieving medications

9. Informed consent form for study participation signed by participant

6.2.2.2 OPTION-DM exclusion criteria

1. Non-diabetic symmetrical polyneuropathies

2. History of alcohol/substance abuse which would, in the opinion of the investigator,

impair their ability to take part in the study

3. History of severe psychiatric illnesses which would, in the opinion of the investigator,

impair their ability to take part in the study

4. History of epilepsy

5. Contraindications to study medications

6. Pregnancy/breast feeding or planning pregnancy during the study

7. Use of prohibited concomitant treatment that could not be discontinued with the
exception of prior concomitant and safe use of selective serotonin reuptake

inhibitors with study medications (duloxetine and/or amitriptyline)

8. Use of high dose morphine equivalent (>100mg/day)

9. Liver disease (aspartate transaminase/alanine aminotransferase >2 times upper limit

of normal)

10. Significant renal impairment (eGFR <30mL/minute/1.73m?2)
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Heart failure New York Heart Association (New York Heart Association) > class Il

Clinically significant cardiac arrhythmias on 12 lead ECG or current history of

arrhythmia

Patients with a recent myocardial infarction (<6 months prior to randomisation)

Postural hypotension (reduction of > 20mmHg on standing)

Prostatic hypertrophy or urinary retention to an extent which were, in the opinion of

the investigator, be a contraindication to the study medication

Patients with other painful medical conditions where the intensity of the pain was
significantly more severe than their diabetic peripheral neuropathic pain (patients

were not be excluded if the pain was transient in nature)

Any suicide risk as judged by the investigator or as defined by a score of 22 on the

suicide risk questionnaire

Significant language barriers which were likely to affect the participants
understanding of the medication schedule or ability to complete outcome

questionnaires

Concurrent participation in another clinical trial of an investigational medicinal
product
Major amputations of the lower limbs
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21. Foot ulcers, only if in the opinion of the local investigator they would have had a
confounding/detrimental effect on study primary outcome or participation e.g.

localised foot pain from the ulcer site

6.2.3 Study procedures

6.2.3.1 OPTION-DM study summary

A detailed description of the full OPTION-DM protocol is available elsewhere (Selvarajah et
al., 2018), this section will provide a brief summary of the trial methods which are relevant

to this study in the thesis.

The OPTION-DM study was a yearlong, multicentre, double-blind 3x3 Williams square
crossover study of Treatment Pathways to evaluate the superiority of at least one treatment
pathway (amitriptyline supplemented with pregabalin, duloxetine supplemented with
pregabalin and pregabalin supplemented with amitriptyline) in reducing the 7-day average
24-hour pain in patients with painful-DSPN. Patients underwent three treatment pathways,
each lasting 16-weeks and within each pathway the optimal dosing of the pharmacotherapy

was achieved over several dosing visits.

Patients were initially commenced on monotherapy which was titrated over 6-weeks. If
insufficient analgesia was not achieved with monotherapy, then combination therapy with a
second agent commenced and titrated over a further 16-weeks, whereupon the therapies
were tapered and withdrawn before commencing the next treatment pathway. Therefore,

at the end of each pathway individual patients were taking monotherapy or combination
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therapy. Monotherapy consisted of one of amitriptyline, duloxetine or pregabalin.
Alternatively, if the patient was on combination therapy, they were taking either
amitriptyline and pregabalin or duloxetine and pregabalin (Figure 6.1). At the week-16
follow-up visit, participants were advised to taper-down study medication (3 days) and stop
the medication completely (4 days) before commencing the next treatment pathway. The
taper dose was one dose level below the maximum tolerated dose. Participants on dose

level 1 were required to stop study medication completely for 7 days.

First Treatment Phase Second Treatment Phase

1 1
1 : 1 1
1 1 1 1
: Titration Maintenance 1 : Titration Maintenance :
Duration ! |
Pathway (weeks) : 1 1 4 : : 1 1 8 d
1 1 1 !

T T T
1 Amitriptyline 1 Pregabalin :

| 1 |
AP AM | Placebo Placebo Placebo x 2 : | 75mg 75mg 75mg x 2 :
A 1
PM : 25mg 50mg  25mg + 50mg : | Placebo 75mg 75mg x 2 1
1
! — -
. — .
: Duloxetine 1 : Pregabalin :

1

1
op AM | Placebo 30mg  30mgx2 | | 75mg 75mg 75mg x 2 |
- | 1
PM 1 30 mg 30mg 30mg x 2 1 1 Placebo 75mg 75mg x 2 :

| 1 |
1 1 1 1
1 + 1 1
: Pregabalin ' Amitriptyline :
1 1 1
AM 1 75mg 75mg 75mg x 2 : | Placebo  Placebo Placebo x 2 !
1 1 1 1
PM 1 Placebo 75mg 75mg x 2 1 1 25mg 50mg 25mg + 50mg :

1 1
1 : 1 :

1

1
! 1

Figure 6.1. Dosing schedule for OPTION-DM. At the time of this sub-study participants were enrolled
in any one of the three pathways: A-P (amitriptyline and pregabalin), D-P (duloxetine-pregabalin) or
P-A (pregabalin-amitriptyline). Participants were titrated to the dose level in order to manage their
pain adequately (Visual Analogue Score of pain <3/10), reproduced from (Selvarajah et al., 2018).

196



6.2.3.2 MRS sub-study procedures

This sub-study took place at the end of an OPTION-DM pathway, to ensure patients were on

optimal analgesic therapy, to ensure uniformity and reduce the study burden on the

patients. The MRI scans were performed on the study visit when patients were on optimal

treatment (i.e. week-16 visit) and then a second scan when the medications had been

washed out (Figure 6.2). The participants were under double-blind study conditions for the

study.

MRI scan 1 MRI scan 2

Randomisation
Continue first line treatment

I
I
| [
Responders — Washout =
l alone
First
Washout —— Baseline I
treatment

Non- First line treatment +

responders second line treatm ent

| Washout = 1

[yorere ][+ ] =] =] <]

Figure 6.2. Protocol overview of OPTION-DM. Dosing and titration schedule for each pathway.

Weeks 0-16 was repeated for each treatment pathway. The MRI scans were performed on week 16
of the final treatment pathway and one week subsequently after treatments had been washed out.

Figure adapted from (Selvarajah et al., 2018).
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6.2.4 Clinical and neurological assessment

Participants underwent a range of demographic, clinical, psychosocial, biochemical and
neurological assessments as part of the OPTION-DM efficacy and safety analyses (Selvarajah

et al., 2018). The assessments relevant for this study are included below:

e (linical assessments: Height, weight, pulse rate and blood pressure.

e Neurological assessments: NPSI, mTCNS and DN4.

e Psychosocial assessments: Insomnia severity index (Morin et al., 2011), HADS
(Zigmond and Snaith, 1983), EQ5D5L quality of life assessment (Herdman et al.,

2011) and Pain Catastrophizing Scale (Sullivan et al., 1995).

During the visits for MRI scan 1 and 2, see Figure 6.2, the VAS scores for pain severity during

the MRI were obtained.

6.2.5 Magnetic resonance spectroscopy protocol

6.2.5.1 GABA spectroscopy

Although GABA is the predominant inhibitory neurotransmitter within the brain it is still
present at relatively low concentrations (Puts and Edden, 2012). Moreover, the GABA signal
overlaps with other metabolites which are more abundant within the brain, obscuring the

GABA signal. It is possible to tailor MRS experiments to specifically isolate GABA signals,
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however. There are several methods to resolve the GABA signal, the most used is with
spectral editing. The spectral editing procedure involves performing at least two MRS
experiments, with and without frequency-selective pulses applied to the GABA signal, and
subtracting the study without a frequency-selective pulse to isolate the GABA signal (Puts

and Edden, 2012).

The MEGA-PRESS method is the most widely applied method for editing GABA signals,
indeed this was the methods previously used within our group (Shillo, 2019). One limitation
of such methods is that one molecule could only be targeted per scan with enough
sensitivity, thereby limiting the number of molecules and brain regions measured per study
(Chan et al., 2016). Therefore, the Hadamard Encoding and Reconstruction of MEGA-Edited
Spectroscopy (HERMES) method was developed for dual editing to acquire more than two
molecules simultaneously allowing increased signal to noise ratio compared to sequential
measurements of individual molecules in the same total scan time (Chan et al., 2016). The
main features of the HERMES method include: Hadamard-encoded combinations of editing
pulse frequencies, which give a multiplexed experiment that simultaneously edits more than
one molecule, and Hadamard reconstructions of the sub spectra, which give separate
spectra for each molecule (Figure 6.3). HERMES has been successfully applied in-vivo to

detect GABA signals (Saleh et al., 2016b, Chan et al., 2019).
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Figure 6.3. HERMES editing of GABA and glutathione (GSH). a) Inversion profiles of editing pulses
applied in the four sub-experiments A-D. HERMES acquires all combinations of (ONgsn, OFFgsu) and

(ONGgaga, OFFgaga). b) Hadamard transformation of the sub-experiments yields the separate GSH- and
GABA-edited spectra (Reproduced from (Saleh et al., 2016b)

6.2.5.2 Protocol for magnetic resonance spectroscopy acquisition

Magnetic resonance spectroscopy imaging was performed using the 3T scanner. Prior to
MRS a T1 3D image was obtained for spectroscopic voxel localization (Figure 6.4). The voxel

size was 35 x 40 x 20 mm? placed within the midline of the ACC to encompass the region
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previously shown to have hyperperfusion in patients with painful-DSPN (Watanabe et al.,

2018).

Figure 6.4. Voxel placement for the ACC MRS study.

The HERMES spectral editing method was used (Chan et al., 2016) with the following
parameters: TE = 80ms; TR = 2000ms; spectral width = 2kHz; frequency selective pulse
applied at 1.9 ppm (GABA); and 16 phase cycles and 320 dynamic scans were performed.

The water signal was suppressed using the VAPOR method (Tkac et al., 1999).

6.2.5.3 Magnetic resonance spectroscopy data processing

Spectroscopic post-acquisition data was processed using the dedicated editing processing
software pipeline Gannet (GABA-MRS Analysis Tool, Version 3.1) (Edden et al., 2014).

Gannet is an open-sourced software coded within Matlab (The Mathwors, Natick, USA). It
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has been designed for batch analysis of datasets with minimal user intervention specifically
for GABA-edited MRS data. Although the process is automated the software provides pdf

files at four steps for the user to judge the quality of the data.

The first output demonstrates the processed GABA-edited difference spectrum; the
frequency of the maximum point in the spectrum plotted against time, giving quality
information on the stability of the experiment; and the Cr signal before and after frequency

and phase correction (Figure 6.5).

Edited Spectra
(pre- and post-alignment) 9,00 Cr Frequency
——pre
A etk Wity
”W\WNVW g st R W\M& A-{' "
3.04 4 *’h
"} g2 -~y
b .
No/ ) 2Bt e
,\J/*w‘“:l 4 |‘ . IN,
' . '4."”\ . . 298 v . . v . v
5 4 3 2 1 0 50 100 150 200 250 300
ppm average
Cr Frequency
aiia (pre- and post-alignment)
PN TNy AP O 16 A Filename:
avg- 320 averages
Volume: 28 mL
Alignment: RobustSpecReg
272 LB: 3Hz
3.02 { G R R T T T e CL ] L] Rejects: n/a - Weighted averaging used
LoadVer: 190806

272

50 100 150 200 250 300
average

Figure 6.5. Gannet Load Output. The top-left plot demonstrates the processed GABA-edited
difference spectrum with the red (pre) and blue (post) spectrum before and after frequency and
phase correction. The top right plot gives quality information on the stability of experiment by
showing the frequency of the maximum point in the spectrum (residual Cr signal) plotted against
time. The bottom left plot demonstrates the Cr signal over the duration of the experiment, the
upper half (pre) and lower half (post) shown the Cr signal before and after phase correction.
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The second output demonstrates the modelling of the metabolite signal; the modelling of

the signal against which the GABA is quantified; and the results of the fitting (Figure 6.6).

Edited Spectrum and Model Fit

=

Figure 6.6. Gannet Fit Output. This output demonstrates the results of the modelling of the GSH (a)
and GABA/GIx signal (b). The top left plot demonstrates the modelling of the GABA signal. The
GABA-edited spectrum is shown in blue and the red overlay is the model of the best fit with the
residual plot displayed in black. The bottom left output shows the modelling of the signal against
which the metabolite is quantified. The right hand-panel contains the results of the fitting including:
the integral area of the metabolite, water and Cr; the width of the fitted metabolite signal; and the
metabolite concentration expressed in institutional units relative to water and as an integral ratio

relative to Cr.

The third output registers the MRS voxel to the T1-weighted image (Figure 6.7).
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Mask output:

Spatial parameters: [LR, AP, FH]
Dimensions: 40 x 35 x 20 mm®
Volume: 28 mL
Position: [-3.0, -32.5, 46.8] mm
Angulation: [-0.8, 20.4, 1.6] deg
CoRegVer: 190808

313

Figure 6.7. Gannet CoRegister Output. This output registers the MRS voxel (the highlighted area
within the ACC) to masking software within Gannet. An image is developed with a mask of the MRS
voxel with the same geometric parameters as the T1-weighted image.

The fourth and final output utilises the software toolkit Statistical Parametric Mapping
version 12 [SPM12, Functional Imaging Laboratory (FIL), the Wellcome Trust Centre for
Neurolmaging, Institute of Neurology, UCL, UK, https://www.fil.ion.ucl.ac.uk/spm/] (Figure
6.8). The T1-weighted image is segmented and uses these results to determine tissue
fractions (grey matter, white matter and cerebrospinal fluid) for the voxel and the CSF-
corrected neurometabolite estimate. These are the data used for the outcomes of the

study, GABA/H,0 and GlIx/H0.
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https://www.fil.ion.ucl.ac.uk/spm/

GABA+/Water (CSF-corrected): 1.51i.u
Glx/Water (CSF-corrected): 4.87 i.u.
GSH/Water (CSF-corrected): 0.22 i.u

GM voxel fraction: 0.38

WM voxel fraction: 0.46

CSF voxel fraction: 0.16

Filename:
Anatomical image:
SegmentVer: 190503

Figure 6.8. Gannet Segment Output. The top images indicate a single slice to show the voxel location
and the fractions of grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF). The below
data panel provides the CSF-corrected metabolite concentrations, and the voxel tissue fractions.

6.2.6 Statistical Analysis

Statistical analysis was performed as per the general methods. Pairwise MRS data for pre-
and post-scan variables were analysed using the paired Students t-test (parametric data) or

Wilcoxon signed-rank test (non-parametric data).

After the initial analysis, participants were stratified into different subgroups. Firstly,
patients were stratified into whether they had high baseline pain scores (VAS pain score 28)

or low/moderate scores (VAS pain score <7) on the 11-point VAS. Subsequently, participants
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were stratified according to whether they had at least a modest rise in pain scores from
scan 1to 2. A modest change in pain was defined as a pain difference of 2 or greater on the
11-point VAS. The differences in VAS pain scores and neurometabolite variables were
compared between groups using students t-test. The visit 2 variable score was subtracted
from the visit 1 score to determine the delta (A) of each variable. Finally, to explore whether
there was any relationship between clinical and demographic variables and

neurometabolite ratios a Pearson’s correlation test was performed.

6.3 Results

6.3.1 Clinical, demographic and neurological variables

Recruitment into the study was halted early as a result of the COVID-19 pandemic.
Therefore, 16 participants were recruited into the study. Four participants were then
removed from the study analysis (1 patient as they were only able to complete one scan and
3 patients as the scan data was inadequate for analysis on visual inspection of Gannet

output).

Table 6.1 summarises the clinical, demographic and neurological variables for study

participants.
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Variable Mean value t SD or Median (IQR)

Age (Years) 61.4+9.5

Systolic blood pressure (mmHg) 140.7 £ 23.1

Body mass index (kg/m?) 28.9+4.1

Female sex (hnumber (%) 1(8.3%)

Type of Diabetes Type 1 -1 (6.25%)

Type 2 — 14 (87.5%)

MODY -1 (6.25%)

Duration of Diabetes (Years) 9.5(7.75)

HbA1c (mmol/mol) 62.6+13.4

mTCNS 179+7.3

DN4 6.5+13

Baseline pain score (VAS) 79+1.7

Neuropathic pain treatment Pregabalin plus amitriptyline — 2

Duloxetine plus pregabalin — 2
Amitriptyline plus pregabalin - 2
Duloxetine monotherapy — 1
Amitriptyline monotherapy — 2

Pregabalin monotherapy - 3

Table 6.1. Clinical, demographic and neurological variables for study participants. The mean and SD
(), median and (IQR), and number and (percentage) are displayed. DN4, doleur neuropathique 4;
mTCNS; Modified Toronto clinical neuropathy score; MODY, Maturity onset diabetes of the young;
VAS, visual analogue score.

6.3.2 Neurometabolite variables

Table 6.2 demonstrates the pain scores on an 11-point Likert scale (0-10) VAS and
neurometabolite results during visit 1, when patients were on maximal analgesia, and visit 2
after their analgesia had been withdrawn. As expected, the mean VAS pain scores rose

significantly from 3.9 £ 2.2 t0 6.3 £ 2.5 (students t-test, p=0.005). There were no changes in
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adverse events, i.e. analgesia withdrawal symptoms, between scan 1 and 2 which might act
as a confound for the study. However, for three individuals there was no change in the pain
scores. Despite there being a significant change in pain scores between scans there was no

accompanying significant difference in neurometabolite levels (Table 6.2).

Scan1 Scan 2 P value
Pain score (VAS) 39122 6.31£2.5 0.005
GABA/H,0 1.484 +0.521 1.579+0.944 0.774
Glx/H,0 4.415 (3.97) 4.215 (1.25) 0.480*
GABA/GIx 0.348 £0.172 0.398 +0.249 0.638*

Table 6.2. Pain scores and neurometabolite levels during scan 1 and 2 and pairwise group
comparisons. The mean and SD (*) or median and (IQR) are displayed. Group comparisons were with
paired Students t-test or Wilcoxon Signed Rank test (*). GABA, y-aminobutyric acid; Glx, Glutamine
and glutamate; VAS, visual analogue scale.

Participants were stratified into those with high baseline pain scores (VAS pain score 28;
n=8) or low/moderate scores (VAS pain score <7; n=4). Although, there was a significant
increase in mean VAS pain scores between Visit 1 and Visit 2 (i.e. increase in pain score from
visit 2) in both two subgroups, there was no significant difference in neurometabolites

profiles (Table 6.3).
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High baseline pain Low/moderate P value
(n=8) baseline pain (n=4)
A pain score (VAS) -3.5+£2.2 -0.25+0.5 0.004
A GABA -1.450 + 1.309 0.005 +0.753 0.838
A Glx 1.249+3.872 0.283 +2.180 0.657
A GABA/GIx -0.472 £ 0.367 -0.0577 £ 0.241 0.960

Table 6.3. A of pain scores and neurometabolite levels in patients stratified according to baseline
pain scores. High baseline pain was defined by a pain at baseline of 8 or greater and low baseline
pain by a score of 7 or lower. The mean and SD () is displayed. The statistical test used was the
students t-test. GABA, y-aminobutyric acid; Glx, Glutamine and glutamate; VAS, visual analogue

scale.

The participants were then grouped according to whether they had at least a modest pain

rise from scan 1 to scan 2 (Table 6.4). There were 6 patients each in the two groups. There

was a significant difference in the A VAS pain score between groups, but not in any of the

neurometabolite levels.

Modest or greater Small change in pain P value
change in pain (n=6) (n=6)
A pain score (VAS) -43+1.86 -0.50+0.5 0.003
A GABA 0.202 £ 1.109 -0.392+1.144 0.383
A GIx 1.022 + 4.335 0.8317 +2.351 0.927
A GABA/GIx 0.049 £0.292 -0.150 +£ 0.338 0.300

Table 6.4. A of pain scores and neurometabolite levels in patients stratified according to degree of

change in pain from scan 1 to scan 2. A modest change in pain was defined by a change in pain by 2

points or greater changes on 11-point VAS and a small change in pain as 1 or 0 points. The mean and

SD () is displayed. The statistical test used was the students t-test. GABA, y-aminobutyric acid; Glx,

Glutamine and glutamate; VAS, visual analogue scale.
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6.3.3 Correlation analysis

There was no relationship found between metabolite ratios and pain scores during scan 1.
For scan 2, there was a correlation seen between GABA/GIx and pain scores (Pearson’s
correlation, r -606, p=0.037), see Figure 6.9. There was also a relationship between Glx/H,0
and pain scores (r 0.592, p=0.042), see Figure 6.10. There was also no correlation between

neurometabolites during either scan and demographic, clinical and neurological measures.

10.00 |

[ ] L ]
8.00 | ® . .
L ] [ ]
S nl o .
= ©
o
<
> a0 .
L ]
200 |
[ ]
00— - - - - -
00 20 40 60 80 1.00
GABA/GIx

Figure 6.9. Pearson’s correlation between scan 2 VAS Pain score and GABA/GIx in the ACC (r -606,
p=0.037). ACC, anterior cingulate cortex; GABA, y-aminobutyric acid; Glx, Glutamine and glutamate;
VAS, visual analogue scale.

210



10.00
o [ ]
8.00 0 o o
o o
c
‘™ 600 e
a.
(7]
<
> 4.00 .
L ]
2.00
.
00 . . . . ,
200 400 6.00 8.00 10.00
Glx/H,0

Figure 6.10. Pearson’s correlation between scan 2 VAS Pain score and Glx/H,0 in the ACC (r 0.592,
p=0.042). ACC, anterior cingulate cortex; Glx, Glutamine and glutamate; VAS, visual analogue scale.

6.4 Discussion

In this study, the impact of treatment on excitatory and inhibitory neurotransmitters within
the ACC was examined in patients with painful-DSPN. Despite there being a significant
difference in pain scores when patients were on (Scan 1) vs. off (Scan 2) medications, there
were no significant differences in MR spectroscopic measures of neurotransmitter profiles.
The difference in pain scores between scan 1 and 2 was not uniform among the patients;
therefore, individuals were also then stratified into different subgroups: low/moderate (VAS
82) vs. high (VAS 8<) baseline mean VAS pain score; and modest change in pain from
between study visits (A VAS >2) or small change in pain (A VAS <2). There were no significant

differences when patients were stratified into these subgroups. There was a significant
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negative correlation between pain scores and GABA/GIx and GlIx/H,0 after analgesia was

withdrawn during scan 2.

GABA and glutamate are the two main signalling molecules within the brain (Harris and
Clauw, 2012). Both neurotransmitters are involved in the regulation of nociceptive
transmission and pain (Goudet et al., 2009). GABA is the major inhibitory neurotransmitter
in pain, with receptors distributed widely throughout the brain and spinal cord (Harris and
Clauw, 2012). The impact of acute and chronic pain on GABA and Glx levels in the brain is
disputed. Under experimental application of pain in HV Glx has been shown to increase in
various regions of the brain (Mullins et al., 2005, Cleve et al., 2015), including at the ACC
(Archibald et al., 2020a). However, both increases and decreases have been shown in GABA
with application of experimental pain (Archibald et al., 2020a). Further, there is considerable
uncertainty as to the precise role of GABA and GIx measured using MRS in different chronic
pain conditions within different regions of the brain. A meta-analysis in 2020 sought to
determine GABA and Glx concentrations across pain conditions compared to pain-free
controls (Peek et al., 2020). The results were not uniform, although Glx levels were elevated
in some chronic pain syndromes; however, GABA was shown to be reduced in some, but not
all studies. Additionally, a previous spectroscopy study in DSPN reported elevated Glx and
lower GABA levels at the posterior insula in 7 participants with DSPN and sensory symptoms
compared with HV (Petrou et al., 2012). There were no differences at the ACC; however, the
study was limited with a small sample size and lack of a diabetes comparator groups as it is
unclear whether these changes are due to diabetes, DSPN or neuropathic pain. It is
therefore possible, that the results of this study are a true negative and ACC GABA and Glx

are unaltered by painful-DSPN treatments.
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A limitation of the study is the small sample size. The recruitment into the study had to be
halted early as a result of the COVID-19 pandemic. Unfortunately, therefore only 16
participants were recruited into the study and only 12 patients had adequate data available
for final statistical analysis. Another potential limitation of the study was the timing of the
scans. This was a hypothesis generating opportunistic study, and as such the scans were
performed at the end of a pathway in the OPTION-DM study and were one week apart.
There was a statistically and clinically significant increase in VAS pain scores in participants
undergoing scan 1. However, in 6 individuals there was no change in pain score or the
change was minimal (1 point on an 11-point VAS). Therefore, examining mean differences in
neurochemical alterations may not reflect a true difference. An alternative approach would
have been to, scan patients at week-0 and again at Week 6 (when treatment was

established, see Figure 6.2).

The removal of 3 patients from the final analysis due to inadequate scan data highlights
another potential limitation in the study, the accuracy of the MRS spectra acquisition and
analysis. GABA quantification is known to be challenging due to the presence of overlapping
strong signals; coupled spin systems; and low cerebral concentration (Puts and Edden,
2012). The HERMES spectral editing method has been shown to be an efficient and reliable
means to measure cerebral neurometabolites at 3T (Chan et al., 2016). However, the
reproducibility is adequate but not perfect. A reproducibility study demonstrated a 16.7%
coefficient of variation in measuring GABA levels using HERMES, and similar MR protocols
and data analysis (Gannet) to this study, at the dorsal ACCin 12 HV (Prisciandaro et al.,

2020). The coefficient of variation for Glx was 6.36%.

213



The Gannet processing tool is well established, but there is still variation among scans. The
coefficient of variation across 10 HV in the initial publication describing the Gannet toolkit
ranged from 11% in the occipital region to 17% in the dorsolateral prefrontal region (Edden
et al., 2014). Further studies have found the coefficient of variation to range between 12-
22% for the Gannet toolkit (Saleh et al., 2016a, Mikkelsen et al., 2017). In the study in this
thesis, the percentage difference in neurometabolite levels between scan 1 and 2 was
relatively low, e.g. GABA 6.1% and Glx 10.5% Even with large study numbers there is a large
variation in HERMES and Gannet, so given that the study group numbers were small it may
not have been possible to identify significant group differences. However, the study was
hypothesis generating and correlation results do suggest that ACC Glx levels could be a tool

to track pain.

6.5 Conclusions

In this pre-post sub-study of OPTION-DM, a neuropathic pain trial to determine the most
efficacious pathway for the treatment of painful-DSPN, it was demonstrated that there were
no differences in cerebral neurometabolites (GABA and Glx) in the ACC in patients whilst
they were maximally controlled for neuropathic pain compared with after withdrawal of
analgesia. However, the study did demonstrate that excitatory neurotransmitter levels Glx
correlated with pain severity after analgesia had been withdrawn. This finding is consistent
with the finding that elevated cerebral Glx has been observed in other chronic pain
conditions and during application of experimental heat pain. It is unclear as to whether the

lack of statistical difference in Glx and other neurometabolites between scan 1 and 2 is a
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true negative or a false one due to methodological issues such as MRS acquisition and

analysis error, sample size and scan timing.

This study indicates that the use of GABA and Glx are currently unsuitable for use as
biomarkers of neuropathic pain in diabetes. However, further exploration of these measures
in painful-DSPN is warranted in view of the finding of GIx and GABA/GIx correlating with
pain severity. Although previous studies have demonstrated no difference in Glx levels
between participants with and without painful-DSPN at various cerebral regions, including
the ACC, no adequately powered study has examined neurometabolite levels at the ACCin
painful-DSPN. Initially, a cross-sectional study comparing a painful-DSPN group versus HV,

no-DSPN and painless-DSPN would be necessary.
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7. The impact of optimised neuropathic pain treatment on the

maghnetic resonance imaging correlates of painful-DSPN 2: Functional

connectivity

7.1 Introduction

7.1.1 Background

It is now well recognised that the CNS plays an important role in the pathogenesis and
maintenance of the chronic pain state. Alterations in functional connectivity between key
brain regions involved with nociception have been shown to determine clinical pain
phenotype, treatment response and transformation from the acute to the chronic pain state
(Wilkinson et al., 2020, Sloan et al., 2021, Teh et al., 2021). Apkarian et al. performed a
systematic review and meta-analysis to determine the brain areas constituting the network
for pain perception (Apkarian et al., 2005). The areas which were identified included the
primary and secondary somatosensory cortex, insular cortex, ACC, prefrontal cortex and
thalamus (Figure 7.1). The brain network involved in chronic pain is at least partially distinct
from those involved in acute pain, with cognitive and emotional areas potentially playing a
more prominent role in the former. Similar to the rest of the nervous system, there is a shift
towards excitation and reduced inhibition of pain signals in the brain in chronic pain states
(Colloca et al., 2017). Indeed, there is neuronal hyperexcitability in nociceptive pathways
and ion channel alterations in higher brain regions in experimental neuropathic pain (Keller

et al., 2007, Taylor et al., 2017, Rosenberger et al., 2020). Neuronal activity can be examined
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using MR techniques, which have also been applied to the study of cerebral alterations in

painful-DSPN.

A commonly used MR technique in pain research for examining neuronal activity is fMRI
(Morton et al., 2016). This provides an indirect measure of neuronal activity linked to
cognitive processes and has been widely used to examine areas of the brain during acute
and chronic pain states (Apkarian et al., 2005). There are two applications of fMRI, task
based and Resting State fMRI. In task-based fMRI experiments, neuronal activity is
examined in response to an external stimulus e.g. visual or nociceptive stimulation. The
technique that will be used in this study is rs-fMRI which examines brain activity at rest and
can be used to determine the interaction, or functional connectivity, of different brain
regions. Two recent studies have explored alterations in somatosensory network functional
connectivity in painful-DSPN. Teh et al. demonstrated that individuals with IR-painful-DSPN,
characterised by neuronal hypersensitivity and relatively preserved function, had greater
thalamic-insular cortex and reduced thalamic-S1 cortical functional connectivity compared
with the NIR-group (Teh et al., 2021). They also demonstrated that responders to
intravenous lidocaine treatment had greater functional connectivity between the insular
cortex and corticolimbic circuitry compared to non-responders (Wilkinson et al., 2020).
However, these studies have not examined changes in neuronal functional connectivity of
nociceptive brain regions before and after neuropathic pain treatments. Other studies have
explored this in different conditions, such as complex regional pain syndrome, and found
altered functional connectivity in regions involved in descending pain modulation (Erpelding

et al., 2016) and from the amygdala (Simons et al., 2014).
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Figure 7.1. Main brain regions that activate during a painful experience, highlighted as bilaterally
active but with increased activation on the contralateral hemisphere (orange), reproduced from
(Tracey and Mantyh, 2007).

7.1.2 Rationale for study

A series of studies have demonstrated altered cerebral structure and function in painful-
DSPN. However, the response of functional connectivity of these brain regions to analgesia
has not been studied in painful-DSPN. Alterations in rs-fMRI functional connectivity have
been shown to predict treatment responses in painful-DSPN, but the direct effects of
treatments have not been explored. Therefore this study will examine alterations in
functional connectivity before and after treatment to identify CNS biomarkers of pain relief

in painful-DSPN.
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7.1.3 Aims and hypothesis

The aim of the study was to perform a rs-fMRI experiment in patients with painful-DSPN, to
determine differences in neuronal functional connectivity between participants on
neuropathic pain treatment and after these had been discontinued. The hypothesis is that
there will be increased functional connectivity in nociceptive brain regions after withdrawal
of treatment and that patients with a greater increase in pain (i.e. responders to treatment)

following treatment discontinuation will have greater changes in functional connectivity.

7.2 Methods

7.2.1 Study Design and Participants; inclusion and exclusion criteria; procedures; clinical and

neurological assessments

The study design, methods and participants were the same as described in sections 6.2.1 to
6.2.4 in Chapter 6. However, the imaging modality analysed in these participants was rs-

fMRI rather than MRS.
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7.2.2 Resting State Functional MRI protocol

7.2.2.1 Rationale for using Resting-State functional MR/

Functional MRI (fMRI) is a class of imaging methods developed in order to demonstrate
regional and temporal alterations in brain metabolism (Glover, 2011). There are alterations
in neural activity which occur during task-based cognitive state changes or during
unregulated processes during the resting brain, or the ‘resting state’. Neuroimaging can
identify increased neural activity by increased local cerebral blood flow, e.g. positron
emission tomography and arterial spin labelling, and changes in oxygenation concentration
(Glover, 2011). The latter, termed BOLD contrast is the contrast used in virtually all
conventional fMRI experiments and is what was used in this study. BOLD contrast can be
used to non-invasively measure in real time blood oxygenation levels within the brain in
response to alterations in cerebral metabolism/blood flow (Ogawa et al., 1990). This is
possible because of the different magnetic properties of oxygenated and deoxygenated
haemoglobin. Oxygenated haemoglobin is diamagnetic, i.e. repelled by an applied magnetic
field; whereas deoxygenated blood is highly paramagnetic, i.e. attracted by an applied
magnetic field, due to its four unpaired electrons. Therefore, local endogenous gradients in
magnetic fields, which are dependent upon haemoglobin concentration, modulate blood T2
and T2* relaxation times (Glover, 2011). In response to increased neural activity, increased

blood flow causes an increased BOLD signal due to increased oxygenated haemoglobin

supply.

There are two commonly used fMRI techniques, task-based fMRI, where participants are
instructed to perform specific tasks and evaluate functional domains within the brain
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(Smitha et al., 2017). In clinical pain trials, this task might involve the application of
experimental heat pain during the fMRI acquisition (Selvarajah et al., 2019). The other
technique is rs-fMRI, whereby spontaneous BOLD signals in the absence of explicit
tasks/input are analysed (Smitha et al., 2017). Although resting state signals are generally
low frequency fluctuations, the activity is greater than task-based signalling and the signal to

noise ratio is better.

Resting State-fMRI is used to determine the functional connectivity between two spatial
regions of interest. Functional connectivity is defined as the temporal dependence of
neuronal activity patterns of anatomically separated brain regions (van den Heuvel and
Hulshoff Pol, 2010). The connectivity between two brain regions is inferred based on
correlations of parameters of neuronal activity with the assistance of an fMRI time series,

see Figure 7.2 for a schematic illustration (Smitha et al., 2017).

221



resting-state fMRI

seed voxel
rest
rest rest .
; rest
time = scang
seed voxel

o functional

connectivity map

rest
re rese seed voxel

L e /

correlation between

/

’;'ﬂ WN — - seed voxel and all other voxels high correlation

rest % \ ey AN >

with seed

Figure 7.2 Schematic illustration of Resting-State fMRI. (a) BOLD fMRI signals are acquired
throughout an experiment when the participant is at rest and asked to think of nothing. (b)
Conventional task-dependent fMRI whereby a participant is asked to alternate between resting
(rest) and perform a task, e.g. tapping a finger (finger), this can be used to aid selection of a seed. (c)
The resting-state time-series of a seed voxel is correlated with the resting-state time-series in region
j, a high correlation reflects high functional connectivity between these regions. (d) The time-series
of the seed voxel can be correlated to the time-series of all other voxels within the brain, leading to
a functional connectivity map reflecting the regions showing a high level of functional connectivity
within a selected seed region. Figure reproduced from (van den Heuvel and Hulshoff Pol, 2010).

A commonly used technique for functional connectivity rs-fMRI analysis is ‘Seed-based
analysis’. This is a method in which a ‘seed’, or ROI, is selected and a linear correlation of
this region is compared with other voxels, yielding a seed-based functional connectivity
map. A typical chart showing the processing of seed-based functional connectivity analysis is

displayed in Figure 7.3, reproduced from (Smitha et al., 2017). Rather than individual seeds
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this study will use ROI-to-ROI measures to characterize the connectivity between pairs of

ROIs among a pre-defined set of regions (Whitfield-Gabrieli and Nieto-Castanon, 2012).

Convert dicom images to Nifti

Remove time points, slice time
correction, and head motion
correction

Coregistration, normalization,
nuisance signal regression,
smoothing and filtering

Estimation of functional
connectivity

View results using viewer
software

Figure 7.3. Flow chart representing the fundamental steps involved in rs-fMRI analysis using a seed-
based technique (Smitha et al., 2017). Nifti, Neuroimaging Informatics Technology Initiative file.

There are benefits of fMRI in comparison to other means of performing functional
assessments of the brain. Functional MRl is non-invasive and does not use
radiation/radioisotopes and it provides relatively high spatial resolution and can provide
anatomical scans for region of interest localization (Glover, 2011). However, like other MR

modalities there are trade-offs between acquisition speed, resolution, signal to noise ratio,
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signal dropout and contrasts. Moreover, acquiring resting state network data can be

confounded by the scanning environment, e.g., loud noise and anxiety during the scan.

7.2.2.2 Resting State fMRI study acquisition

The acquisition and analysis protocol were similar to previous study within the research
group (Wilkinson et al., 2020, Teh et al., 2021). Whilst laid supine within the MRI, individuals
were asked to fixate upon a cross directly in front of them and not to think about anything,
but to remain awake. A 6-minute rs-fMRI sequence was acquired using a T2*-weighted
pulse sequence with in-plane pixel dimensions of 1.8mm x 1.8mm and contiguous trans axial
slice thickness of 4mm orientated in the oblique axial plain, covering the whole cerebral

cortex (TE=35ms, TR=2,600ms).

7.2.2.3 Resting State fMRI study analysis

The rs-fMRI data was analysed using the Functional connectivity analysis performed with
the Neuroimaging Tools & Resource Collaboratory Functional Connectivity (CONN) Toolbox
18.b (www.nitrc.org/projects/conn)(Whitfield-Gabrieli and Nieto-Castanon, 2012) and SPM8
(Wellcome Centre for Human Neuroimaging, London, U.K.) in MATLAB 2014a (MathWorks,
Natick, MA). CONN performs pre-processing to identify and remove confounds in the BOLD
signal to prevent physiological noise and motion artefact in the data (Wilkinson et al., 2020,
Teh et al., 2021). Fisher transformation converts correlation coefficients to normally
distributed scores to allow second-level general linear model analysis. CONN created
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subject-specific ROI files for the twenty-one ROIs and registered them to the subject space.
The twenty-one ROIs involved in somatosensory and nociception were chosen: the anterior
cand posterior cingulate gyrus; and the left and right thalamus, caudate, putamen,
amygdala, accumbens, S1, M1, insular and frontal orbital cortex, and the Default Mode
Network. Functional connectivity measures were computed between ROIs for ROI-to-ROI
analysis to create ROI-to-ROI connectivity. The significant ROI-to-ROI connections were

determined by p<0.05 following false-positive control (false discovery rate).

7.2.3 Statistical Analysis

Statistical analysis was performed as per the general methods. Paired t-tests were used to
compare clinical and rs-fMRI data obtained during scan 1 and 2. In addition, z values of
functional connectivity were correlated to other variables using Pearson correlation for
normally distributed data and Spearman Rank correlation for non-normally distributed data
(Wilkinson et al., 2020, Teh et al., 2021). The z-score was more appropriate than the

magnitude of difference because it also considers the variance in the signal.

After the initial analysis, participants were stratified into various subgroups; firstly, into high
baseline pain scores (VAS pain score >8) or low/moderate scores (VAS pain score <7) on the
11-point VAS. Other subgroups included Treatment Pathway, use monotherapy or

combination therapy at Scan 1, type of diabetes, sex, age and presence of HTN.
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7.3 Results

7.3.1 Clinical, demographic and neurological variables

All 15 of the participants who completed two scans were included within the analysis.

Clinical, demographic and neurological variables are displayed in Table 7.1.

Variable Mean value £ SD or Median (IQR)
Age (Years) 62.1+9.0

Systolic blood pressure (mmHg) 141.0 £ 20.6

Body mass index (kg/m?) 30.5+5.7

Female sex [number (%)] 2 (13.3%)

Type of Diabetes

Type 1—1 (6.66%)
Type 2 — 13 (86.66%)

MODY - 1 (6.66%)

Duration of Diabetes (Years) 11.0(7.0)
HbA1c (mmol/mol) 65.3+16.2
mTCNS 18.6+7.3
DN4 6.5+1.2
Baseline pain score (VAS) 7.9+1.9

Neuropathic pain treatment

Pregabalin plus amitriptyline — 4
Duloxetine plus pregabalin — 2
Amitriptyline plus pregabalin - 3
Duloxetine monotherapy — 1
Amitriptyline monotherapy — 2

Pregabalin monotherapy — 3

Table 7.1 Clinical, demographic and neurological variables for study participants. The mean and SD

(), median and (IQR), and number (percentage) are displayed. DN4, doleur neuropathique 4;

mTCNS; Modified Toronto clinical neuropathy score; MODY, Maturity onset diabetes of the young;

VAS, visual analogue score.
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7.3.2 fMRI results

There was a significant rise in NRS scores from scan 1 to scan 2 from 4.0 £ 2.1 (mean % SD),
to 6.1 £ 2.4 (p=0.044, paired t-test). There were no changes in adverse events, i.e. analgesia
withdrawal symptoms, between scan 1 and 2 which might act as a confound factor for the
study. Comparing the functional connectivity in scan 1 compared with scan 2 (Scan 2 > Scan
1); there was a significantly greater functional connectivity between the left thalamus and
S1(S1rB-0.27, seed-level correction -3.57, p-FDR 0.041) and the left thalamus and Insular
Cortex (S1 r B -0.18, seed-level correction -3.43, p-FDR 0.041). Figure 7.4 shows the change
in functional connectivity between the left thalamus and S1 cortex, and 7.5 left thalamus

and insular cortex, in scan 1 and 2.
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Figure 7.3. Difference in Resting-State functional connectivity between Scan 1 and Scan 2 (Scan 2 >
Scan 1). Red to blue = positive to negative z-scores. IC, Insular Cortex; Post CG, primary
somatosensory cortex.
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Figure 7.4. Effect size in mean S1-Thalamic functional connectivity in Scan 1 and Scan 2 (p=0.003,
uncorrected paired t-test).
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Figure 7.5. Effect size in mean Insular cortex-Thalamic functional connectivity in Scan 1 and Scan 2
(p=0.004, uncorrected paired t-test).

Correlation analysis was performed between the change in S1-Thalamic and Insular cortex-

Thalamic functional connectivity between scan 1 and 2 (A) and pain variables, shown in

Table 7.2 and 7.3, respectively.

A S1-Thalamic functional r P value
connectivity

Baseline NRS pain score -0.585 0.022
NRS Scan 1 0.154 0.584
NRS Scan 2 -0.303 0.173
NRS Scan 1 — Baseline NRS -0.513 0.050
NRS Scan 1 — NRS Scan 2 0.475 0.074
Duration painful-DSPN -0.489 0.064
Total NPSI -0.597 0.019
Total burning NPSI subscore -0.442 0.099
Total pressing NPSI subscore -0.013 0.962
Total paroxysmal NPSI -0.578 0.024
subscore

Total evoked pain NPSI -0.187 0.504
subscore

Total dysaesthesia NPSI -0.191 0.496
subscore

Table 7.2. Pearson’s correlation between A S1-Thalamic functional connectivity and pain variables.
NPSI, neuropathic pain symptom inventory; NRS, numeric rating scale; S1, primary somatosensory

cortex.
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There were significant correlations between A S1-Thalamic functional connectivity and

measures of neuropathic pain, including: baseline NRS score (Pearson’s correlation r -0.585,

p=0.022) see Figure 7.6., NRS Scan 1 — Baseline Scan (r -0.513, p=0.050), Total NPSI (r -0.597,

p=0.019) and the Total burning NPSI subscore (r -0.578, p=0.024). There was also a trend
towards a correlation between A S1-Thalamic functional connectivity and the duration of

painful-DSPN (r -0.489, p=0.064) and the NRS Scan 1 — NRS Scan 2 (r 0.475, p=0.074).

subscore

A Insular cortex-Thalamic r P value
functional connectivity

Baseline NRS 0.240 0.388
NRS Scan 1 0.353 0.197
NRS Scan 2 0.100 0.723
NRS Scan 1 — Baseline NRS -0.121 0.688
NRS Scan 1 — NRS Scan 2 0.087 0.759
Duration painful-DSPN 0.235 0.399
Total NPSI -0.077 0.784
Total burning NPSI subscore -0.436 0.105
Total pressing NPSI subscore 0.042 0.882
Total paroxysmal NPSI -0.145 0.605
subscore

Total evoked pain NPSI 0.239 0.392
subscore

Total dysaesthesia NPSI 0.295 0.287

Table 7.3. Pearson’s correlation between A Insular cortex-Thalamic functional connectivity and pain

variables. NPSI, neuropathic pain symptom inventory; NRS, numeric rating scale.

There were no correlations between A Insular cortex-Thalamic functional connectivity and

pain variables with only a trend towards a correlation with mTCNS (r 0.469, p=0.078).
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Figure 7.6. Pearson’s correlation between A S1-Thalamic functional connectivity and baseline pain
NRS score (r -0.585, p=0.022). S1, primary somatosensory cortex.

In view of the significant correlation between baseline pain and A S1-Thalamic functional
connectivity further analysis was performed by stratifying participants into a High Baseline
Pain (NRS >8) group and a Lower Baseline Pain (NRS <7) group. Table 7.4 shows the pain,
clinical, demographic, metabolic and fMRI variables. As expected, there was a significantly
higher baseline pain score in the High Baseline Pain group (p<0.001). Moreover, the NRS
scores were greater at scan 2 (p=0.044), with a greater rise in pain from scan 1 to scan 2 in
the High Baseline Pain group (p=0.002). The NPSI score at baseline was also significantly
higher in the High Baseline Pain group (p=0.019). There were no other clinical or

demographic differences between the two groups. The A S1-Thalamic functional
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connectivity was significantly greater in the High compared to Lower Baseline Pain group

(p=0.035), Figure 7.7.
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High Baseline Pain (8 Lower baseline pain (7 | P value
or higher) n=10 or lower) n=5
Baseline NRS 9.0+£0.9 5.8+0.8 <0.001
NRS scan 1 3921 42+24 0.808
NRS scan 2 7.0+1.8 4.4+27 0.044
NRS Scan1-NRSScan2 |-3.1%2.1 -0.2+04 0.002
Age (Years) 64.5+10.1 57.4+3.0 0.065
Female sex (number (%)) | 10% 20% 0.591*
Duration of Diabetes 17.3+135 9.0+25 0.203
(Years)
Body mass index (kg/m?) | 30.8+6.3 29.9+5.2 0.786
Type of Diabetes Type 1 =1 (10%) Type 1 =0 (0%) 0.562*
Type 2 = 8 (80%) Type 2 =5 (100%)
MODY =1 (10%) MODY =0 (0%)
Systolic BP (mmHg) 139+15.3 144.4 + 30.7 0.669
HbA1lc (mmol/mol) 66.0 £11.5 64.0 £ 24.7 0.831
mTCNS 18.8+6.4 18.2+9.8 0.887
DN4 69111 56+1.1 0.053
Total NPSI 29.6+6.7 23.5+1.4 0.019
Total burning NPSI 6.5+3.2 40+23 0.145
subscore
Total pressing NPSI 6.5%+2.7 3.8+1.7 0.071
subscore
Total paroxysmal NPSI 50+3.1 46+1.5 0.814
subscore
Total evoked pain NPSI 49+23 41+26 0.555
subscore
Total dysaesthesia NPSI 6.8+2.0 7.0£2.0 0.857
subscore
Insomnia severity index 21.6+3.7 18.0+6.0 0.172
HADS total 16.3+5.8 16.2+7.9 0.981
HADS Depression score 89+23 84+6.1 0.867
HADS Anxiety score 7.4+45 7.8+1.8 0.811
EQS5D5L questionnaire 52.1+23.7 60.2 +16.7 0.459
Pain Catastrophising 23.5+134 26.4+12.0 0.681
score
Amitriptyline mono 1(10%) 1(20%) 0.240%*
Pregabalin mono 3 (30%) 0 (0%)
Duloxetine mono 0 (0%) 1(20%)
AP combo 1 (10%) 2 (40%)
PA combo 3 (30%) 0 (0%)
DP combo 2 (20%) 1 (20%)
Retinopathy (%) 50% 20% 0.714*
Nephropathy (%) 70% 60% 0.699*
HTN (%) 50% 33% 0.053*

233




Allodynia (%) 30% 0% 0.171%
S1—Th FC Visit 1 -0.126 £ 0.217 -0.021+0.186 0.374
IC— Th FC Visit 1 -0.029 £ 0.166 -0.039 + 0.283 0.930
S1—Th FC Visit 2 0.247 + 0.306 0.030 + 0.137 0.160
IC— Th FC Visit 2 0.139 + 0.167 0.152 + 0.155 0.893
A S1-ThEC 0.372 +0.275 0.051 + 0.180 0.035
A IC=Th FC 0.1678 + 0.153 0.190 + 0.291 0.845

Table 7.4. Pain, clinical, demographic, metabolic and rs-fMRI variables in participants stratified by
severity of Baseline Pain NRS. The data are presented as mean * standard deviation for parametri
continuous data or percentage for categorical data. Statistical test was the student t-test or Chi?
test*. AP, amitriptyline plus pregabalin; BP, blood pressure; combo, combination therapy; DP,

C

duloxetine plus pregabalin; DN4, doleur neuropathique 4; FC, functional connectivity; HADS, hospital

anxiety and depression scale; HTN, hypertension; IC, insular cortex; mono, monotherapy; mTCNS,
modified Toronto clinical neuropathy score; NRS, numeric rating scale; PA, pregabalin plus
amitriptyline; S1, primary somatosensory cortex; Thal, thalamus.

060

0.20 —

0.00

-0.20

High pain (28) Lower pain (<7)

A Functional Connectivity S1-Thalamus

Figure 7.7. A S1-Thalamic functional connectivity in High Baseline Pain (NRS 28) group and Lower
Baseline Pain (NRS <7) group (p=0.035, student t-test). S1, primary somatosensory cortex.

The above findings indicate that there is a relationship between rs-fMRI measures and

withdrawal of treatment. Further analyses were performed to determine whether other
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clinical or demographic factors or treatments were related to changes in functional
connectivity or pain NRS scores between scan 1 and 2. When participants were subgrouped
according to their use of monotherapy or combination therapy and their treatment
pathway, there was no difference in A S1-Thalamic functional connectivity, A Insular cortex-
Thalamic functional connectivity or ANRS. Similarly, there were no group difference in these
parameters when participants were grouped according to their type of diabetes, sex, age
[260 (mean + SD, 55.3 + 3.5, n=8) and <60 (68.3 + 7.9, n=7)] and presence of HTN (n=10 with

HTN, n=5 without HTN).

7.4 Discussion

In this study, rs-fMRI analysis was performed between 21 ROIs in participants during their
involvement in a large clinical trial assessing the efficacy of three different treatment
pathways in painful-DSPN. As expected, there was a significant rise in NRS scores from scan
1 to scan 2 when neuropathic pain medications were withdrawn. Correspondingly there was
also a change in fMRI parameters comparing scan 1 to 2, with a rise in functional
connectivity between the left thalamus and S1 cortex and the left thalamus and insular
cortex. This indicates that these areas of the brain are more functionally linked in a higher

pain state, compared with a lower pain state when still on neuropathic pain medications

A S1-Thalamic functional connectivity showed significant correlations with the baseline NRS,
change in NRS from baseline to Scan 1, total NPSI score and the total paroxysmal NPSI
subscore. Moreover, in view of the significant correlation with baseline pain NRS

participants were stratified into two groups, High Baseline Pain and Lower Baseline Pain.
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The cut off for pain scores in these groups were >8 for the Higher Baseline Pain and <7 for
the Lower Baseline Pain. These cut-offs were used as an NRS of 28 may be considered to
correspond to severe pain (Boonstra et al., 2016); although other cut-offs are used
elsewhere (Gerbershagen et al., 2011). Further, the mean baseline pain score was
approximately 8 (7.9 + 1.9); therefore, this seemed a logical value from which to subdivide
the groups. There was a significant difference in A S1-Thalamic functional connectivity with
a greater change in connectivity in the Higher Baseline Pain group compared with the Lower
Baseline Pain group. Despite the change in functional connectivity between the thalamus
and insular cortex on analgesia withdrawal, there was no significant correlation between
participant parameters nor was there a difference in A thalamic-insular cortex connectivity
between the Higher and Lower Baseline Pain group. Finally, there was no relationship seen
between pain, and changes in S1-Thalamic and Insular cortex-Thalamic functional

connectivity between scan 1 and 2 and clinical or demographic measures.

There is biological plausibility that the changes in functional connectivity in this study
between the thalamus and S1 cortex and thalamus and insular cortex are due to changes in
pain intensity. All three of these regions have been identified as key components of the
network activated during acute pain (Apkarian et al., 2005). The thalamus was involved in
both networks highlighted in this study. Aforementioned studies have found direct evidence
of hyperexcitability in the thalamus in experimental painful-DSPN (Fischer et al., 2009) and
indirect evidence of preservation of function and hyperexcitability, including in preceding
Chapters, Chapter 4 and 5 (Gandhi et al., 2006, Selvarajah et al., 2011, Shillo, 2019). This
study further highlights the critical importance of this region of the brain in painful-DSPN.

Alterations in thalamic functional connectivity with other brain regions has also been
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described in other chronic pain conditions (Henssen et al., 2019, Di Pietro et al., 2020, Tu et
al., 2020). Moreover, the lateral thalamus and primary somatosensory cortex are the main
nodes of the lateral spinothalamocortical pathway involved in the sensory/discriminate
aspect of pain detection and coding of pain intensity (Groh et al., 2018). Indeed, this
pathway seems more involved in the transmission of pain impulses in normal individuals
without chronic pain conditions (Apkarian et al., 2005). However, fMRI studies investigating
the S1 cortex and S1-thalamic network have generally not found it to be significantly
activated in acute or chronic pain (Wager et al., 2013). A small study performed by Cauda et
al. (Cauda et al., 2009b) found increased connectivity within the thalamus and insular
cortices but not S1 in participants with painful-DSPN. Moreover, another study in their
group found reduced thalamocortical (including S1 cortex) activity in those with painful-
DSPN (Cauda et al., 2009a). Both studies had small sample sizes with inadequate case
definition, however. Some studies have found increased thalamic-S1 functional connectivity
in chronic pain conditions (complex regional pain syndrome and orofacial pain) which was
also related to severity of pain (Alshelh et al., 2016, Di Pietro et al., 2020). The reasons for
the discrepancy of this study and others is unclear; although, this study has a novel design
whereby resting state imaging was performed in participants optimised for treatment
followed by withdrawal of treatment, where the intensity of non-evoked pain is higher.
Other studies generally perform imaging in response to application of experimental

heat/mechanical pain or at rest, or both, in controls and the group of interest.

This study also found increased thalamic-insular cortex functional connectivity after
withdrawal of neuropathic pain treatment. The mechanism underlying this change was not

clear as there was no correlation with other clinical variables. The insular cortex has been
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highlighted as a key region of the brain for the processing of pain, with involvement in both
the sensory and affective dimensions of pain (Lu et al., 2016). Moreover, unlike the S1
cortex several studies have identified altered insular cortex functional connectivity with
other brain regions in chronic pain conditions (Ichesco et al., 2014, As-Sanie et al., 2016, Kim
et al., 2017). Interestingly there were no correlations with clinical variables, including
measures of pain severity. It is possible that the thalamic-insular cortex functional
connectivity is more related to other psychological aspects of pain such as suffering and the
emotional context of pain; although there was no relationship between baseline measures
of anxiety or depression (HADS), quality of life (EQ5D5L), pain catastrophising nor sleep
(Insomnia Severity Index). Other psychometrics should be considered in future studies to
determine the underlying driving mechanisms of the altered thalamic-insular cortex

functional connectivity shown in this study.

This study adds to previous work within the research group which has investigated
alterations in functional connectivity in painful-DSPN. Wilkinson et al. performed a study to
determine the phenotypic differences in painful-DSPN responders and non-responders to
intravenous lidocaine (Wilkinson et al., 2020). Responders to intravenous lidocaine had
greater functional connectivity between the insular cortex and the ACC, orbital frontal
cortex and amygdala. Moreover, after adjustment for multiple comparisons there was a
trend towards a correlation between S1-thalamic functional connectivity and Neuropathy
Total Symptom Score-6 pain scores, this prior finding would be consistent with the findings
of the study in this thesis. Teh et al., however, performed rs-fMRI in individuals with
participants with painful-DSPN stratified into subgroups according to their clinical

phenotype, irritable nociceptor or non-irritable nociceptor (Teh et al., 2021). Participants
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with the IR phenotype had greater thalamic-insular cortex and reduced thalamic-S1 cortical
functional connectivity. Moreover, they found a double dissociation in that self-reported
neuropathic pain was more associated with thalamic-insular cortical functional connectivity
and more severe nerve function deficits were more related to lower thalamic-S1 functional
connectivity. The aim of the study in this thesis was different from these two studies. The
correlation with severity of baseline pain and A S1-Thalamic functional connectivity were
consistent with the correlation analysis found in Wilkinson et al. (2020) rather than Teh et
al. (2021), which examined differences between IR- and NIR-painful DSPN subjects.
Nevertheless, all studies identify the three regions of interest, thalamus, S1 cortex and
insular cortex, as key areas involved in the cerebral mechanisms of painful-DSPN and its

response to treatment.

There are currently no biomarkers which have received FDA or EMA approval for use in
analgesic clinical trials. Various cerebral measures have been investigated as potential
predictive or pharmacodynamic biomarkers (Wager et al., 2013, Wilkinson et al., 2020). A
variety of different measures have been investigated, generally in smaller clinical studies.
Further studies are necessary to validate imaging biomarkers (Smith et al., 2017). This study
highlights thalamic functional connectivity, particularly to the S1 cortex, as a potential
marker of neuropathic pain severity in clinical trials. This marker both altered with removal
of analgesic agents and correlated with measures of pain severity. However, further study is
necessary to ensure this marker is reproducible including clinical trials with baseline and
prospective imaging. A particular challenge is applying pain biomarkers at an individual
level, rather than a group level as in this study, in order to demonstrate clinical utility (Teh

et al., 2021).
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There are several strengths and limitations to this proof-of-concept study. The first strength
is that it is one of the few studies to examine alterations in cerebral parameters with
analgesic treatment and it is the first to do so in painful-DSPN. The technique that is used is
also widely available and there are a number of validated analysis tools (Smitha et al., 2017).
Additionally, the test is quick to perform, unlike aforementioned MRS studies in previous
chapters, making the technique less susceptible to motion artefact with better patient
acceptability. Moreover, the specific analysis tool used in this study is validated and well
recognised (Whitfield-Gabrieli and Nieto-Castanon, 2012); therefore, making this
investigative tool potentially clinically applicable. Ideally imaging would be performed at
baseline and after optimisation of treatment, although there are also strengths to the study
design in this thesis. There was a significant rise in pain scores 1-week after treatment
withdrawal associated with identifiable alterations in resting state networks. If a study were
performed prospectively, the scans may have to be several weeks apart, which could lead to
the introduction of confounding factors. Moreover, as painful-DSPN is notably difficult to
treat there is no guarantee pain scores change as they did after withdrawal of treatment.
The study numbers were small overall, and smaller still in subgroup analysis, as recruitment
was halted due to the COVID-19 pandemic. However, the numbers were adequate to
identify changes in functional connectivity between visits, as well as A S1-thalamic
functional connectivity correlations with other variables. However, the study numbers were
not adequate to identify the underlying mechanism of A thalamic-insular cortex functional
connectivity alterations. Also, larger study numbers would have been necessary to

determine the impact of different neuropathic pain treatments upon rs-fMRI measures.
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7.5 Conclusions

In this study, cerebral networks involving the thalamus demonstrated increased connectivity
after withdrawal of analgesic agents in patients participating in a clinical trial for painful-
DSPN. The study further confirms not only the importance of the thalamus in the
pathophysiology of painful-DSPN, but the pharmacology of its treatments. Moreover, rs-
fMRI functional connectivity of the thalamus, S1 and insular cortex are also again shown to
be key components of the cerebral mechanisms of painful-DSPN, consistent with recent
studies in this research group. Further research is ongoing in a large dataset to determine
the rs-fMRI networks involved in painful-DSPN and machine-learning approaches to classify
individuals into different pain phenotypes. Finally, there are no current biomarkers for pain
in analgesic trials which are clinically validated but this study gives early indication that
functional connectivity from the thalamus to other ROIs could act as biomarkers of pain
severity in painful-DSPN. This would need further validation in prospective studies but

warrants further investigation.
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8. Peripheral vascular markers of painful-DSPN: A Pilot Study

8.1 Introduction

8.1.1 Background

The focus of the thesis thus far has been on the CNS alterations in DSPN; however, the
peripheral mechanisms are clearly important also. A particular area of research interest is
the alterations of small nerve fibres, as these are the nerves responsible for the
transmission of nociceptive impulses from the periphery. The function of small nerve fibres
may be investigated using QST measures; however, skin biopsy offers a minimally invasive
means to examine the structure and function of the most peripheral aspect of the
nociceptive sensory system in health and disease. Early research used the pan-neuronal
marker (Protein Gene Product) PGP 9.5 antibodies to examine epidermal innervation and
found a reduction in IENFD in peripheral neuropathies, such as DSPN, compared to control
subjects (McCarthy et al., 1995, Holland et al., 1997). A reduction in epidermal innervation
may be detected in those with early, often asymptomatic, DSPN (Umapathi et al., 2007,
Lgseth et al., 2008, Ragé et al., 2011) and IENFD linearly reduces with increasing severity of
DSPN (Kennedy et al., 1996, Quattrini et al., 2007b, Arimura et al., 2013). It has been
hypothesised that because small fibres are responsible for nociception they may be
preferentially depleted in painful neuropathies. However, the relationship between pain
and IENFD appears not to be simple. Early findings suggested IENFD may be lower in
subjects with positive neuropathic symptoms, i.e. pain, compared with negative symptoms,

e.g. Sorensen et al. (2006). However, multiple other studies have found no difference
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between IENFD in subjects with painful compared with painless neuropathies (Shun et al.,
2004, Quattrini et al., 2007b, Vickova-Moravcova et al., 2008, Scherens et al., 2009, Cheng
et al., 2013, Cheung et al., 2015, Themistocleous et al., 2016, Bonhof et al., 2017, Smith et
al., 2017). Moreover, other characteristics of IENF may be altered in painful-DSPN such as

markers of regeneration (Bonhof et al., 2017) and degeneration (Cheng et al., 2013).

Various lines of investigation have discovered differences in endothelial dysfunction, blood
flow and blood flow regulation between painful- and painless-DSPN (Archer et al., 1984,
Eaton et al., 2003, Quattrini et al., 2007a, Doupis et al., 2009). Epineurial oxygenation and
blood flow is higher in painful-DSPN, which may be as a result of arterio-venous shunting
(Eaton et al., 2003). Profound abnormalities in epineurial vasculature are found in subjects
with insulin neuritis, in which subjects suffer severe pain (Tesfaye et al., 1996). The vessels
in these subjects formed a fine network resembling neovascularisation in retinopathy. They
also showed arterial attenuation and arterio-venous shunting. Such findings in painful-DSPN
may render the endoneurium ischaemic, which may play a role in neuropathic pain. Indeed,
small clinical trials have also demonstrated that symptoms of painful-DSPN improve with
topical application of vasodilator treatment, providing indirect evidence for the involvement
of cutaneous vascular factors in painful-DSPN (Agrawal et al., 2007, Agrawal et al., 2009,

Shillo et al., 2019b).

A preliminary cross-sectional study within our group performed skin biopsies 10cm above
the ankle with immunohistochemical staining of neural and vascular markers (Shillo, 2019).
Von Willebrand factor (VWF) immunoreactivity was significantly elevated in subjects with

painful-DSPN compared with all other groups (Figure 8.1) and correlated with DN4. IENFD
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was severely depleted in cases of DSPN, and levels of other potential biomarkers were low

in these groups, with no differences between painful-DSPN and painless-DSPN.

Figure 8.1. Von Willebrand Immunoreactivity in skin biopsy samples in four groups. A: healthy
volunteers. B: painful-DSPN. C: painless-DSPN; D: no-DSPN. vVWF immunoreactivity was significantly
elevated in those with painful-DSPN compared with painless-DSPN (ANOVA, p <0.001) and all other
groups (Shillo et al., 2017).

8.1.2 Rationale for study

As evidenced from previous work within the research group in participants with T2DM and
advanced DSPN, increased dermal vasculature and its ratio to nociceptors may differentiate

painful-from painless-DSPN (Shillo, 2019). However, in this study IENF were almost entirely
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depleted in participants with DSPN. Thus, it was not possible to explore the relationship of
IENF to vascular markers. We therefore performed skin biopsy at the proximal thigh to
investigate vascular and neural biomarkers in DSPN and their relationship to one another

and the presence of neuropathic pain.

8.1.4 Aims and hypothesis

The aim of the study was to determine whether there were any differences in skin biopsy
peripheral vascular and neural biomarkers between patients with T2DM and no neuropathy,
painless-DSPN, painful-DSPN, and HV at the level of the proximal thigh and their relationship
to neuropathic pain. The hypothesis was that participants with painful-DSPN would display

elevated levels of VWF with correlations with pain scores and DN4.

8.2 Methods

8.2.1 Study Design and Participants

Forty-three participants were recruited to the study (13 HV, 5 no-DSPN, 8 painless-DSPN and
17 painful-DSPN). All participants with diabetes had T2DM, according to the World Health
Organization criteria, and were diagnosed at least 6-months prior to their inclusion in the
study. Inclusion and exclusion criteria were performed as described in the General Methods

section. Moreover, additional exclusion criteria included:
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e Contraindication to skin biopsy: infection at proposed site of biopsy, anticoagulation,

bleeding disorder and allergy to anaesthetic agent

e Absent pedal pulses

The study design was a case control cross-sectional study.

8.2.2 Clinical and neurological assessment

History, mood/memory assessment, clinical examination, structured neurological
examination, nerve conduction studies and calculation of NIS-LL+7 were performed as

described in the general methods.

8.2.3 Skin biopsy protocol and analysis

8.2.3.1 Rationale for using skin biopsy with IENFD

Although different markers for small nerve fibres terminating within the skin have been
tested, the discovery of antibodies to PGP 9.5 provided the means to detect nerve fibres
with much greater efficacy than previously possible (Rode et al., 1985, Lauria, 1999). Protein
gene product 9.5 (PGP 9.5) is a tissue specific ubiquitin carboxyl-terminal hydrolase that is
present throughout the nervous and neuroendocrine system in humans and other species

(Thompson et al., 1983, Wilson et al., 1988, Wilkinson et al., 1989). PGP 9.5 positive nerve
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fibres densely innervate the epidermis (IENF) and dermis (DNF) throughout the human body
(Dalsgaard et al., 1989, Wang et al., 1990, Kennedy and Wendelschafer-Crabb, 1993,
Johansson et al., 1999). They are most numerous in the trunk and reduce in number
proximo-distally (Johansson et al., 1999, Lauria et al., 1999). Transient receptor potential
cation channel subfamily V. member 1 (TRPV1), is an ion channel present throughout the
nociceptive pathway that co-localises with PGP 9.5 (Lauria et al., 2006). TRPV1 is involved in
the sensation of heat and pain; as a result of its co-localization with IENF, IENF are

considered nociceptive nerve end-terminals.

Skin samples suitable for immunohistochemical analysis can be obtained from 3mm punch
skin biopsy (Lauria et al., 2010b). The procedure causes minimal discomfort, does not
require a suture and wound healing takes 7—10 days (Chien et al., 2001). Punch biopsies are
typically taken at the distal leg (10cm proximal to the ankle) for the diagnosis of length
dependent neuropathies. Other sites may be used, for example, the proximal thigh if this
may provide information regarding the presence of a length dependent process (Lauria et
al., 1998, Chien et al., 2001, Lauria et al., 2010b). Performing proximal biopsy at the thigh
reduces the sensitivity of IENFD to diagnose neuropathy, compared with distal leg biopsy,
but improves the specificity (Devigili et al., 2008, Timar et al., 2016). The sensitivity of thigh

biopsy ranges from 47% to 57.5% and the specificity is 95%.

Quantification of the linear density of intra-epidermal nerve fibres is the commonest
method of assessing epidermal innervation (Lauria et al., 2010b). It is recommended for
clinical practice by International and European Guidelines (Lauria et al., 2010b, Haanpaa et
al., 2011) for the diagnosis of small fibre neuropathy and American guidelines for the

diagnosis of distal symmetrical polyneuropathy (England et al., 2009). IENFD quantification
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using immunohistochemistry and immunofluorescence correlate well and normative data
are available for both methods (Lauria et al., 2010a, Nolano et al., 2015, Provitera et al.,

2016).

8.2.3.2 Rationale for using skin biopsy with von Willebrand Factor

Von Willebrand Factor (VWF) is considered one of the mandatory criteria for identifying the
purity of endothelial cell culture (Goncharov et al., 2020). It is a glycoprotein mediating the
attachment of platelets to damaged endothelial cells (Lip and Blann, 1997, Goncharov et al.,
2020). Arteries of different sizes stain for VWF, including small arteries within the skin
(Pusztaszeri et al., 2006). Antibodies to VWF on skin biopsy samples have been used in
recent studies to determine whether there are alterations in dermal vasculature in trench

foot (Anand et al., 2017) and painful-DSPN (Shillo, 2019).

8.2.3.3 Skin biopsy protocol

The skin was anaesthetised by local infiltration of 2% lidocaine. A punch biopsy tool
(Meditech Systems Ltd., Dorset) was used to obtain a 3mm depth skin biopsy. Skin biopsy
specimens were obtained from the upper lateral aspect of the thigh 20cm below the
anterior iliac spine in accordance with EFNS guidelines and similar studies in the field (Smith
et al., 2006, Lauria et al., 2010b, Cheng et al., 2013, Timar et al., 2016). The test site was

then covered with a dressing and patients given written and verbal wound care advice.
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8.2.3.3 Immunohistochemistry analysis

The skin biopsy specimen was fixed for 12-18 hours in Zamboni fixative and cryprotected
overnight (15% sucrose in 0.1M phosphate buffer) at 4°C, then snap frozen in liquid

nitrogen.

50-um sections for PGP 9.5 staining were floated onto PBS in 12-well plates, dehydrated
with alcohol/hydrogen peroxide solution for 30 minutes, washed with PBS, and incubated
with PGP 9.5 antibodies overnight. They were then washed and incubated with second
antibody for 1 hour, and washed again, before sites of primary antibody attachment were
revealed using nickel-enhanced, avidin—biotin peroxidase (Vector Laboratories,

Peterborough, UK) (Facer et al., 1998, Anand et al, 2017).

In PGP 9.5-stained 50 um sections, the IENF quantification method used followed the EFNS
guidelines (Lauria et al., 2010). IENF counts included all nerve fibres crossing the dermal
epidermal junction. PGP 9.5 control values for 50 um thickness sections were within the
range of published values recommended by European Federation of Neurological
Societies/Peripheral Nerve Society Guidelines (Lauria et al., 2010), and in other studies
(Ggransson et al., 2004; McArthur et al., 1998; Pan et al., 2001). Intraepidermal fibres were

expressed as fibres per millimetre length of the epidermis.
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8.2.3.5 vWF staining and analysis

15-um sections for VWF staining were collected onto glass slides coated with poly-I-lysine
(Sigma, Poole, UK). Endogenous peroxidase was blocked by incubation in methanol
containing 0.3% w/v hydrogen peroxide for 30 minutes. After rehydration, sections were
incubated overnight with primary antibody. Following these procedures, the sections were

treated the same as with PGP9.5 antibodies, described above.

Quantification of the abundance of sub-epidermal vessels stained by vVWF was measured by
image analysis (Anand et al, 2017). Digital photomicrographs were captured via video link
to an Olympus BX50 microscope with a depth of 200um below the basal epidermis, using
analySIS FIVE software (Olympus, Watford, Hertfordshire, UK). The grey-shade detection
threshold was set at a constant level to allow detection of positive immunostaining, and the
area of highlighted immunoreactivity was obtained as a percentage (% area) of the field
scanned. Images were captured (x40 objective magnification) along the entire length, and

the mean values were used for statistical analysis.

8.2.4 Statistical Analysis

Data were analysed as per the general methods. A sample size of 15 in each group was
calculated to have 90% power to detect a probability of 0.852 that an observation in Group
1 is less than an observation in Group 2 using a Wilcoxon (Mann-Whitney) rank-sum test

with a 0.050 two-sided significance level.
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8.3 Results

8.3.1 PGP 9.5 immunoreactivity

A total of 43 participants underwent skin biopsy of the thigh. All participants had analysis of

PGP 9.5 immunoreactivity and 33 had analysis of vWF immunoreactivity.

Table 8.1 demonstrates the demographic, clinical and biochemical results from the
participants who underwent skin biopsy and analysis of PGP 9.5 immunoreactivity in thigh
skin. There was a greater proportion of participants with retinopathy in no-DSPN (Chi? test,
p=0.019) and painful-DSPN (p<0.001) compared with painless-DSPN. Moreover, there was a
greater proportion of patients with nephropathy in painless-DSPN compared with no-DSPN
(p=0.027) and the urinary ACR was greater in all diabetes groups compared with HV, as
expected. The waist/hip ratio and HbA1lc was also statistically higher in all the diabetes
groups compared with HV (all; LSD, p<0.05). Finally, the cholesterol level was statistically

lower in painless- (p=0.001) and painful-DPSN (p=0.007) compared with HV.
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HV (n=13) No-DSPN Painless-DSPN Painful- P value
(n=5) (n=8) DSPN
(n=17)
Age (years) 63.0+12.3 64.4+4.7 63.1+5.9 65.0+£10.2 | 0.944 A
Sex (% female) 53.8 40.0 25.0 47.1 0.620 Chi?
Duration DM 9.8+5.8 16.3x7.7 11.2+6.8 0.177 A
(years)
Retinopathy 80% 62.5% 76.5% <0.001 Chi?
presence
(% present)
Retinopathy 0=20% 0=37.5% 0=23.5% <0.001 Chi?
score
1=80% 1=37.5% 1=47.1%

(0= No DR, 1= . e o — 99 49
Bck/Pre-P, 2=0% 2=25.0% 2=29.4%
2=Pro/Laser)
Nephropathy 20% 50% 47.1% <0.001 Chi?
presence (%
present)
ACR (mg/mmol) | 0.0 (0.2) 1.5 (1.7) 0.9 (1.9) 1.4 (4.0) <0.001 KW
Number of 00 37+75 47+12.8 0.791 A
hypoglycaemic
episodes in last
12 months
Smoked ever (% | 38.5% 40% 75% 76.5%" 0.110 Chi?
Yes)
Pack Years 14.2+£9.7 15.3+20.9 31.2+22.2 32.1+23.7 | 0.298 A
smoking [Packs
(1 pack=20
cigarettes) x
Number of
years]
Alcohol intake 44+5.1 10.7x3.1 6.314.38 6.5+5.6 0.337 A
(units/week)
Waist/hip ratio 0.86 + 0.07 0.95 +0.07 1.00 £ 0.08 0.96 +0.07 | <0.001 A
Body mass index | 27.1+6.1 30.8+4.1 30.1+£3.2 30.6+6.6 0.362 A
(kg/m?)
Systolic blood 132.5+21.0 124.2 +10.3 137.4+19.7 136.0t 0.538A
pressure 14.2
(mmHg)
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Creatinine 71.8+8.1 77.4+8.6 72.8+11.2 77.6+22.3 | 0.746 A
(umol/l)

Total 51+1.0 41+1.2 3.5+0.7 41+09 0.004 A
Cholesterol

(mmol/1)

HbAlc 37.4+4.4 56.6 £ 10.6 63.1+16.8 67.4+189 | 0.001A
(mmol/mol)

Table 8.1. Clinical details of participants. Data are presented as mean * standard deviation for
parametric and median (IQR) for non-parametric continuous data or percentage for categorical data.
The statistical test used was ANOVA (A) for continuous normally distributed data, Kruskal-Wallis
(KW) for non-parametric continuous data or Chi? for categorical data. Retinopathy parameters: Bck,
background retinopathy; DR, diabetic retinopathy; Laser, panretinal photocoagulation; Pre-P, pre-
proliferative retinopathy; Pro, proliferative retinopathy. ACR, albumin creatinine ratio; DM, Diabetes
Mellitus; HV, healthy volunteer.

Table 8.2 demonstrates the neurological assessments of participants undergoing the study,
including the PGP 9.5 immunoreactivity results. As expected, measures of neuropathic pain,
i.e. NPSI and DN4, were higher in painful-DSPN. The TCNS was also statistically higher in
painful-DSPN vs. painless-DSPN. Measures of neuropathy were all statistically higher in
DSPN groups compared with non-DSPN groups. Although there was no significant difference
in sural nerve action potential between no-DSPN and DSPN groups. The CAN composite
score was also significantly raised in painful-DSPN compared with non-neuropathy groups,

but there was no difference in painless-DSPN compared with other groups.
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PGP 9.5 HV (n=13) T2DM (n=5) | Painless-DSPN | Painful-DSPN P value
(n=8) (n=17)

NPSI (Total score) | 0.0 (0.0) 0.0(0.0) 0.0(0.0) 20.8 (18.6) <0.001 KW

DN4 0.0 (0.0) 0.0(0.0) 2.0(1.5) 6.0 (3.5) <0.001 KW

TCNS 0.0 (0.0) 2.0(1.0) 8.0(10.0) 15.0 (4.0) <0.001 KW

NIS-LL 0.0 (0.0) 0.0 (3.0) 9.0 (19.3) 16.5 (10.0) <0.001 KW

NIS-LL+7 0.0 (1.0) 0.0(1.5) 17.0(23.7) 25.2 (13.0) <0.001 KW

Peroneal CMAP 5.1+1.7 54127 2.81+3.2 21+1.7 0.002 A

(mV)

Peroneal MNCV 47.3+33 46.7+2.9 37.4+9.7 38.9+6.7 <0.001 A

(m/s)

Peroneal MNDL 4.9 (0.8) 4.5 (0.9) 6.6 (2.6) 6.1(4.7) 0.005 KW

(msec)

Tibial MNDL (msec) | 4.4 (1.2) 4.7 (0.5) 7.4(2.9) 6.8 (2.6) <0.001 KW

Sural SNAP (mV) 16.0+6.4 11.1+39 56+4.9 2957 <0.001 A

CAN composite 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 1.6 (6.9) 0.002 KW

score

Foot ESC (uS) 75.1+10.9 74.2 £13.5 54.1+19.8 43.4+189 <0.001 A

PGP 9.5 IENF 17.4+3.2 17.7+3.6 7.914.2 54+5.2 <0.001 A

fibres/mm

Table 8.2. Neurological assessments of study participants undergoing skin biopsy. Data are
presented as mean * standard deviation for parametric and median (IQR) for non-parametric
continuous data. The statistical test used was ANOVA (A) for continuous normally distributed data

and Kruskal-Wallis (KW) for non-parametric continuous data. CAN, cardiac autonomic neuropathy;
CMAP, compound muscle action potential; DN4, doleur neuropathique 4; ESC, electrochemical skin
conductance; IENF, intra-epidermal nerve fibres; MNDL, motor nerve distal latency; MNCV, motor
nerve conduction velocity; NIS-LL, Neuropathy impairment score of the lower limb; NPSI,
neuropathic pain symptom inventory; SNAP, sensory nerve action potential; TNCS, Toronto clinical
neuropathy score.

Table 8.2 and Figure 8.2 demonstrate the PGP 9.5 immunoreactivity in the thigh skin from

all four study groups. There was a reduction in PGP immunoreactivity in the DSPN groups
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compared with non-neuropathy groups (all; LSD, p<0.001). However, there was no

significant difference between painless- and painful-DSPN (p=0.208).

20+

154

PGP IEF fibres/mm
>

Figure 8.2. PGP 9.5 immunoreactivity in thigh skin from (a) HV, (b) painful-DSPN, (c) painless-DSPN,
and (d) no-DSPN. (e) Mean + standard error of the mean of the PGP 9.5 intra-epidermal fibres
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(fibres/mm). PGP immunoreactivity in the DSPN groups significantly lower than non-neuropathy
groups (ANOVA, p<0.001; Painless- and Painful-DSPN vs. HV and No-DSPN, all, LSD, p<0.001).

Table 8.3 demonstrates the DFNS QST parameters of all study participants. As expected,
there was evidence of loss of sensory function in DSPN groups compared with the non-
neuropathy groups although MDT was not significantly different from painless-DSPN and

other groups. Also, there were no differences in painless- and painful-DSPN.
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PGP 9.5 HV (n=13) T2DM (n=5) Painless-DSPN | Painful-DSPN P value
(n=8) (n=17)

CDT z-score -0.82+£1.12 -0.78 £0.43 -2.21+£1.18 -2.13+£1.26 0.006 A

CDT % 7.7% 0.0% 50% 76.5% 0.001 Chi?

abnormal

WDT z-score -1.13+0.87 -0.54 £0.77 -1.68+1.12 -2.03+0.49 0.002 A

WDT % 23.1% 0% 50% 58.8% 0.051 Chi?

abnormal

TSL z-score -1.48 +1.09 -1.09 £0.27 -2.25+1.30 -2.23+0.59 0.027 A

TSL % 30.8% 0% 37.5% 64.7% 0.047 Chi?

abnormal

CPT z-score -0.89 (1.03) -0.98 (0.64) -0.87 (1.03) -0.98 (0.71) 0.990 KW

CPT % 0% 0% 0% 0% N/A

abnormal

HPT z-score -0.73+1.01 -0.79 £ 0.98 -0.62 £1.62 -1.34 +0.52 0.253 A

HPT % 7.7% 0% 37.5% 23.5% 0.229 Chi?

abnormal

PPT z-score 0.77 £0.93 1.31+2.19 0.55+1.89 1.19+1.81 0.751 A

PPT % 7.7% 60% 25.0% 64.7% 0.009 Chi?

abnormal

MPT z-score 1.24+1.54 1.23+1.57 -1.60 £2.11 -1.91+2.02 0.001 A

MPT % 23.1% 60% 62.5% 82.4% 0.013 Chi?

abnormal

MPS z-score -0.08 (1.53) 0.14 (2.53) -1.72 (1.56) -1.43 (1.31) 0.014 KW

MPS % 38.5% 20.0% 75.0% 76.5% 0.040 Chi?

abnormal

WUR z-score -0.22+1.03 -0.21+1.49 -0.08 £ 0.86 -0.64 £ 0.95 0.919 A

WUR % 0% 20.0% 0% 0% 0.244 Chi?

abnormal

MDT z-score | 0.64 (1.97) 0.26 (1.72) -1.31(5.46) -1.74 (3.39) 0.002 KW

MDT % 38.5% 20.0% 50.0% 47.1% 0.492 Chi?

abnormal

VDT z-score 0.11 (1.53) -0.04 (2.16) -2.20(3.83) -2.80(1.94) 0.009 KW
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VDT % 15.4% 20.0% 62.5% 64.7% 0.023 Chi?
abnormal

DMA % 0% 0% 0% 17.6% 0.177
abnormal

PHS % 7.7% 60.0% 25.0% 47.1% 0.065 Chi?
abnormal

Table 8.3. German pain research network QST results in study participants. Data are presented as
mean + standard deviation for parametric and median (IQR) for non-parametric continuous data or
percentage for categorical data. The statistical test used was ANOVA (A) for continuous normally
distributed data, Kruskal-Wallis (KW) for non-parametric continuous data or Chi? for categorical
data. CDT, cold detection threshold; CPT, cold pain threshold; DMA, dynamic mechanical allodynia;
HPT, heat pain threshold; MDT, mechanical detection threshold; MPT, mechanical pain threshold;
PHS, paradoxical heat sensation; PPT, pressure pain threshold; VDT, vibration detection threshold;
WUR, wind up ratio.

To further explore the reasons for the reduction in PGP 9.5 immunoreactivity, Table 8.4
demonstrates the correlation analysis between PGP 9.5 immunoreactivity at the thigh and
clinical, demographic and neurological variables. There was no correlation with clinical and
demographic variables; although there was a negative correlation with HbAlc (Pearson’s
correlation, r -0.546, p=0.001). PGP 9.5 immunoreactivity correlated with most neuropathy
measures, other than peroneal MNDL. The strongest correlation was with NIS-LL+7 (r -0.719,
p<0.001). The PGP 9.5 immunoreactivity also correlated with measures of neuropathic pain,
including NPSI total and its subscores and DN4 but not the VAS. Finally, PGP 9.5
immunoreactivity correlated with certain measures of DFNS QST, including CDT, WDT, TSL,

HPT, MPT, MDT, VDT and DMA, but not WUR, MPS, PPT nor CPT.
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P value

Age 0.049 0.754
Duration of DM 0.091 0.650
ACR -0.144 0.423
Pack Years smoking -0.253 0.155
Waist/hip ratio -0.263 0.139
Body mass index -0.182 0.310
Systolic blood pressure -0.278 0.123
Creatinine -0.158 0.378
Total Cholesterol 0.207 0.247
HbA1lc -0.546 0.001
Burning spontaneous pain -0.509 0.002
NPSI subscore

Pressing spontaneous pain -0.389 0.025
NPSI subscore

Paroxysmal pain NPSI subscore | -0.540 0.001
Evoked pain NPSI subscore -0.468 0.006
Paraesthesia/dysaesthesia -0.581 0.001
NPSI subscore

NPSI (Total score) -0.574 <0.001
DN4 -0.644 <0.001
TCNS -0.690 <0.001
NIS-LL -0.692 <0.001
NIS-LL+7 -0.719 <0.001
Peroneal CMAP 0.391 0.029
Peroneal MNCV 0.613 0.001
Peroneal MNDL -0.113 0.559
Tibial MNDL -0.496 0.005
Sural SNAP 0.496 0.020
CAN composite score -0.588 <0.001

259



Foot ESC 0.484 0.004
VAS pain score -0.308 0.163
CDT z-score 0.490 0.001
WDT z-score 0.573 <0.001
TSL z-score 0.501 0.001
CPT z-score 0.021 0.891
HPT z-score 0.334 0.028
PPT z-score -0.019 0.904
MPT z-score 0.587 <0.001
MPS z-score 0.297 0.053
WUR z-score 0.033 0.889
MDT z-score 0.520 <0.001
VDT z-score 0.574 <0.001
DMA z-score N/A N/A
PHS z-score N/A N/A

Table 8.4. Pearson’s correlation between PGP 9.5 immunoreactivity in thigh skin and clinical,
demographic and neurological variables in study participants. ACR, albumin to creatinine ratio; CAN,
cardiac autonomic neuropathy; CDT, cold detection threshold; CMAP, compound muscle action
potential; CPT, cold pain threshold; DMA, dynamic mechanical allodynia; DN4, doleur neuropathique
4; ESC, electrochemical skin conductance; HPT, heat pain threshold; IENF, intra-epidermal nerve
fibres; MDT, mechanical detection threshold; MNDL, motor nerve distal latency; MNCV, motor nerve
conduction velocity; MPT, mechanical pain threshold; NIS-LL, Neuropathy impairment score of the
lower limb; NPSI, neuropathic pain symptom inventory; PHS, paradoxical heat sensation; PPT,
pressure pain threshold; SNAP, sensory nerve action potential; TNCS, Toronto clinical neuropathy
score; VDT, vibration detection threshold; VAS, visual analogue scale; WUR, wind up ratio.

8.3.2 vVWF immunoreactivity

The demographic, clinical and biochemical results were re-analysed for the 33 participants
with VWF immunohistochemistry from the 43 who had a skin biopsy from the thigh, see
Appendix 10.13. Therefore, 10 participants who had PGP 9.5 immunohistochemistry did not
have VWF immunohistochemistry (HV: Age 57.3 + 12.2, female 57%, BMI 26.7 * 6.3 kg/m?
and HbA1c 37.3 + 5.1 mmol/mol; and painful-DSPN: Age 67.7 * 6.1, female 66.6%, BMI 28.9
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+ 2.9 kg/m? and HbA1c 67.0 + 17.3 mmol/mol). The results were similar to the analysis for

all 43 participants. Although there was a lower proportion of participants with retinopathy

in painless-DSPN compared with no-DSPN (Chi? test, p=0.002), but not painful-DSPN. There

also was a higher waist/hip ratio and HbA1lc in the neuropathy groups compared with HV.

The neurological assessments for participants undergoing vVWF analysis were similar to the

full cohort analysis (Appendix 10.14); although numerical differences in some measures of

neuropathy severity did not meet statistical significance in neuropathy compared with non-

neuropathy groups, including: peroneal CMAP, sural SNAP and foot ESC.

HV (n=6) T2DM (n=5) | Painless-DSPN | Painful- P value
(n=8) DSPN (n=14)
PGP 9.5 IENF fibres/mm 18.1+3.8 17.7+3.6 7942 6.1+55 <0.001 A
VWF % area 2.4 (1.0) 2.7 (1.1) 3.1(1.8) 4.7 (0.9) <0.001 KW

Table 8.5. Immunohistochemical results of study participants undergoing skin biopsy and vWF
analysis. Data are presented as mean * standard deviation for parametric and median (IQR) for non-
parametric continuous data. The statistical test used was ANOVA (A) for continuous normally
distributed data and Kruskal-Wallis (KW) for non-parametric continuous data. vWF, von Willebrand

Factor.

Table 8.5 and Figure 8.3 demonstrate the VWF immunoreactivity in the thigh skin from all

four study groups. There was an increase in VWF immunoreactivity in painful-DSPN

compared with all three other study groups [Statistically higher in painful-DSPN compared

with HV (Mann Whitney-U test, p<0.001), no-DSPN (p=0.005) and painless-DSPN (p=0.001)].
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VWF % area

Figure 8.3. vVWF immunoreactivity in thigh skin from (a) HV, (b) painful-DSPN, (c) painless-DSPN, and
(d) no-DSPN, (e) image analysis of VWF sub-epithelial endothelial staining (% immunoreactivity). vVWF
immunoreactivity in painful-DSPN significantly higher compared with all three other study groups
[painful-DSPN vs. HV (Mann Whitney-U test, p<0.001), vs. no-DSPN (p=0.005) and vs. painless-DSPN

(p=0.001)].
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Appendix 10.15 demonstrates the DFNS QST results in study participants undergoing vWF
immunohistochemical analysis. Compared with the full 43 patient analysis, a number of QST
parameters no longer had a group effect, including: CDT, TSL and VDT. The group
significance was retained for WDT, MPT, MPS and MDT. In general, there was a reduction in
sensory function in these parameters in both painless- and painful-DSPN, with no
differences between these two groups. The MDT was only statistically lower in painful-DSPN

compared with non-neuropathy groups, however.

Table 8.6 demonstrates the correlation analysis between vVWF immunoreactivity at the thigh
and clinical, demographic and neurological variables. vWF immunoreactivity positively
correlated with clinical variables, including the waist/hip ratio and HbAlc. Additionally, vWF
immunoreactivity also positively correlated with neuropathy measures including the clinical
scoring systems (TCNS and NIS-LL), objective measures (nerve conduction studies and QST
measures) and the composite score NIS-LL+7 (Spearman’s correlation, r 0.641, p<0.001).
vWEF also correlated with measures of neuropathic pain, including all the subscores of the
NPSI and the total NPSI score (r 0.642, p<0.001), DN4 (r 0.659, p<0.001) and VAS (r 0.585,

p=0.004). Finally, vWF also correlated with PGP 9.5 immunoreactivity (r -0.571, p=0.001).
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P value

Age -0.154 0.392
Duration of DM -0.120 0.552
ACR 0.318 0.071
Pack Years smoking 0.308 0.082
Waist/hip ratio 0.352 0.044
Body mass index -0.032 0.859
Systolic blood pressure 0.212 0.245
Creatinine 0.115 0.526
Total Cholesterol -0.179 0.319
HbAlc 0.531 0.001
Burning spontaneous pain 0.545 0.001
NPSI subscore

Pressing spontaneous pain 0.536 0.001
NPSI subscore

Paroxysmal pain NPSI subscore | 0.661 <0.001
Evoked pain NPSI subscore 0.590 <0.001
Paraesthesia/dysaesthesia 0.482 0.004
NPSI subscore

NPSI 0.642 <0.001
DN4 0.659 <0.001
TCNS 0.752 <0.001
NIS-LL 0.713 <0.001
NIS-LL+7 0.641 <0.001
Peroneal CMAP -0.352 0.052
Peroneal MNCV -0.154 0.444
Peroneal MNDL 0.182 0.344
Tibial MNDL 0.472 0.007
Sural SNAP -0.576 0.001
CAN composite score 0.636 <0.001
Foot ESC 0.605 <0.001
VAS pain score 0.585 0.004
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CDT z-score -0.373 0.033
WDT z-score -0.499 0.003
TSL z-score -0.414 0.017
CPT z-score -0.078 0.666
HPT z-score -0.437 0.011
PPT z-score 0.148 0.410
MPT z-score -0.488 0.004
MPS z-score -0.221 0.217
WUR z-score 0.227 0.502
MDT z-score -0.531 0.001
VDT z-score -0.548 0.001
DMA z-score N/A N/A

PHS z-score N/A N/A

PGP 9.5 IENF -0.571 0.001

Table 8.6. Spearman’s correlation between vWF immunoreactivity in thigh skin and clinical,
demographic and neurological variables in study participants. ACR, albumin to creatinine ratio; CAN,
cardiac autonomic neuropathy; CDT, cold detection threshold; CMAP, compound muscle action
potential; CPT, cold pain threshold; DMA, dynamic mechanical allodynia; DN4, doleur neuropathique
4; ESC, electrochemical skin conductance; HPT, heat pain threshold; IENF, intra-epidermal nerve
fibres; MDT, mechanical detection threshold; MNDL, motor nerve distal latency; MNCV, motor nerve
conduction velocity; MPT, mechanical pain threshold; NIS-LL, Neuropathy impairment score of the
lower limb; NPSI, neuropathic pain symptom inventory; PHS, paradoxical heat sensation; PPT,
pressure pain threshold; SNAP, sensory nerve action potential; TNCS, Toronto clinical neuropathy
score; VDT, vibration detection threshold; VAS, visual analogue scale; WUR, wind up ratio.

8.4 Discussion

In this study skin biopsies were taken from the upper thigh in study participants to
determine whether neuronal and vascular markers were altered in patients with painful-
DSPN. Firstly, 43 participants had skin biopsies from the thigh and underwent IENFD
analysis. As expected, there was a reduction in PGP immunoreactivity in the DSPN groups

compared with non-neuropathy groups. IENFD has previously been described to be lower in
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participants with diabetes without neuropathy; however, in this cohort there was no
significant difference. This is likely reflective of the fact that IENFD decline in a proximo-
distal gradient with thigh nerve fibres being affected later than ankle biopsies. In painful-
DSPN the IENFD was numerically the lowest, but this did not reach statistical significance vs.
painless-DSPN. Therefore, these data supports previous studies which have indicated that
the IENFD does not discriminate between painless- and painful-DSPN (Shun et al., 2004,
Quattrini et al., 2007b, Vickova-Moravcova et al., 2008, Scherens et al., 2009, Cheng et al.,
2013, Cheung et al., 2015, Themistocleous et al., 2016, Bonhof et al., 2017, Smith et al.,

2017).

PGP immunoreactivity correlated with measures of neuropathy including nerve conduction
studies and QST, as expected. The negative correlation between the NIS-LL+7 was
particularly strong, supporting the use of this composite score as a measure of neuropathy
severity. There was no correlation between the severity of pain (VAS) and PGP
immunoreactivity. The DN4 did correlate with PGP immunoreactivity; however, this
measure is predominantly used to assess the presence of pain due to neuropathy and some
of the questions are unrelated to pain severity and are measures of neuropathy (e.g.
hypoaesthesia to touch/pinprick and tingling, pins and needles, numbness and itching). Of
note, all NPSI subscores negatively correlated with PGP immunoreactivity. Previous studies
have demonstrated that there may be a greater IENFD in patients with painful-DSPN and
painful neuropathies of varying aetiologies with provoked pain/allodynia, compared to
those without (Truini et al., 2014, Galosi et al., 2018). These other studies had considerably
larger sample sizes than this study; therefore, this study may not have statistical power to

detect such correlations.
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Group differences were as expected, for example greater HbAlc, waist/hip ratio and ACR in
participants with diabetes compared with HV. Moreover, measures of peripheral
neuropathy were greater in neuropathy compared with non-neuropathy groups. CAN was
more severe in painful-DSPN, as previously described (Gandhi et al., 2010). There also
appeared to be a greater proportion of patients with nephropathy in those with DSPN
compared to no-DSPN, reaching significance with painless- versus no-DSPN. However, the
presence of any retinopathy was significantly lower in those with painless-DSPN compared
to painful- and no-DSPN groups. This finding is contrary to what was expected as
neuropathy and retinopathy measures generally correlate. Finally, the total cholesterol was
lower in DSPN groups compared with neuropathy groups. This is likely because the
neuropathy groups are under tertiary centres and well treated for cardiovascular risk
factors. The cholesterol blood test was a one-off blood test is unlikely to reflect the life-long
cholesterol burden of these patients. Most importantly, there were no significant
differences in measures of neuropathy severity between painful- and painless-DSPN;
however, TCNS was greater in painful- compared with painless-DSPN. The TCNS includes
symptom scores, which may account for the greater value in those with painful-DSPN. (Bril

et al., 2009).

A total of 33 participants underwent vVWF immunohistochemical analysis from skin biopsy
taken at the thigh. Due to the 10-patient difference compared with those having PGP 9.5
immunoreactivity measured the patient group differences in clinical and neurological
variables were re-analysed. The patient characteristics were similar to those having PGP 9.5
immunoreactivity analysed. The main study findings were that the vVWF immunoreactivity

was significantly higher in painful-DSPN compared with all three other study groups. There
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was no significant difference in vWF immunoreactivity between the other three groups.
However, there were significant correlations with various clinical and neurophysiological
measures and negatively correlated with PGP 9.5 immunoreactivity, suggesting a link

between neuronal and vascular alterations in the skin in DSPN.

The finding of elevated VWF in participants with painful-DSPN compared to HV, no-DSPN
and painless-DSPN is the same as demonstrated in the previous study within our group
(Shillo, 2019). Shillo et al. (2019) demonstrated that sub-epidermal vVWF immunoreactivity
from skin biopsies taken at the ankle was higher in painful-DSPN compared with all other
subgroups. Similarly, VWF correlated with QST parameters (CDT and HDT) and DN4.
Moreover, Shillo et al. (2019) found that the calcitonin gene related peptide to vVWF ratio
was lower in painful- compared with painless-DSPN. Anand et al. (2017) have also previously
demonstrated elevated vVWF immunoreactivity in patients with painful non-freezing cold
injury (i.e. trench foot) compared with healthy controls. This study also found increased

VEGEF in those with trench foot compared with controls too.

Shillo et al. (2019) hypothesized that hypoxia-induce increase of blood vessels may expose
associated nociceptor fibres to a relative excess of algogens leading to painful-DSPN. The
literature supporting this includes the fact that more severe neuropathy appears to be
associated with neuropathic pain (Shillo et al., 2019b). Other skin biopsy studies have also
found that markers of axonal regeneration/degeneration may be associated with painful-
DSPN (Cheng et al., 2013, Bonhof et al., 2017). Various other studies have found alterations
suggestive of vascular dysfunction in painful-DSPN too (Shillo et al., 2019b). Moreover,
peripheral blood flow regulation has been found to be altered in painful- compared with

painless-DSPN (Archer et al., 1984, Tsigos et al., 1992, Tack et al., 2002, Eaton et al., 2003,
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Shillo et al., 2019b). However, the mechanisms underlying these alterations in vVWF
immunoreactivity, as a marker of dermal vasculature, remains unclear. Studies have also
demonstrated evidence of hypoxia and abnormal angiogenesis in patients with painful-
DSPN. Most relevant to this, the study by Quattrini et al. (2008) found hypoxia inducible
factor 1 a (HIF-1a), a measure of tissue hypoxia, immunostaining correlated with measures
of pain in individuals with DSPN. However, a validated scale of neuropathic pain was not
used nor was the data supplied in the article. Despite the underlying cause of VWF in
painful-DSPN being uncertain, this study highlights skin vWF staining as a potential
biomarker of neuropathic pain in diabetes. As previously discussed, other than clinical

features there are no current discriminatory markers of painful-DSPN.

The findings of this pilot study require replication in larger, ideally prospective studies, to
confirm vWF staining of dermal blood vessels as a potential biomarker of painful-DSPN.
However, they do present a possible mechanistic link explaining the efficacy of topical
vasodilatory agents in treating painful-DSPN (Agrawal et al., 2007, Agrawal et al., 2009).
Although, VWF has been used as a vascular marker in normal human tissues (Pusztaszeri et
al., 2006); vWF has also been found to be raised in conditions causing endothelial damage
(Mannucci, 1998) and is also up-regulated in angiogenesis (Zanetta et al., 2000, Randi and
Laffan, 2017). Therefore, further study necessary to determine the mechanistic link between
VWEF elevation and painful-DSPN and whether increased vWF staining is as a result of a
greater number of blood vessels, as it appears to be, or due to vascular alterations such as

increased endothelial damage or greater angiogenesis.

This study is mainly limited by its participant numbers. Indeed, the sample size calculation

indicates that at least 15 per group are necessary for 90% power. The biopsy analysis was
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limited by factors such as the COVID pandemic and the discontinuation of clinical, non-Covid
related research. However, the group differences despite small study numbers suggest that
previous findings from our group are valid. Moreover, the participants are well

characterized, and the investigative technique is well recognised.

This thigh skin biopsy study confirms our previous findings at the ankle (Shillo et a. 2019).
The initial plan of the study was to perform more detailed immunohistochemical analysis on
the skin biopsies to include further neural and vascular markers to potentially determine a
mechanistic cause for vVWF alterations. However, this has been delayed and limited due to
the COVID pandemic and further analysis will follow before publication in peer-reviewed

journals.

8.5 Conclusions

This study has demonstrated that PGP 9.5 immunoreactivity from skin biopsy taken at the
thigh does not discriminate between painful- and painless-DSPN; however, vWF is
significantly higher in painful-DSPN compared with all study groups. These findings confirm
the results of our previous study with skin biopsies performed at the ankle. The results
suggest that vWF immunoreactivity in the skin of the lower limb may act as a potential
biomarker, e.g. for diagnostics/predictor, of painful-DSPN. However, further mechanistic
and prospective studies are necessary to determine the causality of raised vVWF

immunoreactivity in painful-DSPN.
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9. Conclusions

There has been considerable research into the mechanisms underlying DSPN, painful-DSPN
and potential therapeutic approaches. However, pathogenic orientated treatments have
almost all failed in Phase Ill trials (Sloan et al., 2021). There is strong evidence that tight
glycaemic control can reduce the incidence of DSPN; however, other than this there are no
effective treatments or prevention strategies for DSPN. The treatment of painful-DSPN has
not changed in over a decade and revolves around management of symptoms, rather than
treatment of the underlying disease mechanisms. The divide between experimental and
clinical DSPN is a major factor in explaining the failure of translation of DSPN/painful-DSPN
treatments (Sloan et al., 2021). Unfortunately, no one animal model mimics the human
condition (Yorek, 2016). Therefore, there is a clear rationale for investigating the underlying
mechanisms of the disease and/or effect of treatments in the human condition.
Neuroimaging and skin biopsy are two investigative techniques, the former non-invasive the
latter minimally invasive, which have been used in the included studies in this thesis to

explore the underlying disease mechanisms of clinical painful-DSPN.

In Chapter 3 the largest cerebral morphometric study in DSPN was conducted. The
predominant aim of the study was to determine the cerebral morphological alterations in
DSPN and painful-DSPN and two of its phenotypes (IR- and NIR-painful-DSPN). The study
demonstrated that global brain parameters other than subcortical grey matter volume were
not different among the studied groups; although there was a trend towards a reduction in
the three diabetes groups in total brain volume, cortical volume and total grey matter

volume compared with HV. The subcortical grey volume was significantly lower in all three
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diabetes groups compared with healthy volunteers. This is consistent with previous research
suggesting that diabetes may have an impact on global brain volumes; however, there
appeared to be no additional effect of DSPN, contrary to previous findings. Regional brain
analysis revealed reduced cortical thickness at the S1, M1 and insular cortex in participants
with DSPN compared with HV. There appeared to be a stepwise reduction from HV, to no-
DSPN to those with DSPN. Moreover, the reduction in cortical thickness was similar at M1
cortex in painless- and painful-DSPN; whereas, at pain matrix areas, such as the insular
cortex and S1, there was a stepwise reduction from diabetes, to painful- and finally painless-
DSPN with the lowest thickness. This could be consistent with painful-DSPN having a relative
preservation of cortical thickness/grey matter volume in regions associated with
somatosensory function due to persistence of painful neuronal impulses. Finally, there was
a stark reduction in ACC cortical thickness in the IR-painful-DSPN phenotype compared with
NIR-phenotype. This finding furthers the concept of differing disease processes in different

phenotypes of neuropathic pain.

The volumetric analysis of participants with painless- and painful-DSPN is somewhat limited
by the group differences, which may have a confound on the results. However, the results
suggest that DSPN does have a significant impact upon cerebral morphometry,
predominantly localised to key somatosensory/motor brain regions, showing a relationship
with measures of neurophysiology. DSPN has been generally considered a disease of the
peripheral nerve, whereby this finding, along with others in the last two decades, suggest
the brain is affected also. To definitively determine the impact and aetiology of cerebral
morphometric alterations in DSPN, longitudinal study with prospective neuroimaging is now

necessary. The reduction in ACC cortical thickness in IR-painful-DSPN also opens new
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avenues of research, as this region may act as a key component in determining neuropathic

pain phenotypes, and therefore response to treatments.

The morphometric abnormalities found in Chapter 3 led on to the cerebral neurochemical
studies in Chapters 4 and 5. In Chapter 4 the proton containing neurometabolites were
examined in the thalamus and S1 cortex in a cohort of participants with T2DM. There was
no evidence of S1 cortical neurochemical abnormalities among the diabetes groups.
However, in participants with painless-DSPN, and to a lesser extent no-DSPN, there was a
reduced NAA:Cho at the DH thalamus which may be as a result of greater neuronal
dysfunction. The preservation of NAA:Cho in participants with painful- compared with

painless-DSPN may be secondary to persisting painful neuronal impulses.

Chapter 5 explored the potential mechanisms underlying thalamic and S1 alterations, using
31P-MRS. At the S1 cortex there was a reduction of PCr:ATP, a marker of cerebral energy
usage, in painful-DSPN compared with painless-DSPN and HV. There was also a reduction in
this ratio in no-DSPN compared with HV. The PCr:ATP also correlated with a number of
measures of neuropathic pain. The ratio in painless-DSPN was similar to HV, suggesting that
there is reduced energy usage in this group at the S1 cortex. The relationship between
neuropathic pain and PCr:ATP at the S1 cortex suggests increased energy usage at this brain
region in painful-DSPN, indicating a potential mechanism of relative cortical thickness

preservation in this group from Chapter 3.

Chapter 5 also measured the 31P neurometabolites at the level of the thalamus. There
appeared to be a diabetes effect upon the thalamus; however, there was an increase in
Pi:PCr and Pi:ATP (measures of mitochondrial function), apparently driven by an increase in

Pi, in no-DSPN and painless-DSPN. These ratios were similar to HV in the painful-DSPN group

273



and these measures also both correlated with HbAlc. Furthermore, there was a correlation
with thalamic NAA:Cho and Pi:PCr. Overall, these results further the concept from Chapter 4
that there is a diabetes effect on the functioning of the thalamus, which may be secondary
to impairment in cellular mitochondrial function. Moreover, the preservation in neuronal
function in Chapter 4 is consistent with preservation of mitochondrial function in painful-
DSPN. Therefore, mitochondrial dysfunction is a potential mechanism of thalamic neuronal

injury in diabetes and painless-DSPN which is preserved in painful-DSPN.

The current neuropathic pain treatments for painful-DSPN are currently inadequate. The
reasons for this may include the limitations of pain clinical trials. The primary outcome in
clinical pain trials is currently with self-rated tools, most commonly pain severity using
NRS/VAS. Various neuroimaging markers have been tested as biomarkers for pain; however,
they are at the early stage of study, and none are validated for clinical use. Moreover, no
studies have evaluated the change in neuroimaging markers in response to neuropathic pain
treatments in painful-DSPN. In Chapters 6 and 7, two pre-post neuroimaging studies were
undertaken in participants undergoing the OPTION-DM trial, a neuropathic pain trial to
determine the most efficacious pathway for the treatment of painful-DSPN. Cerebral images
were taken during the end of a treatment pathway within the study when participants were
optimally treated for their neuropathic pain, and again one-week later after medication had
been withdrawn. These studies therefore aimed to determine the impact of neuropathic

pain pharmacotherapeutic agents on cerebral markers.

In Chapter 6, MRS was performed and using spectral editing software the neurotransmitters
GABA and GIx were measured within the ACC as a hypothesis generating study. There were

no differences in any neurotransmitters when participants were optimally treated for pain,
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or again after withdrawal of pain. The excitatory neurotransmitter Glx did correlate with
pain severity after withdrawal of analgesia, consistent with other studies showing GlIx can be
elevated in various brain regions in response to pain. However, GABA and Glx at the ACC did
not alter after withdrawal of neuropathic pain treatments in painful-DSPN; although,

methodological limitations may have contributed to the negative findings in the study.

In Chapter 7, after withdrawal of pain-relieving medications there was a significant increase
in functional connectivity of the thalamus to the S1 cortex and the insular cortex. The
change in S1 cortical to thalamic functional connectivity between treatment and withdrawal
scans was greater in those with higher baseline pain scores and correlated with measures of
pain. The study further highlights the importance of the thalamus as a key component of the
central mechanisms of painful-DSPN and also the pharmacology of its treatments.
Functional connectivity of the thalamus to other brain regions as measured by rs-fMRI may
act as a biomarker of neuropathic pain treatment in painful-DSPN in the future after

validation studies.

Finally in Chapter 8, skin biopsy with analysis of nerve (IENFD) and vascular (vWF) markers
was performed. Thigh skin biopsies were obtained as previous research within the group
found nerve markers to be entirely depleted at the level of the ankle in a cohort with
advanced neuropathy. In this study, IENFD did not differentiate participants with painless-
and painful-DSPN. However, vWF stained dermal microvessels were significantly higher in
painful-DSPN compared with all other groups, as shown in previous research within our
group. These findings are consistent with the importance of peripheral vascular factors in

painful-DSPN. Due to the COVID pandemic, however, immunostaining to explore the
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mechanisms underlying these changes was not possible and further analysis will follow

before publication in peer-reviewed journals.

There are some limitations of the included studies. Other than Chapter 3, the studies had a
modest sample size. The sample sizes for research involving MR imaging are often relatively
small, due to the expense involved in performing the technique. Further, the COVID-19
pandemic impacted the recruitment of studies in Chapters 6 and 7 and completing the
histochemistry analysis in Chapter 8. However, the included studies were generally proof of
concept, except for Chapter 3, and require follow-up with studies with larger sample sizes. A
further limitation was the group differences in the included studies. Precise matching was
not achieved; however, many of the group differences were due to well recognised risk
factors of DSPN/painful-DSPN. These group differences may act as confounders for the
included results. Finally, some of the MRS spectra were of inadequate quality necessitating
their removal from the final analysis. These techniques are particularly susceptible to
movement artefact. The spectral quality may only become apparent after processing and
the scan duration is quite long; therefore, repeating this modality during the scanning visit
was not possible. A further limitation of these studies is the cross-sectional design, so

causality cannot be determined from the results.

These studies open numerous lines of future research. Importantly, both the MR and skin
biopsy Chapters require follow-up in longitudinal studies. The causality of cerebral
alterations is unknown and needs confirmation in studies with a prospective study design.
Moreover, the underlying mechanisms of these cerebral alterations may come to light with
longitudinal and multi-modal imaging. ACC alterations in different phenotypes of painful-

DSPN may also be investigated using multi-modal imaging, indeed the 31P metabolite
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alterations would be important to explore. The 31P-MRS alterations found in the thalamus
and S1 cortex can be examined in more detail using magnetization transfer resonance
spectroscopy, which allows measurement of 31P metabolic rates and fluxes and may
confirm the hypotheses relating to alterations in metabolite ratios. There is currently a large
rs-fMRI study in progress within the group which is analysing the alterations in functional
connectivity in painful- and painless-DSPN which may further inform on the results of
Chapter 7. However, the changes in functional connectivity with thalamic networks needs
investigation in both longitudinal studies and clinical trials to validate the potential
biomarkers highlighted in the chapter. Further analysis is going to occur from the study
presented in Chapter 8, which intends to inform on the mechanisms underlying vVWF

alterations in painful-DSPN.

To conclude, these studies add to our understanding of the cerebral alterations in DSPN and
painful-DSPN and the cerebral response to neuropathic pain medications. Painless-DSPN is
characterized by structural and functional loss, as indicated by a reduction in cerebral
volume/cortical thickness in key areas of somatomotor function; reduced S1 neuronal
energy usage; and reduced thalamic neuronal function which is associated with
mitochondrial dysfunction. Painful-DSPN however, demonstrates relative preservation of
morphology and function, with lesser cortical thickness reductions in somatosensory areas
of the brain, and preserved neuronal function and mitochondrial function at the thalamus.
Moreover, there is increased energy usage at the S1 cortex. Also, different phenotypes of
painful-DSPN demonstrate structural alterations with preferentially reduced ACC cortical

thickness in the IR phenotype of painful-DSPN. Finally, the thalamic connectivity to the
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insular cortex and S1 cortex increases with medication withdrawal and has the potential to

act as a biomarker of neuropathic pain in DSPN.
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10. Appendix

Symptom scores

Reflex scores

Sensory test scores

Foot Knee reflexes Pinprick

Pain

Numbness

Tingling

Weakness

Ataxia Ankle reflexes Temperature

Upper-limb symptoms Light touch
Vibration
Position

Appendix 10.1. Toronto Clinical Neuropathy Scoring System. Sensory testing performed on the first
toe. Symptoms scores: present = 1; absent = 0. Reflex scores: absent = 2, reduced = 1, normal = 0.
Sensory test score: abnormal =1, normal =0. Total scores range from 0 to a maximum of 19 (Bril and

Perkins, 2002b).
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LOWER LIMB FUNCTION TEST (LLF)

Preliminary Functional Tests Before Doing NIS

Persons up to 75 years old usually are able to carry their weight in walking on toes or heels unless they are
markedly overweight. Patients over 60 years of age may not be able to arise from a kneeled position when
they are overweight, physically unfit, or have knee disease. Do not score as abnormal if the disability is
due to age, physical unfitness or knee disease.

RIGHT LEFT
1. Walk on toes Normal O Abnormal O Normal O  Abnormal O
2. Walk on heels Normal O Abnormal O Normal O  Abnormal O
3. Arise from kneeled position Normal O Abnormal O Normal O  Abnormal O
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NEUROPATHY IMPAIRMENT SCORE (NIS)

OBJECTIVE: To provide a single score of neuropathic deficits and subset scores: cranial nerve, muscle weakness,
reflexes and sensation. Abnormalities are abstracted from a neurologic examination in which all of the assessments

are made.

SCORING : The examiner scores deficits by what he (she) considers to be normal considering test, anatomical site,

age, gender, height, weight, and physical fitness.

0=NORMAL

1=25% WEAK
2=50% WEAK
3="75% WEAK

3.25=MOVE AGAINST GRAVITY

SCORING, MUSCLE WEAKNESS

3.5 =MOVEMENT, GRAVITY ELIMINATED

3.75 = MUSCLE FLICKER, NO MOVEMENT
4 =PARALYSIS

RIGHT

LEFT

Cranial Nerves

t 3rd Nerve

2 6th Nerve

3 Facial weakness
4 Palate weakness
Tongue weakness
Muscle Weakness

6 Respiratory

7 Neck flexion

8 Shoulder abduction

® Elbow flexion

10 Brachioradialis

11 Elbow extension
12 Wrnist flexion

13 Wrist extension
14 Finger flexion

15 Finger spread

16 Thumb abduction

O 00O0Q0-

¥

0O O0O0O0Oo-

OO0 000w
O OO0 O0

3 3.25
O

0

O 00O

3.5 375

O 0 0O O

O 0 0O O

O O0O0OO0O0-=*

O O0OO0OO0O0-e

OO0O0O0O0-=

OO0 O0O0O0Ow
OO0 O0O0O0
O O O0O0

3

3.25
o

@
”

O OO0 0O

Lt
o
o

O 00 O0O0
O 00 O0O0a

17 Hip flexion

8 Hip extension

19 Knee flexion

20 Knee extension

21 Ankle dorsiflexors

22 Ankle plantar flexors

23 Toe extensors

2 Toe flexors

OO0 000000 OODOOO0OOO0O OO0

O0O0O0O0OO0OO0D0I0OOOOOOO0OO0 0O

OO0 O0O0O0O0OO0OD0OIODOOO0O0OOO0OO0O0OO0

OO0 0000000000000 O0O0 O0O0
OO0 00000 0|I0OO0OOOOO0OO0OO0 0O

OO0 O0OO0OO0OD0OO0ODO0OIOOO0OO0OO0OOO0OO0O OO0

0O00O0OO0O0O0ODO0O|I0DO0ODOO0ODO0OO0O0OO0O 0O

OO0 0000 O0OD0O|I0DOODOOOOOOO0O0

O0OO0OO0OO0OO0ODO0OO0OICOODOOOOO0OO0O0O0

O0OO0O0O0O0OO0ODO0OI0DOODOOOOOO0OOO

OO0 00000000 ODOO0OO0OOO0OO0 0O

OO0 000000 ODODOO0OO0OOO0OO0O0O0

O0O0O0DO0O0O0O0|I0DO0O0OO0OO0OO0O0O0O0O0

OO0 O0OO0O0O0OO0O0O|DOODOO0OOOO0OO0OO0O0

OO0 00000 0OIOOO0OODOOOOO0O 0O

OO0 00000 0IOOOOOOOOO0 0O
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NEUROPATHY IMPAIRMENT SCORE (NIS)

For patients 50-69 years old, ankle reflexes which are decreased are graded 0 and when absent are graded
For patients > 70 years, absent ankle reflexes are graded 0.

1.

SCORING, REFLEXES
0=NORMAL; 1=DECREASED; 2=ABSENT

RIGHT LEFT
Reflexes: 0 1 2 0 1 2
25. Biceps brachi o O O o O O
26. Triceps brachii o O O o O O
27. Brachioradialis o O O o O O
28. Quadriceps femoris o O C O O O
29. Triceps surae O O O o O O

Touch-pressure, pin-prick and vibration sensation are tested on the dorsal surface, at the base of the nail, of the

:erminal phalanx of the index finger and great toe. Touch-pressure 1s assessed with long fiber cotton wool.

Pin-prick is assessed with straight pins. Vibration sensation is tested with a 165 hz tuning fork (V. Mueller,
Chicago, length 25 cm, made from 1/2" x 1 1/4 " stock; 165 hz with counterweights). Joint motion 1s tested by

moving the terminal phalanx of the index finger and great toe.

SCORING, SENSATION
0=NORMAL; 1=DECREASED; 2=ABSENT

RIGHT LEFT
Sensation - Index Finger 0 1 2 0 1 2
30. Touch pressure o O O o O O
31. Pm-prick o O O o O O
32. Vibration O O O o O O
33. Joint position © O O o O O
Sensation - Great Toe 0 1 2 0 1 2
34. Touch pressure O O O o o O
35. Pin-prick o O O o O O
36. Vibration o O O o O O
37. Joint position o 0 O o O O

Appendix 10.2. Neuropathy Impairment Score. Reproduced from (Dyck et al., 1997). The areas
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highlighted in blue compose the NIS-LL.
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1 Sum individual scores of the NIS for the lower limbs NIS-LL

2 In NISS-LL substitute transformed points for percentile abnormality* of VDT for each

great toe (obtained with CASE IV) for the clinical vibration sensation point score of

great toes

3 Add transformed points for percentile abnormality* of variability of heart beat to deep
breathing

4 Summate transformed points for percentile abnormality* of the five attributes of nerve

conduction study of the lower limb (peroneal nerve, sural nerve and tibial nerve)
divided by the number of attributes with obtainable values. Multiple by 5 (the number

of attributes) and add this to the global score

Appendix 10.3. Calculation of the NIS (LL) + 7 (Neuropathy Impairment Score of the lower limb plus 7
tests). *Percentile abnormality: <95 = 0, >95™-99% = 1, >99t.99 9t = 2 > 99*" =3 (and the converse
for opposite tail of distribution) (Dyck et al., 1997). CASE, computer assisted sensory evaluation;
VDT, vibration detection threshold.
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Interview questions for the patient:

Question 1: Does your pain have one or more of the following characteristics?

Yes (1)

No (0)

1. Burning

2. Cold is painful

3. Electric shocks

Question 2: Is the pain associated with one or more of the following symptoms in

the same area?

Yes (1)

No (0)

4. Tingling

5. Pins and needles

6. Numbness

7. Itching

Examination of the patient:

Question 3: Is the pain located in an area where the physical examination had one or

both of the following characteristics?

Yes (1)

No (0)

8. Hypoaesthesia to touch

9. Hypoaesthesia to pinprick

Hypoaesthesia: decreased sensitivity

Question 4: In the painful area, can the pain be caused or increased by:

Yes (1)

No (0)

10. Brushing

Total score =

Total score = 4: 90% probability of neuropathic pain.

Appendix 10.4. English translation of the Douleur neuropathique en 4 questions (DN4) (Bouhassira et

al., 2005).
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You may be suffering from pain due to injury or disease of the nervous system. This pain may be of several
types. You may have spontaneous pain, i.e. pain in the absence of any stimulation, which may be long-lasting
or occur as brief attacks. You may also have pain provoked or increased by brushing, pressure, or contact
with cold in the painful area. You may feel one or several types of pain. This questionnaire has been
developed to help your doctor to better evaluate and treat various types of pain you feel.

We wish to know if you feel spontaneous pain, that is pain without any stimulation. For each of the following
questions, please select the number that best describes your average spontaneous pain severity during the
past 24 h. Select the number 0 if you have not felt such pain (circle one number only).

Q1. Does your pain feel like burning?

No Worst
burning. 0 1 2 3 4 5 6 7 8 9 10 burning
imaginable.

Q2. Does your pain feel like squeezing?

No Worst
squeezing,. 0 1 2 3 4 5 6 7 8 9 1 0 squeezing
imaginable.

Q3. Does your pain feel like pressure?

No Worst
pressure. 0 1 2 3 4 5 6 7 8 9 10 pressure
imaginable.

Q4. During the past 24 h, your spontaneous pain has been present:

Select the response that best describes your case

Permanently
Between 8 and 12h
Between 4 and 7h
Between 1 and 3h
Less than 1h

We wish to know if you have brief attacks of pain. For each of the following questions, please select the
number that best describes the average severity of your painful attacks during the past 24 h. Select the
number 0 if you have not felt such pain (circle one number only).

Q5. Does your pain feel like electric shocks?

No Worst

electric 0 1 2 3 4 5 6 7 8 9 10 electric

shocks. shocks
imaginable.

Q6. Does your pain feel like stabbing?

No Worst
stabbing. 0 1 2 3 4 5 6 7 8 9 10 stabbing
imaginable.
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Q7. During the past 24 h, how many of these pain attacks have you had?

Select the response that best describes your case:

More than 20.
Between 11 and 20.
Between 6 and 10.
Between 1 and 5.

No pain

We wish to know if you feel pain provoked or increased by brushing, pressure, contact with cold or warmth
on the painful area. For each of the following questions, please select the number that best describes the
average severity of your provoked pain during the past 24 h. Select the number 0 if you have not felt such
pain (circle one number only).

Q8. Is your pain provoked or increased by brushing on the painful area?

No Worst pain

pain. 0 1 2 3 4 5 6 7 8 9 10 imaginable.

Q9. Is your pain provoked or increased by pressure on the painful area?

No Worst pain

pain. 0 1 2 3 4 5 6 7 8 9 10 imaginable.

Q10. Is your pain provoked or increased by contact with something cold on the painful area?

No Worst pain

pain. 0 1 2 3 4 5 6 7 8 9 10 imaginable.

We wish to know if you feel abnormal sensations in the painful area. For each of the following questions,
please select the number that best describes the average severity of your abnormal sensations during the
past 24 h. Select the number 0 if your have not felt such sensation (circle one number only).

Q11. Do you feel pins and needles?

No pins Worst pins

and 0 1 2 3 4 5 6 7 8 9 10 and

needles. needles
imaginable.

Q12. Do you feel tingling?

No Worst
tingling. 0 1 2 3 4 5 6 7 8 9 10 tingling
imaginable.
-END-

Appendix 10.5. The Neuropathic Pain Symptom Inventory. Reproduced from (Bouhassira et al.,
2004).
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Symptom scores

Sensory test scores

Foot pain
Numbness
Tingling
Weakness
Ataxia
Upper limb symptoms
Symptom scores graded as
0 = absent
1 = present but no interference with sense of
well-being or activities of daily living
2 = present, interferes with sense of well-being but
not with activities of daily living
3 = present and interferes with both sense of
well-being and activities of daily living (both)

Pinprick
Temperature
Light touch
Vibration
Position Sense

Sensory test scores graded as
0 =normal
1 =reduced at the toes only
2 = reduced to a level above the toes,
but only up to the ankles
3 =reduced to a level above the ankles
and/or absent at the toes

Maximum mTCNS is 33.

Symptoms and signs (sensory tests) are considered present if as a result of diabetic sensorimotor polyneuropathy (DSP) in the opinion of the

investigator.

Appendix 10.6. The modified Toronto Clinical Neuropathy Score. Reproduced from (Bril et al., 2009)

Painful-DSPN NPSI score breakdown Score

Total burning 5.0 (IQR 6.5)
Total Pressing 2.5(5.0)
Total Paroxysmal pain 575+2.4
Total Evoked pain 4.67 (5.9)
Total Paraesthesia/dysaesthesia 6.25 (3.25)

Appendix 10.7. Breakdown of the NPSI score in participants with painful-DSPN. Data are presented
as mean + standard deviation for parametric and median (IQR) for non-parametric continuous data
or percentage for categorical data. NPSI, neuropathic pain symptom inventory.
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HV (n=12) No-DSPN Painless- Painful-DSPN P value
(n=11) DSPN (n=12) (n=20)

CDT z-score -0.51+£1.45 -0.51£0.86 -2.33+£1.19 -2.59+£0.80 <0.001 A
CDT % 8.3% 0% 66.7% 84.2% <0.001 Chi?
abnormal
WDT z-score -0.61 +0.89 -0.45 £ 0.89 -1.91 £0.95 -1.96 £+ 0.57 <0.001 A
WDT % 8.3% 0% 58.3% 52.6% 0.001 Chi?
abnormal
TSL z-score -1.02+1.32 -0.70 £ 0.82 -2.37+1.26 -2.31+0.73 <0.001 A
TSL % 25% 0% 50% 68.4% 0.002 Chi?
abnormal
CPT z-score -1.02 (IQR -1.02 (0.13) -1.08 (0.32) -1.02 (0.16) 0.473 KW

0.48)
CPT % 0% 0% 0% 0% N/A
abnormal
HPT z-score -0.14 (2.91) -0.55(1.48) -1.88 (1.48) -1.46 (0.82) 0.002 KW
HPT % 8.3% 9.1% 41.7% 21.1% 0.151 Chi?
abnormal
PPT z-score 0.92 £0.81 1.29+0.90 0.91+1.98 0.16 £1.92 0.590 A
PPT % 0% 9.1% 33.3% 36.8% 0.52 Chi?
abnormal
MPT z-score 1.37+2.08 1.24 +1.58 -2.35+1.33 -1.88 £1.80 <0.001 A
MPT % 41.7% 45.5% 75% 68.4% 0.078 Chi?
abnormal
MPS z-score -0.61 (2.02) -0.96 (1.12) -1.93 (0.51) -1.94 (0.47) 0.001 KW
MPS % 33.3% 27.3% 91.7% 78.9% 0.001 Chi?
abnormal
WUR z-score 0.44+1.14 -0.40+1.03 0.39+1.33 - 0.638 A
WUR % 0% 9.1% 0% 0% 0.473 Chi?
abnormal
MDT z-score 1.95 (2.04) 1.17 (2.00) -2.23(3.36) -2.05 (2.93) <0.001 KW
MDT % 58.3% 45.5% 58.3% 52.6% 0.925 Chi?
abnormal
VDT z-score 0.40 (1.44) -0.33(2.19) -2.20(3.93) -2.96 (2.38) 0.001 KW
VDT & 8.3% 9.1% 50% 68.4% 0.001 Chi?
abnormal
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DMA score 0 0 0 0 N/A
DMA % 0% 0% 0% 0% N/A
abnormal
PHS % 0-83.3% 0-27.3% 0-91.7% 0-57.9% 0.018 Chi?
1-8.3% 1-18.2% 1-0% 1-5.3%
2-0% 2-0% 2-0% 2-15.8%
3-8.3% 3-54.5% 3-8.3% 3-21.1%
PHS % 8.3% 72.7% 8.3% 36.8% 0.002 Chi?
abnormal

Appendix 10.8. German pain research network QST results in study participants. Data are presented
as mean = standard deviation for parametric and median (IQR) for non-parametric continuous data
or percentage for categorical data. The statistical test used was ANOVA (A) for continuous normally
distributed data, Kruskal-Wallis (KW) for non-parametric continuous data or Chi? for categorical
data. CDT, cold detection threshold; CPT, cold pain threshold; DMA, dynamic mechanical allodynia;
HPT, heat pain threshold; MDT, mechanical detection threshold; MPT, mechanical pain threshold;
PHS, paradoxical heat sensation; PPT, pressure pain threshold; VDT, vibration detection threshold;
WUR, wind up ratio.
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HV (n=8) No-DSPN Painless- Painful-DSPN P value
(n=7) DSPN (n=9) (n=18)

Age (years) 69.5 (IQR 63.0 (8.0) 61.0 (13.5) 61.0 (8.0) 0.368 KW

11.0)
Sex (% female) | 25% 43% 56% 39% 0.641 Chi?
Duration DM 10+6.2 16.4+6.0 13.1+8.5 0.247 A
(years)
Retinopathy 28.6% 33.3% 61.1% 0.216 Chi?
presence
(% present)
Retinopathy 0=5 0=6 0=7 0.380 Chi?
score

1=2 1=2 1=6

(0= No DR, 1= ) ) _
Bck/Pre-P, 2=0 2=1 2=5
2=Pro/Laser)
Nephropathy 0% 50% 53% 0.046 Chi®
presence (%
present)
ACR 0.8(0.77IQR) | 1.3(1.8) 1.8 (1.6) 0.210 KW
(mg/mmol)
Number of 0.0 (1.3 1QR) 0.0 (0.0) 0.0(3.5) 0.085 KW
hypoglycaemic
episodes in last
12 months
Smoked ever 50% 57.1% 55.6% 72.2% 0.679 Chi?
(% Yes)
Pack Years 6.25 (18.75 9.0 (30.0) 0.8 (20.6) 2.2 (36.3) 0.853 KW
smoking (Packs | IQR)
[1 pack =20
cigarettes] x
Number of
years)
Alcohol intake | 3.0 (11.31QR) | 5.0(12.0) 1.0 (11.0) 0.0(0.1) 0.023 KW
(units/week)
Waist/hip ratio | 0.90 £0.1 0.93+0.02 0.97 £0.07 0.96 £ 0.08 0.208 A
Body mass 28.0+6.6 28.7+4.1 32.2+34 31.3+5.2 0.116 A
index (kg/m?)
Systolic blood 137.1+£22.7 126.3+13.3 144.8 + 19.6 140.1 £ 15.5 0.229 A
pressure
(mmHg)
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Creatinine 71.4+7.7 75.4+113 76.6+14.3 71.0+£16.9 0.746 A
(umol/l)

Total 5.18+0.9 5.21+0.7 4.04+1.0 432+1.0 0.022 A
Cholesterol

(mmol/1)

HbAlc 37.9(IQR4.5) | 61.0(IQR 56.0 (30.5) 65.0 (32.8) 0.001 KW
(mmol/mol) 34.0)

Glucose During 6.8 (IQR 7.4) 9.6 (8.3) 9.5(5.1) 0.763 KW
MR (mmol/l)

MMSE 30.0 (IQR0.0) | 30.0(0.0) 30.0 (1.0) 29.0(2.3) 0.108 KW
Depression 0% 0% 0% 16.7% 0.230 Chi?
(% Yes)

Anxiety (% Yes) | 0% 0% 11.1% 16.7% 0.445 Chi?

Appendix 10.9. Clinical details of participants undergoing 1H-MRS in Chapter 4. Data are presented
as mean * standard deviation for parametric and median (IQR) for non-parametric continuous data
or percentage for categorical data. The statistical test used was ANOVA (A) for continuous normally
distributed data, Kruskal-Wallis (KW) for non-parametric continuous data or Chi? for categorical
data. Retinopathy parameters: Bck, background retinopathy; DR, diabetic retinopathy; Laser,

panretinal photocoagulation; Pre-P, pre-proliferative retinopathy; Pro, proliferative retinopathy.
ACR, albumin to creatinine ratio; DM, diabetes mellitus; MMSE, mini-mental state examination.
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HV (n=8) No-DSPN Painless- Painful-DSPN P value
(n=7) DSPN (n=9) (n=18)
NPSI (Total 0.0 (IQR 0.0) 0.0 (0.0) 0.0 (0.0) 19.1 (15.8) <0.001 KW
score)
DN4 0.0 (IQR 0.0) 0.0 (0.0) 0.0 (1.5) 6.0 (2.3) <0.001 KW
TCNS 0.0 (IQR 0.0) 0.0 (2.0) 9.0(5.0) 14.0 (5.8) <0.001 KW
NIS-LL 0.0 (IQR0.0) | 0.0 (0.0) 12.0 (13.0) 18.0 (11.3) <0.001 KW
NIS-LL+7 0.0 (IQR 0.8) 0.0 (0.0) 22.0(19.8) 26.2 (17.8) <0.001 KW
Peroneal 6.0+2.4 6.0+2.1 1.7+18 25+1.9 <0.001 A
CMAP (mV)
Peroneal 469 (IQR2.9) | 45.6(2.3) 36.6 (20.2) 37.6(7.2) <0.001 KW
MNCV (m/s)
Peroneal 4.9 (IQR 1.0) 4.1(0.3) 7.1(9.5) 5.8 (1.8) 0.001 KW
MNDL (msec)
Tibial MNDL 4.8 (IQR 0.4) 4.4 (0.9) 5.6 (2.9) 6.5(3.3) 0.004 KW
(msec)
Sural SNAP 12.8 (IQR 8.2) | 12.5(7.6) 1.6 (3.7) 0.7 (7.0) 0.001 KW
(mV)
CAN 0.0 (IQR 0.0) 0.0(1.3) 0.0(0.0) 0.0 (3.8) 0.175 KW
composite
score
ESC (uS) 82.0 (IQR 68.0 (22.0) 58.5(32.0) 53.0 (34.5) 0.002 KW
11.8)

Appendix 10.10. Neurological assessments of study participants undergoing 1H-MRS in Chapter 4.
Data are presented as mean * standard deviation for parametric and median (IQR) for non-
parametric continuous data. The statistical test used was ANOVA (A) for continuous normally
distributed data and Kruskal-Wallis (KW) for non-parametric continuous data. CAN, cardiac
autonomic neuropathy; CMAP, compound muscle action potential; DN4, doleur neuropathique 4;
ESC, electrochemical skin conductance; MNDL, motor nerve distal latency; MNCV, motor nerve
conduction velocity; NIS-LL, neuropathic impairment score of the lower limb; NPSI, neuropathic pain
symptom inventory; SNAP, sural nerve action potential; TCNS, Toronto clinical neuropathy score;
vWEF, von Willebrand Factor.
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HV (n=9) No-DSPN Painless- Painful-DSPN P value
(n=8) DSPN (n=9) (n=14)

Age (years) 70.0 (IQR 61.5 (6.8) 61.0 (13.5) 60.5 (15.0) 0.615 KW

17.0)
Sex (% female) | 33.3% 63% 44.4% 35.7% 0.594 Chi?
Duration DM 8.6+5.8 16.2+6.1 11.9+7.0 0.067 A
(years)
Retinopathy 25.0% 44.4% 71.4% 0.098 Chi?
presence
(% present)
Retinopathy 0=6 0=5 0=4 0.172 Chi?
score

1=2 1=3 1=5

(0= No DR, 1= ) ) )
Bck/Pre-P, 2=0 2=1 2=5
2=Pro/Laser)
Nephropathy 0% 50% 46.2% 0.054 Chi?
presence (%
present)
ACR 0.5(0.6I1QR) | 1.8(1.7) 2.0(1.3) 0.067 KW
(mg/mmol)
Number of 0.0(0.01QR) | 0.0(0.0) 0.0 (3.5) 0.338 KW
hypoglycaemic
episodes in
last 12 months
Smoked ever 55.6% 62.5% 66.7% 57.1% 0.958 Chi?
(% Yes)
Pack Years 12.5(20.0 9.5 (14.3) 1.0 (38.1) 0.4 (30.0) 0.943 KW
smoking IQR)
(Packs [1 pack
=20
cigarettes] x
Number of
years)
Alcohol intake | 4.0 (10.01QR) | 7.5(12.0) 1.0(7.0) 0.0 (0.6) 0.024 KW
(units/week)
Waist/hip 0.87 £0.06 0.91+0.04 0.98 £0.08 0.94 £ 0.08 0.013A
ratio
Body mass 254 +5.1 28.3+4.6 32.1+£29 29.3+4.0 0.017 A
index (kg/m?)
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Systolic blood | 128.0 £ 18.5 129.3+11.2 1379+ 14.5 140.9+17.0 0.196 A
pressure

(mmHg)

Creatinine 71.1+8.0 71.0+13.0 79.0+13.8 73.9+16.1 0.573 A
(umol/1)

Total 4.66+0.8 5.14+0.6 3.88+1.0 441+1.1 0.060 A
Cholesterol

(mmol/1)

HbAlc 36.0 (IQR 6.5) | 62.5 (IQR 61.0 (30.5) 61.5 (39.5) <0.001 KW
(mmol/mol) 28.0)

Glucose 9.04 (IQR 6.6) | 9.6 (8.5) 9.5 (5.6) 0.964 KW
During MR

(mmol/I)

MMSE 30.0 (IQR 0.0) | 30.0(1.8) 30.0 (1.5) 29.0 (2.0) 0.240 KW
Depression 0% 0% 0% 14.3% 0.271 Chi?
(% Yes)

Anxiety 0% 0% 11.1% 14.3% 0.480 Chi?
(% Yes)

Appendix 10.11. Clinical details of participants undergoing 1H-MRS of the thalamus only in Chapter
4. Data are presented as mean = standard deviation for parametric and median (IQR) for non-
parametric continuous data or percentage for categorical data. The statistical test used was ANOVA
(A) for continuous normally distributed data, Kruskal-Wallis (KW) for non-parametric continuous
data or Chi? for categorical data. Retinopathy parameters: Bck, background retinopathy; DR, diabetic
retinopathy; Laser, panretinal photocoagulation; Pre-P, pre-proliferative retinopathy; Pro,
proliferative retinopathy. ACR, albumin to creatinine ratio; MMSE, mini-mental state examination.
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HV (n=9) No-DSPN Painless- Painful-DSPN P value
(n=8) DSPN (n=9) (n=14)
NPSI (Total 0.0 (IQR 0.0) 0.0 (0.0) 0.0 (0.0) 17.9 (14.8) <0.001 KW
score)
DN4 0.0 (IQR 0.0) 0.0 (0.0) 0.0 (1.5) 7.0(2.5) <0.001 KW
TCNS 0.0 (IQR 0.0) 0.0 (1.5) 9.0(7.0) 16.0 (5.0) <0.001 KW
NIS-LL 0.0 (IQR0.0) | 0.0(0.0) 14.0 (12.0) 18.0 (6.5) <0.001 KW
NIS-LL+7 0.0 (IQR 1.0) 0.0 (0.0) 25.0(17.0) 27.7 (17.0) <0.001 KW
Peroneal 5.5+3.5 47+3.0 0.7+3.3 2.6+3.7 <0.001 A
CMAP (mV)
Peroneal 46.3 (IQR 2.8) | 45.5(2.3) 35.4 (18.5) 37.6 (7.7) <0.001 KW
MNCV (m/s)
Peroneal 4.8 (IQR 0.9) 4.1(0.2) 7.5(7.8) 6.0(2.2) 0.001 KW
MNDL (msec)
Tibial MNDL 4.6 (IQR 0.9) 4.4 (0.9) 5.4 (2.9) 6.1(3.3) 0.004 KW
(msec)
Sural SNAP 15.4 (IQR9.0) | 12.5(6.7) 1.4(2.7) 1.6 (7.6) 0.001 KW
(mV)
CAN 0.0 (IQR0.0) | 0.0(1.3) 0.0 (0.0) 0.0 (2.8) 0.175 KW
composite
score
ESC (uS) 79.0 (IQR 72.0(21.0) 58.0(28.8) 53.0(29.0) 0.002 KW
11.0)

Appendix 10.12. Neurological assessments of study participants undergoing 1H-MRS of the thalamus
only in Chapter 4. Data are presented as mean + standard deviation for parametric and median (IQR)
for non-parametric continuous data or percentage for categorical data. The statistical test used was
ANOVA (A) for continuous normally distributed data, Kruskal-Wallis (KW) for non-parametric
continuous data or Chi? for categorical data. CAN, cardiac autonomic neuropathy; CMAP, compound
muscle action potential; DN4, doleur neuropathique 4; ESC, electrochemical skin conductance;
MNDL, motor nerve distal latency; MNCV, motor nerve conduction velocity; NIS-LL, neuropathic
impairment score of the lower limb; NPSI, neuropathic pain symptom inventory; SNAP, sural nerve

action potential; TCNS, Toronto clinical neuropathy score; vWF, von Willebrand Factor.
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vWF HV (n=6) T2DM (n=5) Painless-DSPN Painful- P value
(n=8) DSPN
(n=14)
Age (years) 69.7+9.3 64.4+4.7 63.1+5.9 64.4+10.9 | 0.597 A
Sex (% female) 50.0 40.0 25.0 42.9 0.790 Chi?
Duration DM 9.8+5.8 16.3x7.7 11.2x7.1 0.200 A
(years)
Retinopathy 80% 62.5% 78.6% <0.001 Chi?
presence
(% present)
Retinopathy 0=20% 0=37.5% 0=21.4% <0.001 Chi?
score
1=80% 1=37.5% 1=42.9%
(0= No DR, 1= o _ o _ o
Bck/Pre-P, 2=0% 2=25.0% 2=35.7%
2=Pro/Laser)
Nephropathy 20% 50% 42.9% <0.001 Chi?
presence (%
present)
ACR (mg/mmol) | 0.0 (0.2) 1.5 (1.7) 0.9 (1.9) 1.5 (3.5) 0.013 KW
Number of 00 37+75 5.4+14.2 0.768 A
hypoglycaemic
episodes in last
12 months
Smoked ever (% | 50% 40% 75% 78.6%" 0.322 Chi?
Yes)
Pack Years 10.0+11.4 6.1+13.4 23.4+23.7 25.0+24.5 | 0.248 A
smoking (Packs
[1 pack =20
cigarettes] x
Number of
years)
Alcohol intake 48+5.0 10.7x3.1 6.314.38 6.5+5.6 0.337 A
(units/week)
Waist/hip ratio 0.87 £ 0.06 0.95 +0.07 1.00 £ 0.08 0.96+0.08 | 0.028 A
Body mass index | 27.5+6.4 30.8+4.1 30.1+£3.2 31.0+£5.7 0.679 A
(kg/m?)
Systolic blood 139.8 £+ 21.7 124.2 +10.3 137.4+19.7 1370 0.404 A
pressure 12.9
(mmHg)
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Creatinine
(umol/I)

70.0+9.9

77.4+8.6

72.8+11.2

75.4+23.9

0.892 A

Total
Cholesterol
(mmol/1)

50+1.2

41+1.2

3.5+£0.7

42+10

0.084 A

HbAlc
(mmol/mol)

37.5+4.0

56.6 £10.6

63.1+16.8

67.4+18.8

0.005 A

Appendix 10.13. Clinical details of study participants undergoing skin biopsy and vWF analysis. Data
are presented as mean * standard deviation for parametric and median (IQR) for non-parametric
continuous data or percentage for categorical data. The statistical test used was ANOVA (A) for
continuous normally distributed data, Kruskal-Wallis (KW) for non-parametric continuous data or
Chi? for categorical data. Retinopathy parameters: Bck, background retinopathy; DR, diabetic
retinopathy; Laser, panretinal photocoagulation; Pre-P, pre-proliferative retinopathy; Pro,
proliferative retinopathy. ACR, albumin to creatinine ratio; MMSE, mini-mental state examination.
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vWF HV (n=6) T2DM (n=5) | Painless-DSPN | Painful- P value
(n=8) DSPN (n=14)
NPSI (Total score) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 20.5(18.8) <0.001 KW
DN4 0.0 (0.0) 0.0 (1.0) 2.0 (1.5) 6.0 (3.3) <0.001 KW
TCNS 0.0 (0.3) 2.0(1.0) 8.0 (10.0) 15.5(3.0) <0.001 KW
NIS-LL 0.0 (0.5) 0.0 (1.0) 9.0 (19.3) 17.5(8.5) <0.001 KW
NIS-LL+7 0.0 (0.8) 0.0 (1.5) 17.0 (23.7) 27.3(15.1) | P <0.001 KW
Peroneal CMAP (mV) 50+1.9 54+27 2.8+3.2 23+1.8 0.035A
Peroneal MNCV (m/s) 46.6+1.9 46.7+2.9 37.4+9.7 39.0+5.0 0.015 A
Peroneal MNDL (msec) 4.9 (0.7) 4.5 (0.9) 6.6 (2.6) 5.7 (1.9) 0.033 KW
Tibial MNDL (msec) 4.8 (1.4) 4.7 (0.5) 7.4 (2.9) 6.6 (2.8) 0.001 KW
Sural SNAP (mV) 13.2+7.9 11.1+3.9 56+49 29+49 0.012 A
CAN composite score 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 2.0(7.5) 0.010 KW
Foot ESC (uS) 71.2+11.1 74.2+135 | 54.1+19.8 43.1+20.8 0.005 A
PGP 9.5 IENF fibres/mm 18.1+3.8 17.7+3.6 79142 6.1+5.5 <0.001 A
VWF % area 2.4 (1.0) 2.7 (1.1) 3.1(1.8) 4.7 (0.9) <0.001 KW

Appendix 10.14. Neurological assessments of study participants undergoing skin biopsy and vVWF
analysis. Data are presented as mean * standard deviation for parametric and median (IQR) for non-
parametric continuous data. The statistical test used was ANOVA (A) for continuous normally

distributed data and Kruskal-Wallis (KW) for non-parametric continuous data. CAN, cardiac

autonomic neuropathy; CMAP, compound muscle action potential; DN4, doleur neuropathique 4;
ESC, electrochemical skin conductance; MNDL, motor nerve distal latency; MNCV, motor nerve
conduction velocity; NIS-LL, neuropathic impairment score of the lower limb; NPSI, neuropathic pain
symptom inventory; SNAP, sural nerve action potential; TCNS, Toronto clinical neuropathy score;

vWEF, von Willebrand Factor.
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vWF HV (n=6) T2DM (n=5) Painless-DSPN | Painful-DSPN P value
(n=8) (n=14)

CDT z-score -0.75+1.53 -0.78 £0.43 -2.21+£1.18 -2.13+£1.40 0.052 A

CDT % 16.7% 0.0% 50% 71.4% 0.018 Chi?

abnormal

WDT z-score -0.85+1.08 -0.54 £0.77 -1.68+1.12 -2.03+0.46 0.004 A

WDT % 16.7% 0% 50% 57.1% 0.080 Chi?

abnormal

TSL z-score -1.34+1.53 -1.09 £0.27 -2.25+1.30 -2.20+£0.59 0.077 A

TSL % 33.3% 0% 37.5% 64.3% 0.082 Chi?

abnormal

CPT z-score -1.05 (0.19) -0.98 (0.64) -0.87 (1.03) -1.0(0.73) 0.645 KW

CPT % 0% 0% 0% 0% N/A

abnormal

HPT z-score -0.43+1.37 -0.79 £ 0.98 -0.62 £1.62 -1.39+0.47 0.235 A

HPT % 16.7% 0% 37.5% 21.4% 0.442 Chi?

abnormal

PPT z-score 0.35+0.78 1.31+2.19 0.55+1.89 1.14 +1.96 0.724 A

PPT % 0.0% 60% 25.0% 71.4% 0.014 Chi?

abnormal

MPT z-score 1.84+£1.90 1.23+1.57 -1.60+£2.11 -1.96 £ 2.03 0.0001 A

MPT % 50% 60% 62.5% 85.7% 0.359 Chi?

abnormal

MPS z-score -1.85 (1.54) 0.14 (2.53) -1.72 (1.56) -1.94 (0.47) 0.031 KW

MPS % 66.7% 20.0% 75.0% 85.7% 0.053 Chi?

abnormal

WUR z-score -1.2+1.02 -0.21+1.49 -0.08 £ 0.88 -N/A = N/A 0.592 A

WUR % 0% 20.0% 0% 0% 0.504 Chi?

abnormal

MDT z-score 0.16 (2.13) 0.26 (1.72) -1.31 (5.46) -2.00 (3.25) P=0.032 KW

MDT % 33.3% 20.0% 50.0% 50.0% 0.626 Chi?

abnormal

VDT z-score 0.00 (2.12) 0.46 (2.16) -2.20(3.83) -2.83(1.85) 0.055 KW

VDT % 16.7% 20.0% 62.5% 64.3% 0.108 Chi?

abnormal
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DMA % 0% 0% 0% 7.1% 0.706
abnormal

PHS % 0% 60.0% 25.0% 35.7% 0.172 Chi?
abnormal

Appendix 10.15. German pain research network QST results in Chapter 8 study participants. Data are
presented as mean * standard deviation for parametric and median (IQR) for non-parametric
continuous data or percentage for categorical data. The statistical test used was ANOVA (A) for
continuous normally distributed data, Kruskal-Wallis (KW) for non-parametric continuous data or
Chi? for categorical data. CDT, cold detection threshold; CPT, cold pain threshold; DMA, dynamic
mechanical allodynia; HPT, heat pain threshold; MDT, mechanical detection threshold; MPT,
mechanical pain threshold; PHS, paradoxical heat sensation; PPT, pressure pain threshold; VDT,
vibration detection threshold; WUR, wind up ratio.
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