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“Remember to look up at the stars and not down at your feet. Try to make sense of what you see and wonder about what makes the universe exist. Be curious. And however difficult life may seem, there is always something you can do and succeed at. It matters that you don’t just give up.” 
Stephen Hawking
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	Overview of the Studies

	
	Chapter 2
	Chapter 3
	Chapter 4
	Chapter 5
	Chapter 6

	Title
	Characterisation of clinical and metabolic phenotypes of group participants
	Reproducibility of quantitative measurements of Dynamic Susceptibility Contrast (DSC) for cerebral microvascular perfusion.
	Microvascular perfusion characteristics of the thalamus and areas of the pain network (matrix) at baseline using dynamic susceptibility contrast
	The effect of acute heat pain stimulus on the microvascular perfusion of the thalamus and areas of the pain matrix in P-DPN using dynamic susceptibility contrast
	Altered thalamic H1-MRS parameters are more strongly related to mood disorders than perfusion parameters

	Aims
	To characterise participants using clinical and metabolic parameters.
	To establish the reproducibility of the four perfusion parameters RBV, RBF, MTT, TTP measured by the DSC-MRI protocol and compare to published data.
	To determine differences in microvascular perfusion parameters in pain processing areas of the brain at rest between P-DPN and DPN, DM-NN and HV. 
	To determine differences in microvascular perfusion parameters in pain processing areas of the brain during a painful stimulus between P-DPN and DPN, DM-NN and HV.
	To compare H1-MRS, as a measure of neuronal function, with patient phenotype and perfusion parameters

	Design
	Cross-sectional study using clinical examination, questionnaires and blood tests.
	Cross sectional study using DSC-MRI measurements at baseline. Whole dataset blinded comparison of measurements by two raters. 
	Cross sectional clinical study using DSC-MRI during a resting condition.
	Cross sectional clinical study using DSC-MRI during a painful thermal stimulus 
	Cross sectional clinical study comparing H1-MRS to DSC-MRI and patient phenotype 

	Results
	PILL and PCS score was significantly higher in the P-DPN group. Discriminant function analysis using measures of mood, and somatic focus significantly differentiates P-DPN from other groups. Methylglyoxal level not significantly correlated with P-DPN but glucose level  correlated with WDT, DMA and DN4 score.
	Bland Altman plots of TTP show approximately 10% variability for the difference vs average plots. TTP has an “excellent” ICC of 0.837. ICC was good for RBF =0.710 and MTT= 0.618, and fair for RBV=0.443.  


	MTT was shorter at baseline between HV and all diabetes groups with the greatest difference between HV and DM-NN.
TTP was significantly faster for P-DPN subjects if they had pain (P+) at the time of the scan, at all measured areas apart from the ACC. P+ patients also had significantly shorter MTT at the RThal.  

	TTP when adjusted for pain perception (Likert scale) and group interaction was significantly longer for P-DPN as compared with HV, at the LThal, RThal, LINS, RINS, LPSC and RPSC
	There is a significant negative correlation between scores on HADS, Becks, State/trait anxiety inventory and Behavioural Inhibition Scales and NAA/Cr ratio in the thalamus.  


	Conclusions
	Somatic focus, mood and pain catastrophising must be accounted for in studies of P-DPN. Glucose level was correlated with DN-4, DMA and WDT, suggesting that although serum methylglyoxal is not a predictor of neuropathic pain, other more stable advanced glycation end-products may be implicated in the pathogenesis of P-DPN.    
	TTP is the most robust measure of microvascular cerebral perfusion using DSC-MRI but other measures have acceptable reproducibility in line with previously published reports.  Our methodology is sufficiently robust to draw conclusions from group comparisons of microvascular cerebral perfusion measures
	Subgroup analysis showed that TTP and MTT is significantly shorter in P-DPN subjects with pain (P+) at rest, which suggests that peripheral pain is measurable centrally and perfusion changes are secondary to pain perception rather than structural abnormalities. Pain at the time of the scan is an important parameter that must be accounted for in P-DPN studies. 
 MTT results suggest there may be hyper-perfusion in the cerebro-vascular bed, analogous to hyper-perfusion in the kidney and peripheral nerve, in subjects with diabetes and particularly DM-NN.  
	After adjustment for pain perception, TTP significantly lengthens during the application of experimental pain for subjects with P-DPN whilst HV shorten their TTP. Possibilities for the observation of this phenomena may be due to primed descending or ascending inhibition in the P-DPN group, or inappropriately sluggish response due to a failure of neurovascular coupling.  
	NAA/Cr ratio is more strongly associated with measures of depression and anxiety than measures of perfusion or neuropathy.  H1-MRS studies must be carefully characterised for depression and anxiety to minimise the confounding effect of mood disorders in studies of P-DPN.  Alternatively, psychological states may be implicated in the pathogenesis of P-DPN. 

	Novelty
	This is the first study to show somatic focus as a correlate of P-DPN. 
This is the first study to compare methylglyoxal levels in T1D of relatively long duration between P-DPN and control groups
	Full DSC-MRI dataset analysed by two raters.
	This is the first study that describes a difference between P-DPN and other groups using CNS microvascular perfusion measures and can link this perfusion change to the perception of neuropathic pain.  This is the first study to show that there is hyper-perfusion in the central nervous system in the context of diabetes.  
	This is the first study to show that dynamic pain response is altered in those with P-DPN as compared to healthy volunteers 
	This is the first study to describe a link between mood disorders and H1-MRS in the context of P-DPN
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[bookmark: _Toc64723860][bookmark: _Toc235118480][bookmark: _Toc431375269][bookmark: _Toc48364648]Chapter 1:  The Problem of Painful Diabetic Peripheral Neuropathy: Central Nervous System Manifestations (CNS), Measurement of CNS Correlates and Rationale for the Choice of Dynamic Susceptibility Contrast- Magnetic Resonance Imaging (DSC-MRI) as a Quantifiable Measure of CNS Perfusion.

Abnormalities in blood flow have long been associated with diabetes, and the association between diabetes and the development of peripheral vascular and cardiovascular disease is well recognised (Nathan, 1993, Nathan et al., 2005, Pambianco et al., 2006).  Cerebrovascular disease in patients with diabetes has also been widely reported (Sundquist and Li, 2006, Secrest et al., 2013)  Research from our group and others has reported that  diabetic peripheral neuropathy (DN) may also involve the CNS (Tesfaye et al., 2016).  A number of research questions emerge regarding the relationship of cerebrovascular perfusion and neuropathy phenotype in diabetes. For example, what are the consequences of altered cerebral microvascular perfusion on subjects with painful diabetic peripheral neuropathy (P-DPN)? Could alterations in cerebral microvascular perfusion signal the perception of pain in the brain in those with P-DPN?
In 1994, Tesfaye et al., identified abnormal microvasculature involving the vasa nervorum which appeared to contribute to neural perfusion and neuropathic pain (Tesfaye et al., 1996a).  In 2005, a link between vascular risk factors and the development of DPN was shown in the Eurodiab study(Tesfaye et al., 2005).  In a pilot study with a small number of subjects, Selvarajah et al. identified a difference in microvascular perfusion of the thalamus between subjects with P-DPN and painless diabetic neuropathy (DPN) (Selvarajah et al., 2011b). The hypothesis of this study was that there are unique microvascular perfusion abnormalities in the brain of individuals with type 1 diabetes (T1D) and P-DPN that are associated with the perception of pain. The hypothesis will be tested with a larger cohort of well-characterised subjects with T1D and P-DPN, DPN (painless DPN), T1D and no DPN (DM-NN), and healthy volunteers (HV).

The introduction will examine the problems associated with P-DPN, and outline what is known about its development.  CNS findings for subjects with non-diabetic neuropathy, diabetes without neuropathy, and P-DPN will also be discussed below.  Potential methods of assessing microvascular perfusion in the CNS will also be discussed.
[bookmark: _Toc64723861]Complications of Diabetes
Diabetes is a highly prevalent metabolic disease.  It is estimated that in 2017 there were 451 million adults with diabetes worldwide, and this is expected to increase to 693 million by 2045 (Cho et al., 2018).  The chronic nature of T1D and type 2 diabetes (T2D) has the potential to lead to irreversible complications that are separate from the dangers of acute uncontrolled fluctuation in levels of plasma glucose (Pirart, 1977, Shamoon et al., 1993, Nathan et al., 2005).  The DCCT and EDIC studies showed that some complications of diabetes are associated with elevated blood glucose levels.  These included microvascular complications (retinopathy, nephropathy, neuropathy) and a weaker association was found with macrovascular complications including peripheral vascular disease, coronary artery disease and stroke (Nathan et al., 2005).
[bookmark: _Toc49972675][bookmark: _Toc64723862]Diabetic Distal Symmetrical Polyneuropathy 
[bookmark: _Toc49972676][bookmark: _Toc64723863]Definition 
Diabetic distal symmetrical polyneuropathy or diabetic neuropathy (DN) is defined as “symmetrical length dependent sensorimotor polyneuropathy attributable to chronic hyperglycaemia, associated metabolic derangements, cardiovascular risk covariates and micro vessel alterations” (Dyck et al., 2011a). Recent studies have shown the prevalence of clinically diagnosed DN to range between 20-35% of those with T1D and T2D (Tesfaye et al., 1996b, Abbott et al., 1998, Cabezas-Cerrato, 1998, Pop-Busui et al., 2010).
[bookmark: _Toc49972677][bookmark: _Toc64723864]Complications of Diabetic Neuropathy
DN has complications of its own.  Insensitivity to trauma due to “negative symptoms” including hypo- or an-aesthesia, and hypo- or an-algesia,  predispose one to foot ulceration (Abbott et al., 1998, Abbott et al., 2002, Jude and Boulton, 1999); Charcot neuro-arthropathy of the foot (Rogers et al., 2011); and amputation (Adler et al., 1999). Lower limb amputations secondary to DN are associated with increased mortality (Ramsey et al., 1999, Jeffcoate et al., 2006, Brownrigg et al., 2012).  Paradoxically, patients with varying degrees of sensory loss can also experience “positive symptoms” that can be painful (dysaesthesia): including burning, paroxysmal “electric shock”, “stabbing knife like” and unremitting aching pains; and non-painful (paraesthesia): including tingling or pins and needles symptoms. A relative minority experience allodynia (a non-painful stimulus perceived as painful) and hyperalgesia (a slightly painful sensation perceived as being very painful). There is a large spectrum of combinations of both positive and negative symptoms (Tesfaye et al., 2011).  These symptoms can be very distressing, and result in a decreased quality of life despite treatment (Benbow et al., 1998, Gore et al., 2005, Currie et al., 2006, Tolle et al., 2006, Jensen et al., 2007, Viala-Danten et al., 2008, Doth et al., 2010, Hoffman et al., 2010, daCosta DiBonaventura et al., 2011).  
[bookmark: _headingh.26in1rg][bookmark: _Toc49972740][bookmark: _Toc64724162]Figure 1.1  Symptoms of Diabetic Peripheral Neuropathy
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Figure depicting the symptoms of DN from Tesfaye, S; 
Neuropathy in diabetes, 2015, Medicine 43(1)26-32.  (Tesfaye, 2015) Reproduced with permission,© 2015, Elsevier.  
[bookmark: _Toc49972678][bookmark: _Toc64723865]Painful Diabetic Peripheral Neuropathy
The Toronto Expert Panel on Diabetic Neuropathy defined P-DPN as “pain arising as a direct consequence of abnormalities in the somatosensory system in people with diabetes” (Tesfaye et al., 2011). In order to study neuropathic pain, reliable and reproducible measurements must be made.  The Toronto expert panel advocated that the diagnosis of P-DPN should rest on clinical description of pain and its context (Tesfaye et al., 2011).  As pain is a subjective experience, scales and questionnaires have been recommended by the expert group that can reproducibly measure pain symptoms. These include the 11- point Likert scale (also known as Numeric Rating Scale – NRS), the Neuropathic Pain Symptom Inventory (NPSI), the modified Brief Pain Inventory (BPI), and the McGill Pain Questionnaire (Tesfaye et al., 2011).  
Measurement of the severity of DPN as a composite score was recommended by the Toronto Expert Panel for research purposes (Dyck et al., 2011a). The Neuropathy Impairment Score of the lower limbs plus 7 measures of nerve function (NIS-LL+7) is one such composite measure.  It includes the Neuropathy Impairment Score (NIS), the sum of the normal deviate scores of peroneal nerve velocity, amplitude, distal latency, tibial distal latency, sural amplitude, and quantitative sensory testing (QST-which is a standardized measurement of small and large fibre thresholds) (Dyck et al., 1993d).  Alternatively, the American Academy of Neurology has proposed that a case definition of distal symmetric polyneuropathy must include abnormal nerve conduction studies (i.e. an abnormality of the sural nerve and one other), and neuropathic symptoms; and at least one of decreased or absent ankle reflexes, decreased distal sensation and distal muscle weakness or atrophy (in the rare case of lack of neuropathic symptoms then all three will be required) (England et al., 2005). Measurement of intra epidermal nerve fibre density (IENFD) is an objective measure of early small-fibre neuropathy and is advocated as part of the research evaluation of small-fibre neuropathy, which also includes quantitative sensory testing (Malik et al., 2011).  Unlike the diagnosis of DN which can be measured objectively, the assessment of pain relies solely on an individual’s subjective description.  Currently there is increasing research aimed at developing objective correlates of P-DPN symptoms for clinical and research purposes.
[bookmark: _Toc49972679][bookmark: _Toc64723866]Treatment of P-DPN
Most neuropathic pain management guidelines recommend duloxetine, pregabalin, gabapentin and amitriptyline as first line agents for symptomatic treatment of P-DPN (Cruccu et al., 2010, Tesfaye et al., 2011, Tesfaye and Selvarajah, 2012, Ziegler, 2011, Bril, 2012, Devitt, 2012).  Second line agents with efficacy include tramadol (Harati et al., 1998), morphine (Gilron et al., 2005), oxycodone(Gimbel et al., 2003) tapentadol slow release (Schwartz et al., 2011) and capsaicin 8% patch (Anand and Bley, 2011).  A recent meta-analysis of pharmacological agents used to treat neuropathic pain, estimated that the Number Needed to Treat (NNT) for 50% pain intensity reduction was 3.6 for amitriptyline, 6.4 for duloxetine, 6.3 for gabapentin and 7.7 for pregabalin.  For every one patient that has a significant reduction in pain, between 3 and 7 patients do not get any significant relief (Finnerup et al., 2015).  Severe P-DPN unresponsive to pharmacotherapy may be treated with implantable spinal cord stimulation (Tesfaye et al., 1996c, Daousi et al., 2005, de Vos et al., 2009).
There are no universally accepted disease modifying treatments for diabetic neuropathy or it’s subset P-DPN, but agents that have approvals in several countries include the antioxidant alpha-lipoic acid (Ziegler et al., 2006), and the aldose reductase inhibitor, epalrestat (Hotta et al., 2006).  Improvement in glucose control slows the rate of progression of established neuropathy but does not reverse the condition (Allen et al., 1997, Nathan et al., 2005, Perkins et al., 2010, Pop-Busui et al., 2010, Bril, 2012, Lachin et al., 2017b).  
In summary, available treatments may do no more than partially alleviate symptoms or decrease the rate of progression of P-DPN. The lack of efficacious treatments, and the impact of pain on quality of life make it essential to understand the pathogenesis of the condition in order to develop more effective treatment targets and therapies.

[bookmark: _Toc49972680][bookmark: _Toc64723867]P-DPN pathogenesis: Vascular factors
P-DPN is defined as pain caused by a lesion or disease of the somatosensory nervous system caused by diabetes (IASP, 2017).  However, the lesion that differentiates DPN and P-DPN has not been identifiable histologically.  Changes which are common to both P-DPN and DPN are peripheral nerve axonal degeneration, reduction in fibre counts, and changes in the peripheral nerve microvasculature (Malik et al., 1989).  On electron microscopic examination, vessels were shown to have increased basement membranes and reduction in luminal area (Malik et al., 1989).  Changes in blood supply to the peripheral nerves including epinuerial arteriolar attenuation, venous distension and tortuosity, and shunting of blood flow away from the endoneurium causing ischaemia have been described in both DPN and P-DPN (Tesfaye et al., 1994).  Vascular changes have been demonstrated in animal models of both DPN and P-DPN (Tuck et al., 1984, Cameron et al., 1991).  However, DPN could be differentiated from P-DPN by lower epineural oxygen saturation and blood flow using microlight guided spectrophotometry and fluorescein angiography (Eaton et al., 2003).  
Diabetes is a generalised metabolic disorder and perhaps vascular changes such as shunting and tortuosity and basement membrane thickening are more widespread than just the peripheral nervous system.  Although CNS histopathology changes of any type have not been reported specifically in P-DPN, widespread capillary basement membrane thickening was prevalent in an autopsy series of brain specimens from subjects  with diabetes (Reske-Nielsen and Lundbaek, 1963, Reske-Nielsen and Lundbaek, 1968).  A contemporary post mortem case series examining small vessel disease in T2D, demonstrated microvascular damage and possible perivascular angiogenesis, white matter rarefaction and gliosis (Nelson et al., 2009).  An earlier series reported thickened cerebral cortical capillary membranes in human subjects with diabetes (Johnson et al., 1982).  Animal Models have also shown CNS changes to capillary basement membrane thickness (Mukai and Hori, 1979, Junker et al., 1985).  Thus, it is possible that some of the neural and microvascular changes that are seen in autopsy series, may exist in individuals with P-DPN and may alter perfusion to pain processing areas of the brain, potentially impacting on the central perception of neuropathic pain. 
[bookmark: _Toc49972681][bookmark: _Toc64723868]P-DPN pathogenesis: Metabolic factors
The factors that are proposed to lead to P-DPN are outlined in figure 1.2 (Feldman et al., 2019).


[bookmark: _Toc49972741][bookmark: _Toc64724163]Figure 1.2  Schematic of Factors Thought to be Involved in the Pathogenesis of P-DPN
[image: figure4]
| “Several alterations to peripheral and central neurons contribute to the pathophysiology of painful diabetic neuropathy. Ion channels at the terminals of nociceptors can undergo glycation through the addition of methylglyoxal to form advanced glycation end-products (AGEs), which can contribute to gain of function of these channels and neuronal hyperexcitability. Changes at the perikaryon include increased expression of voltage-gated sodium channels, such as Nav1.8, which can lead to hyperexcitability. In myelinated axons, the expression of shaker-type potassium (Kv) channels is reduced, which can also contribute to hyperexcitability. Hyperexcitability of neurons leads to increased stimulus responses and ectopic neuronal activity, leading to excessive nociceptive input to the spinal cord. In the spinal cord, microglia become activated and further enhance excitability within the dorsal horn.  b | Several ascending pathways are involved in pain perception and the psychological changes associated with pain, for example, the spinothalamic pathway (1), which is involved in pain perception, and the spinoreticular tract. In addition, ascending pathways that travel via the parabrachial nucleus (2) to the hypothalamus and amygdala (3) are involved in autonomic function, fear and anxiety. Descending pathways inhibit or facilitate the transmission of nociceptive information at the spinal level (4)”. from Feldman et al., 2019 Diabetic Neuropathies. Reproduced with permission, © 2003, Springer.


Evidence for the metabolic mechanism for P-DPN is presented in Figure 1.2.  Sodium channel receptor modification NaV1.8 by an advanced glycation end product (methylglyoxal) has been described as a possible method of pain generation in P-DPN (Bierhaus et al., 2012).  Other sodium channel subtypes such as NaV1.7, which is present in small fibre neuropathies, may be an important target, even though a recent trial of NaV1.7 blockade in a group with P-DPN did not show efficacy compared with placebo and pregabalin.  Calcium channels are thought to perhaps play a part in pain generation due to the responsiveness of P-DPN to gabapentin (Fernyhough and Calcutt, 2010).  Calcium channel CaV3.2 has been shown to become hyperexcitable secondary to glycosylation, reversal of the glycosylation resulted in a decrease in pain behaviours in ob/ob mice.  “Shaker” type potassium channel numbers are decreased in models of P-DPN close to the node of Ranvier and therefore suppression of hyperexcitable impulses due to pain may be impaired (Zenker et al., 2012).  Peripheral nerve (Aδ, C) fibres thought to carry pain messages synapse in the dorsal horn of the spinal cord.  It is thought that there is GABA and opioid mediated synaptic inhibition in the dorsal root ganglion, which is mediated directly by descending connections from the rostro-ventral medulla and the periaqueductal gray matter, and indirectly by upregulation of GABA mediated  interneurons (Bannister, 2019).  
In summary, a complex interplay of vascular and metabolic factors appears to contribute to pain perception in P-DPN.  
[bookmark: _Toc49972682][bookmark: _Toc64723869]Central pain perception
[bookmark: _Toc49972683][bookmark: _Toc64723870]Supra-spinal mechanisms of pain processing 
The ‘pain matrix’ or neuromatrix has been hypothesised as a pathway through the brain that noxious signals may follow to allow the perception of pain.  After ascending sensory neurons of the spinothalamic tract synapse in the thalamus, multiple outputs and parallel pathways arise that synapse and activate various regions of the brain.  Functional imaging studies have consistently identified the insula (INS), the anterior cingulate cortex (ACC), the sensory cortex and the thalamus (Thal) as part of the pain matrix, amongst other areas (see Figure 1.3). (Tracey and Mantyh, 2007, Duerden and Albanese, 2013, Tanasescu et al., 2016).

[bookmark: _Toc49972742][bookmark: _Toc64724164]Figure 1.3  Neuroanatomy of Pain Processing

[image: A close up of a mapDescription automatically generated]
Depiction of the main brain regions that activate during a painful experience, highlighted as bilaterally active but with increased activation on the contralateral hemisphere (orange) (Tracey and Mantyh, 2007) reproduced with permission © 2003, Elsevier
Melzack described the theory of the neuromatrix as follows: “The neuromatrix which is genetically determined and modified by sensory experience is the primary mechanism that generates the neural pattern that produces pain. Its output is determined by multiple influences of which sensory input is just a part, that converge on the neuromatrix”.  This theory was put forward to explain the individual nature of chronic pain, including the part that central sensitisation, personality and affect, as well as stress and other influences may have (Melzack, 2001).  
Given this framework in which pain might be understood, we require a method of collecting data not just about brain structures in vivo, but also the areas of the brain that are active whilst assimilating and processing information from our environment on a moment to moment basis - a crude map of how the brain is “thinking”.  This may provide a clue as to what might be different in those with P-DPN.
Functional and structural MR imaging studies of the brain have been undertaken in many forms of chronic pain, to try to reveal any common pathways or areas of the brain that are activated, that may provide a biomarker for pain perception, or a way of understanding the neuropathology of painful syndromes (Seifert and Maihoefner, 2009, Seifert and Maihofner, 2011).  
[bookmark: _Toc49972684][bookmark: _Toc64723871]Perfusion Magnetic Resonance Imaging of the CNS
Magnetic resonance imaging (MRI) presents a non-invasive and highly anatomically detailed picture of the CNS.  With the advent of higher tesla magnetic resonance scanners, those interested in assessing the brain during function are able to quantify metabolism and perfusion and more detailed correlates of structure (Wilkinson and Paley, 2008).  MRI employs the paramagnetic properties of water or other molecules within a strong magnetic field, manipulates them using magnetic and radiofrequency gradients, thereby producing a magnetic signal that is read by the receiving coils.  The pattern of magnetic charges is read into K space and mapped to a co-ordinate location in order to produce an image (Zhuo and Gullapalli, 2006). 
MRI methods could be usefully employed to look into the pathophysiological mechanisms of CNS correlates of P-DPN by helping to: 
1. understand the individual CNS factors that might differentiate those who develop P-DPN from those who do not;
 2. define the factors that differentiate responders from non-responders to different treatment types in P-DPN; and 
3. develop a biomarker that is reliable for indicating the presence of P-DPN.
The following sections detail imaging techniques and findings relevant to the CNS perfusion imaging of P-DPN.
Roy and Sherrington proved in 1890 that blood flow was a marker of neuronal activity (Roy and Sherrington, 1890, Friedland and Iadecola, 1991), the so called “neuro-vascular coupling” response.  Using this principle in the late 1980s and early 1990s studies of perfusion, i.e. “the volume of blood passing through a given volume or mass element of tissue per unit time” (Knutsson et al., 2010a), was used to study activation of brain regions to infer increased activity on a regional basis in humans.  It was hoped that this would give an increasing understanding of the areas that processed pain in vivo (Apkarian, 1995). 
[bookmark: _Toc49972686][bookmark: _Toc64723872]Perfusion imaging by DSC-MRI technique
 DSC-MRI utilises local magnetic field gradients created by exogenous contrast, and can allow measurement of cerebral blood volume (CBV) [footnoteRef:1]; cerebral blood flow (CBF), mean transit time of the bolus (MTT), time-to-peak (TTP) concentration of the bolus and other parameters derived from kinetic tracer theory  (Figure 1.4) (Edelman et al., 1990, Knutsson et al., 2010b).  The advantage to this technique is that unlike other techniques that can measure flow, this technique provides a quantifiable result. This would make it ideal as a technique to use as a biomarker.  It is quantitative as opposed to  blood oxygen level dependent functional magnetic resonance imaging (BOLD fMRI) (Tegeler et al., 1999), which means that baseline differences can be more accurately compared.  This is of utmost importance as diabetes is a vascular disease, and event-related and non-quantitative techniques may mask true baseline differences.  [1:  Regional can be used in preference to the term cerebral to describe volume or flow in specific areas of the brain] 


[bookmark: _Toc49972743][bookmark: _Toc64724165]Figure 1.4  DSC-MRI technique- Converting the Signal Intensity Time Curve to Concentration Intensity Time Curve  
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Panel 1.			Panel 2.			Panel 3.
Panel 1 shows the images that are acquired at time points during the acquisition sequence.  The gadolinium passes through the brain causing a drop in signal intensity due to its magnetic properties.  Each image acquired represents a time point. Panel 2 is a summary of the signal intensity at each time point . Panel 3 shows the inverse of the signal time curve- the concentration time curve of the bolus passage (Marshall, 2020). 

Moreover, DSC-MRI has a superior signal-to-noise (SNR) to arterial spin labelling (ASL) (Deibler et al., 2008, Armitage et al., 2017) therefore perfusion differences that happen within seconds can be quantified.  These attributes make it an ideal modality to interrogate perfusion in the context of pain.  
DSC-MRI exploits the T2* effect of gadolinium chelate contrast as it passes through a tissue of interest. In order to quantify the perfusion parameters, the tissue concentration C(t) of the tracer can be mathematically defined as follows: 

               ( Equation 1)

where, k is a constant describing haematocrit and brain tissue density values, t is the time point of bolus arrival, τ is the time constant, CBF is cerebral blood flow and Ca(t) is the arterial input function.  R(t) is the residual function or the fraction of concentration of tracer in a voxel under ideal conditions of bolus arrival (i.e. instantaneous, and infinitely short) and  represents deconvolution(Calamante et al., 2002).  CBF is a measure of flow in the region of interest (Figure 1.5) and can be used to infer neurovascular coupling during brain activity.  Hence, in order to derive quantitative CBF values to gather information about neuronal activity in regions thought to be involved in pain processing, the arterial input function (i.e. the concentration of contrast arriving at the voxel of interest), as well as the residual function (i.e. the fraction of contrast existing at the voxel of interest in the tissue of interest at the same time point) must be known (Figure 1.5). 
 Deconvolution of the arterial input function from the residual tissue function as described in equation 1, is essential to give an accurate measure of CBF (Ostergaard et al., 1996b, Ostergaard et al., 1996a, Willats et al., 2012), however identification and calculation of the arterial input function may not be straight forward as described below in the section “Limitation of DSC” p 35.
CBV can be calculated by the integral of the tissue concentration curve in the region of interest (CROI) divided by the integral of the arterial input function (see Equation 2 and Figure 1.5) and represents the concentration of contrast within the tissue of interest (Figure 1.5).  CBV is an indirect measure of capillary density (Willats and Calamante, 2013b, Quarles et al., 2019).  MTT is calculated by dividing the cerebral blood volume by the cerebral blood flow (see Equation 3 and Figure 1.5) and represents the time it takes for contrast to traverse a region of interest (Figure 1.5).
                                                           (Equation 2)
                                                                     (Equation 3)

[bookmark: _Toc49972744][bookmark: _Toc64724166]Figure 1.5  DSC-MRI technique: Deconvolution of the Arterial Input Function from the Tissue Concentration Curve for CBF, Integration of the Curves for CBV, and Derivation of MTT.

Figure omitted due to permissions

Procedure for obtaining dynamic susceptibility contrast MRI maps of perfusion parameters (cerebral blood flow, cerebral blood volume and mean transit time) in a normal volunteer according to the bolus-tracking concept by use of an intravascular tracer. AIF: Arterial input function; CBF: Cerebral blood flow; CBV: Cerebral blood volume; Ct(t): Tissue contrast agent concentration as a function of time; MTT: Mean transit time; R(t): Tissue residue function. From (Wirestam, 2012)

TTP is a measure of perfusion that is represented by the time from bolus injection to the peak concentration, or from the bolus arrival time to the peak concentration (Figure 1.6) (Perthen et al., 2002, Tomandl et al., 2003).
MTT, CBV, CBF,  and TTP have been validated in pathological states of perfusion such as stroke (Calamante et al., 2002), carotid stenting (Wilkinson et al., 2003) and can be used to measure abnormal capillary density in cerebral tumours (Friedman et al., 2012). 

[bookmark: _Toc49972745][bookmark: _Toc64724167]Figure 1.6  DSC-MRI technique: Representation of the Measures of Perfusion Using DSC-MRI and their Relationship to the Tissue Concentration Time Curve. 

[image: A close up of a mapDescription automatically generated]
Graph illustrates a tissue concentration curve plotted from perfusion data obtained in normal brain tissue. From this curve, per-voxel hemodynamic variables are calculated for TTP, CBF, and CBV. TTP is the time from the start of injection until maximum contrast enhancement is reached. However, some authors prefer to measure TTP from the beginning of enhancement by subtracting “time to start” (i.e., the time between the start of injection and the start of enhancement). CBF can be estimated from the “maximum slope” of the curve. CBV is calculated from the area under the normalized curve and MTT (not pictured) is calculated from CBV/CBF (adapted from (Tomandl et al., 2003) © 2003, RSNA.

[bookmark: _Toc49972687][bookmark: _Toc64723873]Microvascular perfusion abnormalities in subjects with T1D using DSC-MRI
Selvarajah et al. (2011b) hypothesised that central processing of neuronal inputs in subjects with P-DPN could be measured by DSC-MRI.  Therefore, a comparison of DSC-MRI relative perfusion measures was performed between groups with P-DPN, DPN (painless), DM-NN (Diabetes and no neuropathy) and HV (healthy volunteers).  The thalamus was chosen as the region of interest due to its role integrating multiple sensory inputs, and its involvement in stroke mediated central pain syndromes (Boivie et al., 1989).  Bolus arrival time was reported to be significantly delayed in both neuropathy groups (P-DPN and DPN).  The first moment transit time (a relative measure analogous to MTT) was significantly prolonged in the P-DPN group compared with the other groups.  Relative cerebral blood volume was reported as greater in the P-DPN group than the healthy volunteers. There was a trend to increased cerebral blood volume but no significant difference between the P-DPN, the DPN and the DM-NN groups (Figure 1.7).  A control area, the caudate nucleus, showed no significant difference in perfusion parameters between groups.
The findings of the study by Selvarajah et al. (2011) indicate that there may be delay in contrast reaching the thalamus in P-DPN and DPN groups.  There may be a delay in delivery of blood to these areas due to macrovascular or microvascular dysfunction (Figure 1.7). Alternatively, there may be a delayed neurovascular coupling response.  The P-DPN group had the greatest relative cerebral blood volume increase and this may reflect a latent hyperexcitability of the thalamus causing increased capillary dilation.  Hyperexcitability of the neurons of the thalamus has been described in animal models of diabetic neuropathic pain (Fischer et al., 2009b).

[bookmark: _Toc49972746][bookmark: _Toc64724168]Figure 1.7  Concentration Time Profiles of Contrast Bolus through the Thalamus
[image: ]


Key           HV,          DM-NN,                P-DPN,           DPN 
Composite concentration time profiles of the bolus passage of exogenous contrast agent (Gd-DTPA) though the thalamus in each subgroup: healthy volunteers (HV), DM-NN, DPN, and P- DPN. The P-DPN and DPN groups have a later bolus arrival time and later TTP.  The P-DPN group has a greater relative CBV than all other groups.  Modified (colours) from (Selvarajah et al., 2011b)reproduced with permission © 2011, American Diabetes Association.

[bookmark: _Toc49972688][bookmark: _Toc64723874]Supporting evidence for increased perfusion in the thalamus in subjects with neuropathic pain using other MRI modalities
The finding of increased thalamic perfusion in P-DPN in the study by Selvarajah et al. is supported by Paulson, who found evidence of increased perfusion of the thalamus, amygdala and secondary somatosensory cortex, in a rat model of P-DPN during a painful stimulus (Paulson et al., 2007).  Two Positron Emission Tomography (PET) studies from non-diabetic painful neuropathies also support this conclusion. Petrovic found bilateral increases in cerebral blood flow in 5 subjects with unilateral traumatic neuropathy after allodynia was provoked, compared with the non-affected side (Petrovic et al., 1999). Peyron found that in 9 subjects with lateral medullary infarct, thalamic blood flow increased to allodynic touch stimulation, compared with the unaffected side (Peyron et al., 1998).  
[bookmark: _Toc49972689][bookmark: _Toc64723875]Studies finding decreased or unchanged perfusion in the thalamus in subjects with neuropathic pain using other MRI modalities
Not all studies support the finding of Selvarajah et al. (2011). Hsieh found no difference in thalamic blood flow using PET in individuals with non-diabetic neuropathic pain. The study measured CBF during baseline pain condition and following pain relief using a nerve block. In contrast to the findings of the studies described above, thalamic CBF increased after pain relieving nerve block (Hsieh et al., 1995).  Iadorola also found decreased activation of the thalamus in subjects with non-diabetic neuropathic pain at baseline using PET (Iadarola et al., 1995).  Finally Witting found no increase in cerebral blood flow in the thalamus but did find an increased perfusion in the orbitofrontal cortex and the insula during allodynia (Witting et al., 2006).  The heterogeneity of the results of these studies may relate to the wide variety of neuropathic conditions studied and the methods used.  
[bookmark: _Toc49972690][bookmark: _Toc64723876]Limitations of DSC method of assessing cerebral perfusion
Although DSC-MRI is attractive to researchers looking for a biomarker because it is quantifiable, there are some drawbacks to using DSC as a method of describing perfusion abnormalities.   One of the greatest threats to reproducibility and internal validity of results in DSC is accurately predicting the arterial input function of the contrast bolus as it arrives in the region of interest (ROI).  The temporal characteristics of the bolus will depend on physiological factors such as cardiac output and vascular anatomy and pathology (Knutsson et al., 2010a).  In order to simulate the ideal situation in which all the contrast bolus arrives instantaneously at the tissue of interest, the function of the curve of arterial tracer concentration, measured in an artery inside the imaging volume can be deconvolved from the tissue concentration curve in order to account for delay and dispersion of the bolus (Ostergaard et al., 1996a, Ostergaard et al., 1996b). This will then allow the calculation of cerebral blood flow by the central volume principle (Meier and Zierler, 1954) that volume equals flow times mean circulation time, and it can be solved as described above in equation 1, p 31.
Arterial input function (AIF) selection can be problematic as it requires careful individual identification of suitable arteries.  Identification of arteries large enough to avoid partial volume effects may lead to selection of arteries that may not be adjacent to the tissue of interest (Bleeker et al., 2012).  Therefore, a small further delay and dispersion may occur between the site where the arterial input function has been calculated, and the voxel of interest.  Although there is not a perfect method for generating the AIF, accounting for differences in macrovascular flow outside the region of interest is thought to be worthwhile, and using a large artery such as the internal carotid or the middle cerebral artery is an accepted practice (Perthen et al., 2002, Calamante, 2013)
Other factors that may impact on the results of DSC summary variables such as TTP, are the speed of bolus injection and saline flush, and this must be standardized for subjects.  A further limitation of this method in evaluating brain function is that the tracer itself might cause a cold or painful sensation during administration, and that cannulation can also cause distress even with local anaesthetic cream in situ, thus confounding a pain experiment. Finally, there is a very small risk of nephrogenic systemic fibrosis, a dermal condition that has been reported with gadolinium chelate contrasts in subjects with less than 30mls/min/1.73m2 estimated glomerular filtration rate (eGFR) (Kitajima et al., 2012).  This limits the applicability of the development of this method as a biomarker for pain perception in subjects with diabetes and low glomerular filtration rates, due to the high prevalence of nephropathy in subjects with long-term T1D (Pambianco et al., 2006). 
In summary, DSC-MRI has a good SNR over a short time frame. Despite technical challenges during the image acquisition and during post- processing, DSC-MRI as a technique has the best attributes to quantify cerebral microvascular perfusion in pain activated regions at baseline and during a stimulus condition.  DSC-MRI is validated in other conditions for measuring perfusion.  
[bookmark: _Toc49972691][bookmark: _Toc64723877]Arterial Spin Labelling perfusion studies
Arterial Spin Labelled (ASL) MRI, as a measure of perfusion was first reported by Williams and Detre in a rat brain in 1992 (Williams et al., 1992).  The procedure involved continuous labelling of inflowing water protons in the blood by magnetic inversion at the level of the neck in a rat. Cerebral perfusion can be calculated from the control spin inversion image and the T1 image by observing the effects of the inversion on the intensity of the magnetic resonance (Buxton et al., 1998).
Given that the quantification of the cerebral blood flow is a measure of the labelled water density in the voxel of interest, then the image can be calibrated by division of the perfusion image by a proton density weighted image (Dai et al., 2011). As the contrast in this technique is physiological the signal difference in ASL is small, in the order of 0.5-1.5%, and the half-life of the tracer (dependent on the T1 of blood) is in the order of 1-2 seconds(Petersen et al., 2006, Deibler et al., 2008).  The major advantage of arterial spin labelling is that it can provide a quantitative measure of cerebral blood flow and it does not require invasive methods such as cannulation or contrast administration (Detre et al., 2012).  This makes it attractive for research applications, especially in subjects who may be excluded from studies due to poor renal function, and for pain studies as it avoids confounding neuronal activations due to cannulation and the sensation of the passage of contrast medium.  
[bookmark: _Toc49972692][bookmark: _Toc64723878]Technical difficulties encountered when using ASL
There are various technical difficulties that limit the usefulness of arterial spin labelling as the preferred technique of measurement of cerebral perfusion.  The major factor is that the technique has a poor SNR, and when measuring blood flow changes secondary to pain, spurious results may be obtained (Tracey and Johns, 2010).  Currently, due to tracer decay time and the freely diffusible nature of the tracer, it is difficult to obtain parameters that are quantitatively measured in DSC-MRI such as MTT, and CBV. In order to improve the SNR, longer scan times are employed, but this has implications for subject movement during scanning and subject acceptability.  Certain assumptions are also made about labelling efficiency (Aslan et al., 2010) which may vary with flow and labelling area. Very slow flow can be masked by suppression of the tag when the background suppression pulses are applied (Garcia et al., 2005, McGehee et al., 2012).
[bookmark: _Toc49972693][bookmark: _Toc64723879]ASL to quantify perfusion during pain perception 
Induced painful conditions in healthy volunteers have been tested using ASL.  Thermal pain has been used frequently as an experimental pain condition mimicking neuropathic pain. This was used by Owen and colleagues in an ASL experiment to demonstrate increases in perfusion in the somatosensory cortex during a noxious thermal stimulus (Owen et al., 2008). Owen and colleagues used self reported measurements of pain to convolve with the cerebral blood flow response.   They reported an increase in cerebral blood flow, when pain perception was at its height, in the insula, the somatosensory cortex, the cingulate cortex, the supplementary motor area and the ipsilateral thalamus in healthy volunteers. 
Segerdahl used an ASL sequence in a single subject with erythromelalgia, (an inherited mutation of NaV 1.7 channels that causes excessive pain during warm conditions) to examine perfusion changes during neuropathic pain provocation and relief of neuropathic pain (Segerdahl et al., 2012).  Pain was invoked using a pad over the lower limbs with warm water flowing through it for 5-minute blocks of time.  The subject’s legs were then cooled and when the pain had resolved, and the subject felt pleasurable relief, the subject was rescanned.  The design of this study, uniquely tailored to this rare condition in which pain could be predictably provoked and relieved, used a prolonged data capture period to try and gather enough data to provide a favourable signal to noise ratio. Segerdahl et al. (2012) found increased perfusion bilaterally in the thalamus, the inferior frontal gyrus, the cingulate gyrus, the right putamen, the right caudate and the left anterior insula during the pain condition.  These areas have all been described as being activated in pain conditions using BOLD fMRI studies (Casey et al., 1994, Davis et al., 1998, Duerden and Albanese, 2013).  
These studies suggest that cerebral perfusion is an important determinant in the perception of pain. Characteristics of activation and deactivation as well as location may indicate a difference between pain and baseline conditions in healthy subjects and those with P-DPN.  
[bookmark: _Toc49972694][bookmark: _Toc64723880]Blood Oxygen level Dependent (BOLD) functional Magnetic Resonance Imaging
BOLD functional Magnetic Resonance Imaging (fMRI) was developed to examine cerebral perfusion and metabolism.  It exploits the differing paramagnetic properties of oxygenated and deoxygenated blood as an endogenous tracer.  It can measure differences in BOLD signal of brain regions during high frequency events, but when measuring perfusion in more chronic situations, is limited by the so called baseline drift, making it impossible to compare measurement across different sessions or days (Aguirre et al., 2002).  This makes it ideal to use for examining acute pain conditions but more difficult for imaging studies in chronic pain models, when DSC or ASL might be more helpful (Tracey and Johns, 2010).
Studies of BOLD fMRI in diabetic neuropathic pain have included characterisation of the BOLD response during pain.  Selvarajah et al. found an increase in BOLD response in subjects with DM-NN (n=4) compared to HV (n=4), DPN (n=4) and P-DPN (n=4) using a thermal pain condition (Selvarajah et al., 2007).  The DPN and P-DPN groups had less overall BOLD response than the DM-NN group.  Interestingly, the healthy volunteers also had a lesser response than the non-neuropathic diabetes group.  The areas in which pain induced an increase in total cerebral blood flow were the somatosensory cortex, the lateral frontal cortex, and the cerebellum.
 A study has found that there is an increase in medial thalamic activation (Tseng et al., 2012) as well as activations of the ACC, superior frontal gyrus, anterior insular cortex, lentiform nucleus and premotor areas in P-DPN compared to DPN.  
Cauda et al. used BOLD fMRI to demonstrate the functional connectivity of the brain in P-DPN (Cauda et al., 2009a). They found temporal correlations between the cortical areas and the thalamus, which were reduced in subjects with greater than 2 years of P-DPN.  In further work they examined which regions had reduced connectivity in the brains of subjects with P-DPN and found attentional networks involving the anterior cingulate to be disrupted (Cauda et al., 2010).  
BOLD response was demonstrated to be altered in resting state and after painful stimuli in many areas considered to be part of the pain matrix.  The interesting question posed by the findings of increased activation, is whether they are related to pathological alterations of perfusion in the brain, or whether the subjects who demonstrate increased BOLD activation do so because of an appropriate response to increased signal input generated by sensitisation in the spinal cord or periphery.  This is also true of perfusion measurements generated by ASL, PET or SPECT.  We can attempt to control for this by setting a pain rating rather than an absolute temperature when designing a protocol which tests response to thermal pain.  
BOLD fMRI does not give a quantitative measurement of perfusion or of flow characteristics and so it is not being considered for inclusion in the measurement of perfusion in this study.
[bookmark: _Toc49972695][bookmark: _Toc64723881]Role of Pain Matrix in P-DPN
The understanding of how the brain responds to pain has changed over a very short amount of time.  Until very recently the brain has been anatomically categorised and different brain structures ascribed different functions.  The theory of the pain matrix was generated following the finding of multiple brain region activation in response to a painful stimulus (Melzack, 2001, Tracey and Johns, 2010, Brodersen et al., 2012, Duerden and Albanese, 2013, Tanasescu et al., 2016). 
A meta- analysis of areas of activation secondary to any nociceptive stimulus identified that common areas of activation were the insula, the ACC, the secondary somatosensory cortex, the prefrontal cortex and the primary somatosensory cortex. Noxious heat stimulus was more likely to activate the insula, the ACC, the thalamus and the secondary sensory cortex (Figure 1.8)(Duerden and Albanese, 2013).  These areas were consistently activated for a number of nociceptive stimuli.  This study also found that regardless of the stimulus site the right hemisphere structures were more consistently activated than left sided structures.
[bookmark: _Toc49972747]Despite identification of areas that were reliably activated during a pain condition, generating a biomarker which would differentiate pain sensation from non-painful stimulation proved difficult. Brain structures are activated as a result of the perception of that other factors may encode the perception of pain, including temporal, spatial and background patterns of activity.  Therefore, a more sophisticated approach which can measure a wider range of temporal attributes is appealing.  The NPS – “Neurological Pain Signature”, which is a multiple component process analysis, can predict on the basis of fMRI whether a subject has been given a noxious thermal stimulus or an innocuous stimulus (Wager et al., 2013a).  The areas of activation are the same as described in a meta-analysis of the fMRI pain signature (Duerden and Albanese, 2013), but the patterns and degrees of activation also contribute to the model.  The “pain connectome” is a new way of conceptualizing the contribution of anatomically activated
areas and temporal and spatial vectors of activation (Kucyi and Davis, 2015).  However, for these models to be used to successfully predict pain in pathological states, work needs to be done to understand baseline blood flow and quantifiable response rates to noxious stimuli, which may alter neurovascular coupling in microvascular

[bookmark: _Toc64724169]Figure 1.8 Map of Meta-analysis of Brain Regions Activated by BOLD fMRI as a Result of a Noxious Stimulus
[image: A picture containing photo, monitor, group, computerDescription automatically generated]
Activation likelihood estimate map describing the likelihood of evoking activation in the brain in response to noxious stimuli applied to the skin, muscle, or viscera. Brain regions having a significant likelihood of being activated by noxious stimuli included the secondary somatosensory cortex (SII), the anterior cingulate cortex (ACC), the primary somatosensory and motor (SI/MI) cortices, the cerebellum, the midbrain, and the insula (anterior, middle, and dorsal posterior regions), and the thalamus. The z‐values for the horizontal images are in Talairach space. From (Duerden and Albanese, 2013) reproduced with permission © 2011, John Wiley and Sons 

disease states such as diabetes.  Therefore, our study will examine perfusion parameters of regions that are involved in pain perception of thermal noxious stimuli, including the thalamus, the insula, the ACC, the somatosensory cortex and a reference area in the white matter.
[bookmark: _Toc49972696][bookmark: _Toc64723882]Conclusion: 
This study will utilise DSC-MRI to describe microvascular perfusion characteristics of regions known to be involved in the processing of pain in the brain.  The inclusion of a number of different regions of interest will enable assessment of patterns of activation at baseline and during a pain stimulus.  The quantifiable nature of the technique will allow examination of baseline differences in perfusion that may occur due to diabetes, neuropathy and P-DPN.  The perfusion responses to a noxious thermal stimulus will also be interrogated in subjects with P-DPN and control groups.   

[bookmark: _Toc64723883]Aims and Hypotheses
Painful diabetic peripheral neuropathy (P-DPN) is a common and disabling problem, with no completely effective treatment.  Part of developing treatments to relieve significant suffering is to try to understand the full and complex pathogenesis of P-DPN.  Despite progress in understanding peripheral and central mechanisms involved in the pathophysiology of neuropathic pain in diabetes, it is still not known why some patients develop painful neuropathy whilst others with neuropathy do not.  By exploring the perfusion and other structural correlates of neuropathy using magnetic resonance imaging of the “pain matrix” of subjects with P-DPN and controls, progress may be made towards understanding the pathogenesis of this condition and developing a potential objective pain biomarker.
[bookmark: _Toc235118481][bookmark: _Toc431375270][bookmark: _Toc48364649][bookmark: _Toc64723884]Primary Aims:
[bookmark: _Toc431375271][bookmark: _Toc48364650][bookmark: _Toc64723885]Aim 1:  To determine the microvascular perfusion characteristics of the thalamus and other areas of the pain network (matrix) in T1D subjects with P-DPN using dynamic susceptibility contrast.
Hypothesis: Painful Diabetic Peripheral Neuropathy results in increased perfusion of the thalamus at baseline measured by dynamic susceptibility contrast magnetic resonance imaging, and increased perfusion in other regions of the pain matrix.
Rationale: The pain matrix consists of structurally and functionally integrated regions of the brain thought to play an important role in central pain processing. This includes, the thalamus, an important pain processing gateway for sensory information entering the brain. A preliminary study from our group suggests increased thalamic vascularity in painful diabetic peripheral neuropathy. We now want to confirm this in a larger study and examine the hemodynamic status of other regions. To determine if these changes are specific to painful diabetic peripheral neuropathy; comparison will be made to control groups with painless diabetic neuropathy, diabetes with no neuropathy, and healthy volunteers. 
Approach: We will use DSC MRI in four carefully characterized groups of subjects with type 1 diabetes: Painful Diabetic Peripheral Neuropathy (P-DPN) Painless Diabetic Peripheral Neuropathy (DPN) Type 1 Diabetes Mellitus with no neuropathy (DM-NN); and healthy volunteers (HV).
[bookmark: _Toc431375272][bookmark: _Toc48364651][bookmark: _Toc64723886]Aim 2 :  To determine the effect of acute heat pain stimulus on the microvascular perfusion of the thalamus and other areas of the pain matrix in P-DPN using dynamic susceptibility contrast
Hypothesis: Painful Diabetic Peripheral Neuropathy results in increased perfusion of the thalamus during experimental pain as measured by dynamic susceptibility contrast magnetic resonance imaging and increased perfusion in other regions of the pain matrix as compared to control groups.

Rationale: An important question is whether any increased thalamic vascularity seen in painful diabetic peripheral neuropathy represents a precondition for pain or is a physiological consequence of pain itself. The haemodynamic changes that occur in response to evoked pain may help answer this question.
Approach: The changes in microvascular perfusion in response to acute heat pain will be studied in the same cohort as in Aim 1, using dynamic susceptibility contrast magnetic resonance imaging.
[bookmark: _Toc235118482][bookmark: _Toc431375273][bookmark: _Toc48364652][bookmark: _Toc64723887]Secondary Aims: 
[bookmark: _Toc48364653][bookmark: _Toc64723888][bookmark: _Toc235118483][bookmark: _Toc431375274]Aim 3:  To characterise the demographic and baseline neurological and psychological characteristics of participants within the four groups
Hypothesis: Measures of mood, hypochondriasis and pain catastrophising correlate with measures of pain severity and alterations in brain perfusion of subjects with painful diabetic peripheral neuropathy.
Rationale: Salience and attentional networks are increasingly described as abnormal in subjects with chronic pain, and may contribute to central determinants of pain
Approach: Subjects fill out and return questionnaires and the results will be compared among groups and correlated with perfusion parameters. 
[bookmark: _Toc48364654][bookmark: _Toc64723889]Aim 4: To determine the inter-rater reliability of Dynamic Susceptibility Contrast using an “off the shelf” post processing package
Hypothesis: An off the shelf post-processing package will provide good inter-rater reliability for measurements of perfusion using dynamic susceptibility magnetic resonance imaging.
Rationale: A semi-automated post processing package will decrease inter-rater variability and standardise many of the steps that are known to cause variation in this technique measuring perfusion by dynamic susceptibility contrast magnetic resonance imaging. 
Approach: Using the data set for the main experiment- two raters will independently process the data using the same standard operating procedure (SOP). The data will be compared using correlation coefficients and Bland Altman Plots
[bookmark: _Toc431375275][bookmark: _Toc48364655][bookmark: _Toc64723890]Aim 5: To correlate measures of MR-Spectroscopy of the brain with painful neuropathy and any perfusion abnormalities measured by DSC-MRI
Hypothesis: Identified perfusion abnormalities may be wrongly attributed to unique patterns of brain activation instead of structural abnormalities.
Rationale: Subjects with long standing T1D and neuropathy may have neuronal dysfunction or atrophy in the thalamus due to decreased ascending sensory input.  Structural abnormalities such as spectroscopic abnormalities may help to understand if decreased neuronal function or number are associated with perfusion differences.
Approach: Spectroscopy will be performed on all subjects at baseline and compared to measures of perfusion.
[bookmark: _Toc48364656][bookmark: _Toc64723891]Aim 6: To correlate methylglyoxal measurements with painful neuropathy and any measured perfusion abnormalities
Hypothesis: A high level of serum methylglyoxal is associated with P-DPN and is a sensitising factor for pain in the peripheral and central nervous system.
Rationale: A high level of serum methylglyoxal has been found in subjects with P-DPN and infusion of methylglyoxal increases pain perception. Methylglyoxal may be a central sensitiser for pain 
Approach: Methylglyoxal level will be measured, and this will be compared between groups and correlated to any measured perfusion abnormalities.


[bookmark: _Toc49973092][bookmark: _Toc64723892]Chapter 2: Psychological, Clinical and Metabolic Characteristics of Painful Diabetic Peripheral Neuropathy  
[bookmark: _Toc49973093][bookmark: _Toc49973448][bookmark: _Toc64723893]Abstract: 
Background: Painful diabetic peripheral neuropathy (P-DPN) affects between 10-28% of those with diabetes, but treatments are not effective for all those with the condition.  The aim of this study was to characterise participants using clinical, metabolic and psychological parameters and identify features that may be markers of painful diabetic peripheral neuropathy.  These may be used to identify phenotypes that may be targets for novel treatments or to monitor treatment response in trials of new agents.
Method:  This is a cross-sectional study involving three groups with type 1 diabetes (T1D) [Painful diabetic peripheral neuropathy (P-DPN, n=19), painless diabetic peripheral neuropathy (DPN, n=23), T1D and no neuropathy (DM-NN, n=13] and healthy volunteers (HV n=19).  Detailed neurophysiological assessment resulting in a composite score of severity of neuropathy (NISLL+7), quantitative sensory testing (QST) characterisation using the Deutchse Forschungsverbund Neuropathischer Schmerz  (DFNS) protocol, assessment of pain intensity and psychological comorbidities using questionnaires, and metabolic measurements including serum methylglyoxal, were undertaken. 
Results: The painful diabetic peripheral neuropathy (P-DPN) group had higher somatic focus scores on the Pennebaker inventory of Limbic Languidness (PILL) than the group with type 1 diabetes mellitus and no neuropathy (DM-NN) (post Hoc P-DPN vs DM-NN p=.042).  Pain catastrophising scores (PCS) were significantly increased in the painful diabetic peripheral neuropathy  group (P-DPN) compared to the painless diabetic peripheral neuropathy group (DPN) (p=.017), and healthy volunteers (HV) (p=.034).  Discriminant function analysis using measures of mood, personality and somatic focus significantly differentiated painful diabetic peripheral neuropathy from other groups (p=.016).  
Serum methylglyoxal level was not significantly increased in the painful diabetic peripheral neuropathy group or associated with measures of painful neuropathy.  Discriminant function analysis of QST measures was significant between groups (p=.005) for neuropathy.  Measures of wind-up ratio (WUR), allodynia (DMA) and paradoxical heat sensation (PHS) were found to be discriminators between painful diabetic peripheral neuropathy (P-DPN) and painless diabetic peripheral neuropathy (DPN). 
Conclusions: This is the first study to show somatic focus as a correlate of painful diabetic peripheral neuropathy. Pain catastrophising, depression and anxiety were also associated with painful diabetic peripheral neuropathy.  Therefore, somatic focus, mood and pain catastrophising must be assessed in studies involving subjects with painful diabetic peripheral neuropathy to understand the shared mechanisms between pain generation and psychological factors.  This in turn may lead to new treatment strategies for this subject group. 

[bookmark: _Toc49973094][bookmark: _Toc49973449][bookmark: _Toc64723894]Introduction: 
The International Association for the Study of Pain (IASP) defines neuropathic pain as “pain caused by a lesion or disease of the somatosensory nervous system” (IASP, 2017), however there is no biomarker or reproducible objective examination finding which will indicate which subjects have neuropathic pain.  In this study we examined the role of three factors: psychological, metabolic and clinical that may be markers of painful diabetic peripheral neuropathy or P-DPN.  
Characterising disorders of mood such as depression and anxiety in the context of P-DPN is an important component of this study.  Chronic pain is strongly associated with depression (Lu and Yalcin, 2019), and mood disorders are known to be strongly associated with P-DPN (Davies et al., 2011, Selvarajah et al., 2014).  Measures of depression, anxiety and pain catastrophising have been found to be more severe in conjunction with P-DPN (Selvarajah et al., 2014, Raputova et al., 2017a).  It is thought that depression could be a major confounder in neuropathic pain trials (Selvarajah et al., 2008a).  Therefore, it was thought to be important to measure depression and anxiety as contributory factors to pain perception. 
Psychological factors other than mood are also related to pain perception.  Somatic focus is a specific, multimodal, psychological construct related to pain or symptom focus.  Somatic focus refers to the tendency to notice and report physical symptoms (O'Brien et al., 2008).  The PILL questionnaire that serves as a measure somatic focus has been shown to predict increased pain perception in other chronic pain conditions, such as temporomandibular joint dysfunction (Fillingim et al., 2013), and vulvodynia (Eanes et al., 2011).  Somatic focus is associated with central pain syndromes such as fibromyalgia and may be a measure of central sensitisation (O'Brien et al., 2008).  Although central pain syndromes and neuropathy are different disease processes, central sensitisation is thought to be part of the process of the generation of chronic neuropathic pain (Meacham et al., 2017).  Interestingly, somatic focus predicts who goes on to develop another type of painful peripheral neuropathy, post herpetic neuralgia (Dworkin et al., 1992).  IMPACCT (Initiative on Methods, Measurement, and Pain Assessment in Clinical Trials) recommends that assessments of the Hospital Anxiety and Depression scale (HADS, a measure of depression and anxiety), PILL, and Pain Catastrophising Scale (PCS, a questionnaire to measure pain catastrophising) are included in all clinical trials of pain relieving medications (Edwards et al., 2016).  Using PILL to record the somatic focus within a cohort of subjects with P-DPN may help us develop a more complete understanding of the psychological contributors to this condition. Somatic focus, has not to our knowledge, been studied using the PILL for a cohort of subjects with P-DPN.

QST profiling may lead to identification of subpopulations of P-DPN that may identify more specific treatment targets and predict treatment responses to pain relieving strategies (Vollert et al., 2017).  Using QST profiles, one study has already found that a subgroup of patients with irritable nociceptor phenotype had significantly greater decreases in neuropathic pain after oxcarbazepine treatment, than those with the non-irritable nociceptor phenotype.  Currently, there is no QST profile that is specific to T1D subjects with P-DPN.  Two studies have examined QST profiles in T1D and T2D with P-DPN using the DFNS (Deutscher Forschungsverbund Neuropathischer Schmerz) protocol (Rolke et al., 2006b), to try and differentiate between P-DPN and painless DPN (Themistocleous et al., 2016, Raputova et al., 2017a).  It is thought that those with P-DPN display three overlapping phenotypes in QST measures, sensory loss 83%, mechanical hyperalgesia 75%, and thermal hyperalgesia 34% (Baron et al., 2017, Vollert et al., 2017). In this study we aimed to understand the relationship between QST measurements and P-DPN in an entirely T1D cohort. 
Hyperglycaemia was shown by the DCCT trial (Nathan et al., 1993) to predispose to the development of neuropathy.  Advanced glycation end products (AGE) are part of the mechanistic link between hyperglycaemia and neural damage (Toth et al., 2007, Jack and Wright, 2012, Brings et al., 2017).  A particular AGE, methylglyoxal, is formed from breakdown products of glucose metabolism, amino acids and fatty acids (Brings et al., 2017), and is a highly reactive compound.  Methylglyoxal interacts with the receptor for AGE (RAGE) causing a signalling cascade that leads to inflammation.  Methylglyoxal induces reactive oxygen species, modifies proteins and interferes with mitochondrial function within peripheral neurons (Jack and Wright, 2012, Brings et al., 2017).  Methylglyoxal compounds are associated with the progression of microvascular disease, particularly neuropathy, independent of Hba1c after 10-15 years (Genuth et al., 2015).  An AGE “methylglyoxal derived hydro-imidazolone”, measured 10 years prior to the onset of neuropathy, was associated with the subsequent development of abnormal heat pain detection thresholds (Sveen et al., 2013). In a mouse model of P-DPN, methylglyoxal derived compounds are present in high concentrations in the sciatic nerve (Duran-Jimenez et al., 2009).  It has been  reported that serum concentrations of methylglyoxal above 600nM were able to discriminate between 10 T2D subjects with P-DPN and 10 subjects with diabetes and no neuropathy (Bierhaus et al., 2012).  In addition, the study investigators found that pre-treatment with serum methylglyoxal resulted in increased pain associated behaviours in mice.  When a methylglyoxal scavenging peptide was injected into the mouse peritoneum the pain behaviours decreased.  Moreover, the pain response was associated with an increase in cerebral blood flow in the mouse somatosensory forebrain (Bierhaus et al., 2012).  Therefore, methylglyoxal could be a biomarker of P-DPN which may have a central effect on the perception of pain.  On the basis of these findings our aim was to replicate these results in a larger cohort of subjects with T1D and P-DPN.  If clear differences were found, we would aim to correlate serum methylglyoxal levels with cerebral perfusion measures in human subjects in future experiments.
In summary, careful characterisation of clinical phenotypes and metabolic parameters of participants was undertaken.  The design of the study also included measurement of serum methylglyoxal, a potential biomarker for P-DPN, and measurement of somatic focus, which has not been previously utilised in P-DPN.  
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This study was a cross sectional observational cohort study.  There were 4 groups for comparison: 19 with P-DPN, 24 with DPN, 13 DM-NN and 18 HV. Although the groups were relatively small, the participants were intensively studied.  All subjects underwent a screening and characterisation visit (Figure 2.1- red box). 

[bookmark: _Toc49973352][bookmark: _Toc64724170]Figure 2.1 Overview of the Study Design

Subjects identified 





Not suitable
Screening Visit

	Characterisation


Characterisation of participants- Diabetes control, Nerve conduction studies, QST-DFNS, NISLL+7, Questionnaires mood, illness behaviour, personality.  Blood test for methylglyoxal
Visit 1






Visit 2
DSC-MRI visit- baseline





Visit 3
DSC MRI visit – Pain Condition




[bookmark: _Toc49973097][bookmark: _Toc49973452][bookmark: _Toc64723897]Ethical Approval
The study entitled “The microvascular perfusion characteristics of the pain processing areas (matrix) of the brain in T1D subjects with painful neuropathy” was approved by the Leeds Central Ethics committee on the 29/12/2012: REC reference: 12/YH/0460.
[bookmark: _Toc49973098][bookmark: _Toc49973453][bookmark: _Toc64723898]Subjects
All participants in the study were over 18 years of age and were recruited from clinics and responses to adverts using email, posters; and press publicity at Sheffield Teaching Hospitals, the University of Sheffield and local media. Inclusion and exclusion criteria are provided in Table 2.1. 
[bookmark: _Toc49973552][bookmark: _Toc64724076]Table 2.1  Inclusion and Exclusion Criteria
	Inclusion criteria

	· Males and females with T1D or healthy volunteers

	· Age >18

	· Able to give informed consent

	· Right handed

	Exclusion criteria

	· History of previous cardiovascular disease with ongoing clinical manifestations

	· Nephropathy; <40ml/min EGFR

	· Allergy to Gadolinium or it’s chelate

	· Intra-corporal metal-including pacemakers and any other MRI contraindication

	· Claustrophobia

	· Previous cerebral event or lesion with ongoing clinical manifestations

	· Non-English speaking

	· Pregnancy

	· Over 80 years of age

	· NYHA Grade 3 heart failure

	· Clinically diagnosed lung disease requiring long-term oxygen therapy

	· Clinically diagnosed sleep apnoea requiring non-invasive ventilation

	· Alcohol >20 units a week

	· Current smoker 

	· Inability to discontinue pain medications for 48 hours prior to scan visits



[bookmark: _Toc49973099][bookmark: _Toc64723899]Physical Measurements
Height was measured using an electronic height-measuring instrument (Seca, Germany).  Weight was measured using scales to the nearest 0.5 of a kilogram (Seca, Germany).  Blood pressure and pulse were measured using an automated blood pressure cuff (Omron 2, Hoofddorp, the Netherlands) in the supine position after three minutes.  
[bookmark: _Toc49973100][bookmark: _Toc64723900]Diagnosis of P-DPN 
There are a number of validated questionnaires to differentiate between P-DPN and DPN (painless diabetic peripheral neuropathy) including: Douleur Neuropathique 4 (DN4)(Bouhassira et al., 2005), Leeds Assessment of Neuropathic Symptoms and Signs (LANSS), (Bennett, 2001), painDetect (Freynhagen et al., 2006), Neuropathic Pain Questionnaire (NPQ) (Krause and Backonja, 2003) and ID Pain (Portenoy, 2006).  The DN4 and LANSS have the advantage of incorporating bedside examination to increase sensitivity.  The DN4 is easy to use and is often used as a screening tool to identify subjects with P-DPN.  It has a quoted sensitivity and specificity of 83% and 90%, respectively, making it an accurate tool for diagnosing neuropathic pain (Bouhassira et al., 2005).  Therefore, the DN4 was selected to diagnose neuropathic pain.  It was administered by the assessor at the initial visit.  
[bookmark: _Toc49973101][bookmark: _Toc64723901]Peripheral Neurological Examination
In a study of P-DPN the presence of neuropathy needs to be recorded accurately.  The Toronto consensus described the diagnostic and assessment criteria for confirmed diabetic peripheral neuropathy research (Dyck et al., 2011a).  Nerve conduction studies (NCS) are required as they are reliable and reproducible objective markers of neuropathy, when performed by trained personnel (Dyck et al., 2011a).  A composite scoring system including measures of NCS, quantitative sensory testing (QST) and autonomic function tests, was considered the most accurate measure of the severity of DPN (e.g. NISLL+7) according to the Toronto Consensus (Tesfaye et al. Diabetes Care 2010).  A clinical examination for signs of neuropathy was performed as part of the NISLL+7.  The subject was assessed for sensory loss with the 10g monofilament, cotton wool, 125Hz tuning fork, pinprick device (Neurotips tm, Owen Mumford, Oxford, England), and reflex hammer, and tested for muscle weakness using a graded scale against resistance provided by the examiner (Dyck et al., 1997).  Those subjects with a score of > 4 on the NISLL+7 were considered to have neuropathy in line with previous studies performed by our group (Dyck et al., 1997, Dyck et al., 2003, Selvarajah et al., 2011b).
[bookmark: _Toc49973102][bookmark: _Toc64723902]Quantitative Sensory Testing
Vibration and cold thresholds were determined using the CASE IV(WR Medical, USA) system using a 4-2-1 stepping algorithm, with null stimuli to generate QST values for vibration and cold thresholds, for inclusion in the NISLL+7 score (Dyck et al., 1993c) . Results were compared to normative data and expressed as a percentile for age and sex (Dyck et al., 1995). 
A second set of more intensive QST measurements were then performed according to the DFNS protocol (Rolke et al., 2006a).  These included warm detection threshold (WDT), cold detection threshold (CDT), thermo-sensory limen (TSL), heat pain threshold (HPT), cold pain threshold (CPT), vibration detection threshold (VDT), mechanical detection threshold, (MDT), mechanical pain threshold (MPT), pressure pain threshold (PPT), mechanical pain sensitivity (MPS), (DMA) dynamic mechanical allodynia, paradoxical heat sensation (PHS) and wind up ratio (WUR). Raw scores were compared, as these can be more sensitive to subtle differences within groups (Vollert et al., 2017) . The thermal measures were derived using the TSA-II (Medoc, Haifa, Israel), other equipment was as described by the protocol (Rolke et al., 2006b).
[bookmark: _Toc49973103][bookmark: _Toc64723903]Nerve conduction studies 
Nerve conduction studies (Medelec, Oxford Instruments, Oxford UK) were performed to measure: radial sensory nerve action potential, sural sensory nerve action potential in an antidromic direction, peroneal compound muscle action potential using extensor digitorum brevis, and tibial nerve distal latency (Dyck et al., 2011b).  
[bookmark: _Toc49973104][bookmark: _Toc64723904]Autonomic Function Tests
Autonomic neuropathy has been reported to be more severe in individuals with P-DPN (Gandhi et al., 2010), therefore standard measures of cardiac autonomic function were measured using O’Brien’s protocol (O'Brien et al., 1986).  Cardiac autonomic function tests were performed including: R-R variation during a three minute interval whilst supine, timed breathing (6 breaths within a minute), Valsalva manoeuvre, and lying to standing manoeuvre (Clarke et al., 1979, Ewing and Clarke, 1982, Boulton et al., 1998). 
[bookmark: _Toc49973105][bookmark: _Toc64723905]Laboratory examination
Blood tests for the measurement of Hba1c, B12, folate, ESR, TSH, serum urea, electrolytes, estimated glomerular filtration rate (eGFR) and methylglyoxal were performed. Blood samples for methylglyoxal measurement were centrifuged and immediately placed on ice and then processed according to a previously published protocol (McLellan et al., 1992, Bierhaus et al., 2012). 
[bookmark: _Toc49973106][bookmark: _Toc64723906]Questionnaires
Self-administered questionnaires captured information about: mood [Hospital Anxiety and Depression Scale (HADS-A and HADS-D) (Bjelland et al., 2002); Becks Depression Scale (BDI) (Beck et al., 1961); predisposition to anxiety (State-Trait anxiety inventory- STAI-S= State, STAI-T= trait) (Spielberger et al., 1983)]; impulsivity and behavioural approach (Behavioural inhibition and Behavioural Approach Scale (BIS-BAS, including BAS-D = Drive, BAS-F=fun seeking, BAS-RR=reward responsiveness and BIS behavioural inhibition) (Carver and White, 1994);  catastrophic thinking associated with experiencing pain (Pain catastrophising scale (PCS) (Sullivan et al., 1995); and somatic focus (hypochondriacal behaviour) PILL- Pennebaker Inventory of Limbic Languidness (Pennebaker, 1982).  
[bookmark: _Toc49973107][bookmark: _Toc64723907]Statistical Analysis
Statistical analysis was performed using SPSS v.26 (IBM).  ANOVA was used for continuous variables, Kruskal Wallis for ordinal data and Chi-Square test for nominal variables.  Significance for p was set at p<0.05.  Post-hoc Šidak pairwise comparisons if ANOVA comparison was significant.  In order to examine whether there was a typical psychological profile for the P-DPN group, which could be differentiated from the control groups, a multivariate analysis was performed.  If there was a significant result for the multivariate analysis for “group” (i.e. a difference between groups for all questionnaires) then a discriminant function analysis was performed with structure matrix and predicted group membership.  This would allow an assessment of which of the questionnaire scores were most likely to predict group membership of an individual with P-DPN.  
[bookmark: _Toc49973108][bookmark: _Toc49973454][bookmark: _Toc64723908]Results
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One hundred and three patients were assessed for recruitment into the study, of which nineteen were excluded for the following reasons:  six had other reasons for neuropathy, two reported consuming greater than 20 units of alcohol per week, two had coeliac disease, two had non “glove and stocking” neuropathy, one from the healthy volunteer group had signs of neuropathy, two had concurrent conditions causing chronic pain, two had contraindications to MRI and 2 had atrial fibrillation.  After recruitment ten patients withdrew from the study: eight could not tolerate the MR scan, one developed atrial fibrillation, and one patient had an abnormality picked up on MR scanning which required further medical attention and precluded them from the study.  
A total of 74 subjects remained in the study [HV (n=19), P-DPN (19), DPN (23) and DM-NN (13)]. 
[bookmark: _Toc64724171][bookmark: _Toc49973353]Figure 2.2  Flow Chart for Inclusion of the Subjects in the Study  
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[bookmark: _headingh.sqyw64][bookmark: _Toc49973110][bookmark: _Toc49973456][bookmark: _Toc64723910]Demographic Details
Demographic details are provided in table 2.2.  Although there were less females than males in the P-DPN and the DPN groups, there were 3 men and 10 women in the DM-NN group (Table 2.2).  Despite this difference Chi square comparison was not significant for gender, Pearson’s Chi square (p= .146).  The mean age of the DPN group was significantly older than that of the P-DPN group (p=.014).  Duration of diabetes was highest in the DPN group and significantly different from the P-DPN group, (p=.035).  Hba1c was significantly different between P-DPN and DM-NN (p=.005). 
EGFR (estimated glomerular filtration rate) was not significantly different between the groups.  There was a requirement that patients did not have an eGFR less than 40mls/min/1.73m2 for the MRI part of the study.  This was because gadolinium contrast carries the small risk of inducing nephrogenic systemic fibrosis in the those with an eGFR less than 30mls/min/1.73m2.  Therefore, a safe cut off of 40mls/min/1.73m2 was set.  This meant that there was matched eGFR across the groups.  This would be unusual in an unselected population with diabetes and P-DPN. 
“Significant retinopathy”, graded as pre-proliferative, proliferative, treated proliferative, or maculopathy, was significantly different between the groups by Chi-square test (p<.001) (DPN vs DM-NN p=.024).  Macrovascular complications (stroke, angina, myocardial infarction, peripheral vascular disease) although higher in the DPN group was not statistically significantly different between the groups (p=.169). 
The NISLL+7 composite neuropathy score was not significantly different between the P-DPN and DPN groups, but was as expected higher than the DM-NN and HV groups.  DN4 score was significantly higher for the P-DPN group.  Measures of cardiac autonomic function assessed by the O’Brien’s score was significantly different between the groups [(Kruskal Wallis test (H(3)= 13.84, p=.003)]; and post Hoc testing indicated that the P-DPN group had greater autonomic dysfunction compared to DM-NN and HV groups.  


[bookmark: _Toc49973553][bookmark: _Toc64724077]Table 2.2  Descriptive Statistics for Demographic Variables

	
	P-DPN
	DPN
	DM-NN
	HV
	Sig.

	
	M
	95% CI
	M
	95% CI
	M
	95% CI
	M
	95% CI
	

	Age (yrs)
	51
	47-56
	61
	57-64
	53
	45-61
	54
	50-59
	p=.0141

	BMI 
	26.8
	24.6-28.9
	27.0
	24.5-29.4
	23.7
	21.1-26.3
	27.0
	24.9-29.1
	p=.196

	Diabetes
 duration
	25.5
	20.1-30.9
	35.7
	31.2-40.2
	29.3
	18.6-39.9
	.
	.
	p=.0372

	Hba1c
	77.6
	67.0-88.3
	67.0
	61.8-72.3
	58.7
	53.2-64.2
	.
	.
	p=.0063

	eGFR
	82.3
	76.6-87.9
	84.2
	80.1-88.3
	84.6
	79.5-89.8
	84.1
	80.0-88.2
	p=.892

	NISLL+7
	37
	28-47
	26
	18-34
	2
	1-3
	1
	0-2
	p<.0014

	DN4
	6
	6-7
	0
	0-1
	0
	0-0
	0
	0-0
	p<.0015

	
	N
	%
	N
	%
	N
	%
	N
	%
	

	Gender(F)
	8/19
	42.1%
	9/23
	39.1%
	10/13
	76.9%
	9/19
	52.6%
	p=.146

	Ex-smoker 
	5/19
	26.3%
	0/23
	0%
	0/13
	0%
	0/19
	0%
	p<.001

	Macrovascular Disease
	2/19
	10.5%
	5/23
	21.7%
	0/13
	0.0%
	1/19
	5.3%
	p=.169

	Retinopathy
	
	
	
	
	
	
	
	
	p=.0246

	None
	1
	5.3%
	2
	8.7%
	5
	38.5%
	
	
	

	Background
	8
	42.1%
	7
	30.4%
	6
	46.2%
	
	
	

	Significant
	10
	52.6%
	14
	60.9%
	2
	15.4%
	
	
	



P-DPN=Painful Diabetic Peripheral Neuropathy, DPN= Painless Diabetic Peripheral Neuropathy, DM-NN=T1D and no signs or symptoms of neuropathy, HV= Healthy Volunteers, M=mean, CI=confidence interval.  Post Hoc testing: 1.Age P-DPN vs DPN p=.021, 2.Diabetes Duration P-DPN vs DPN p=.035, 3.Hba1c P-DPN vs DM-NN p=.005, 4. NISLL+7: P-DPN vs DM-NN and HV p<.001, DPN vs DM-NN and HV p<.001, 5. DN4 P-DPN vs all groups p<.001, 6. Retinopathy, DPN vs DM-NN p=.025




[bookmark: _Toc14][bookmark: _Toc49973354][bookmark: _Toc64724172]Figure 2.3  Autonomic Function: Frequencies of O’Brien’s Score by Group
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Comparing frequencies of O’Brien’s Score by groups.  The P-DPN group has a higher frequency of scores greater than 0 and is significantly different from the DM-NN groups and the HV group. P-DPN vs DM-NN p=.008, P-DPN vs HV p=.009, AFT=Autonomic function tests

[bookmark: _Toc49973111][bookmark: _Toc64723911]Psychological Assessments 
The questionnaires that were used had a variable return rate with the lowest rate for the PILL: 73% return, and the highest for the HADS questionnaire: 96% (Table A.1 Appendix 1).  There were group mean differences determined by one way ANOVA for: HADS A: F(3/64)=3.394, p=.023 (P-DPN vs DM-NN p=.014); HADS D: F(3/64)=10.391, p<.001 (P-DPN vs DPN p=.008, vs DM-NN p<.001, vs HV p<.001); BDI: F(3/62)=12.315, p<.001 (P-DPN vs all groups p<.001); STAI-S: F(3/64)=4.281, p=.008, (P-DPN vs DM-NN p=.014, P-DPN vs HV p=.028), PCS: F(3,61)=3.944, p=.012 (P-DPN vs DPN p=.017, P-DPN vs HV p=.034); BAS-RR: F(3/62)=2.945, p=.040; PILL: F(3,50)=3.795, p=.016 (P-DPN vs DM-NN p=.016).  As expected, the P-DPN group had higher mean scores for HADS-D , HADS-A, BDI, and STAI-S (see Appendix 1, table A.2).  There was a difference for mean BAS-RR (p=.04) score but there were no post Hoc differences on testing (figure 2.4).  There were no other group differences for the BIS/BAS questionnaire (see Appendix A table A.2) 
[bookmark: _Toc15][bookmark: _Toc49973355][bookmark: _Toc64724173]Figure 2.4  Questionnaires: 95% Confidence Intervals for Behavioural Activation-Reward Responsiveness
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Post Hoc there was no significant differences but a trend to significance between the DM-NN and the P-DPN group p=.074
Pain catastrophising was significantly higher in the P-DPN group as compared to the HV (p=.034) and DPN groups (p=.017) (see Figure 2.5).  The P-DPN patients were also significantly more likely to report multiple episodes of minor non-specific symptoms (PILL) than the DM-NN group (p=.042) with a trend to significance in the other groups (see Figure 2.6)
[bookmark: _Toc16][bookmark: _Toc49973356][bookmark: _Toc64724174]Figure 2.5  Questionnaires: 95% Confidence Intervals for Pain Catastrophising Scale by Group
[image: A picture containing trainDescription automatically generated]
*P-DPN vs DPN p=.017, P-DPN vs DM-NN p=.333, P-DPN vs HV p=.034
[bookmark: _Toc17][bookmark: _Toc49973357][bookmark: _Toc64724175]Figure 2.6  Questionnaires: 95% Confidence Intervals for Somatic Focus (PILL) by Group
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*P-DPN vs DM-NN p=.042 .P-DPN vs DPN p=.114, P-DPN vs HV p=.068

A multivariate analysis of those that completed all the questionnaires (n=54) showed that there was a highly significant result for group across all questionnaires: Wilks’ λ=.251, F(33,98)= 1.774, p=.016.  The strongest function found higher scoring on the BDI, PILL, STAI-S, and PCS were positively correlated with P-DPN.  BAS-F scores were negatively correlated with P-DPN (see Table 2.3).  This function could correctly predict 80% of P-DPN cases, and 74.5% of all cases (see Table 2.4 and Figure 2.7).  Function 2 found those with DM-NN were positively associated with higher scores on BAS-D (drive) and BAS-RR (reward responsiveness) and negatively associated with STAI-T (see structure matrix table 2.3.).  In summary mean measures of depression anxiety, somatic focus and pain catastrophising were significantly higher with P-DPN.  


[bookmark: _Toc18][bookmark: _Toc49973554][bookmark: _Toc64724078]Table 2.3  Structure Matrix for Discriminant Function Analysis
	Structure Matrix

	
	Function

	
	1
	2
	3

	BDI
	.638*
	-0.291
	0.325

	PILL
	.610*
	-0.189
	0.384

	STAI- S
	.310*
	-0.021
	-0.181

	PCS
	.273*
	0.153
	0.241

	BAS-D
	-0.089
	.607*
	0.533

	BAS-RR
	-0.29
	.449*
	0.357

	STAI-T
	0.255
	-.358*
	0.123

	BAS F
	-0.177
	.183*
	0.021

	BIS
	-0.136
	-0.319
	.429*


Pooled within-groups correlations between discriminating variables and standardized canonical     discriminant functions 
Variables ordered by absolute size of correlation within function.
*Largest absolute correlation between each variable and any discriminant function 


[bookmark: _Toc19][bookmark: _Toc49973555][bookmark: _Toc64724079]Table 2.4  Predictions for Group Membership according to questionnaire results
	Group
	Predicted Group Membership
	Total

	
	P-DPN
	DPN
	DM-NN
	HV
	

	Original
Counts for group membership
	P-DPN
	12
	2
	0
	1
	15

	
	DPN
	2
	10
	1
	1
	14

	
	DM-NN
	0
	2
	5
	0
	7

	
	HV
	0
	2
	1
	8
	11

	% Counts for group membership
	P-DPN
	80.0
	13.3
	0
	6.7
	100.0

	
	DPN
	14.3
	71.4
	7.1
	7.1
	100.0

	
	DM-NN
	0
	28.6
	71.4
	0
	100.0

	
	HV
	0
	18.2
	9.1
	72.7
	100.0

	a. 74.5% of original grouped cases correctly classified.





[bookmark: _Toc20][bookmark: _Toc49973358][bookmark: _Toc64724176]Figure 2.7  Graphical Representation of Discriminant Functions
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This figure shows that Function 1 separates P-DPN on the right of the zero line of the X-axis, from all the other groups lying on the left of the zero line on the X-axis.  Function 2 can separate DM-NN above the zero line on the y axis, from HV and DPN below the zero line on the Y axis.  Function 1 includes higher scores on the BDI, higher scores for increased somatic focus, anxiety state, pain catastrophising, and lower scores for fun seeking.  Function 2 includes higher scores on Drive and Reward responsiveness and  lower scores on HADS and trait anxiety.  
[bookmark: _Toc21][bookmark: _Toc49973113][bookmark: _Toc49973457][bookmark: _Toc64723912]Methylglyoxal
In the methylglyoxal study there were 45 participants: 12 in the P-DPN, 17 in the DPN, 7 in the DM-NN and 9 in the HV groups.  There was no difference between the group means of methylglyoxal levels using ANOVA (p=.976) (Figure 2.8). 


[bookmark: _Toc22][bookmark: _Toc49973359][bookmark: _Toc64724177]Figure 2.8  Mean Methylglyoxal Values by Group and 95% Confidence Intervals
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However, there was a group effect on random serum glucose level, F(3,41)=3.4, p=.026.  Post Hoc analysis showed the P-DPN group had higher random serum glucose levels than the HV group (p=.018) (see Figure 2.9)


[bookmark: _Toc64724178]Figure 2.9  Plasma Glucose Values by Group Measured. Mean and 95% Confidence Intervals
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*Post-hoc Šidak: P-DPN vs HV p=.018
[bookmark: _Toc49973114][bookmark: _Toc64723913]Correlation between methylglyoxal and characterization parameters of P-DPN and DPN
Plasma methylglyoxal measures were compared to NISLL+7, DN4, the DFNS QST parameters, and O’Brien’s score.  Plasma methylglyoxal did not significantly correlate with DN4 score: Pearson’s r (45)=0.039, p=.797,  or with NISLL+7: r (45)= -.046, p=.765.  However random glucose did correlate with DN4: r (45)=.377, p=.011.  
Plasma methylglyoxal did not correlate significantly with any measures of QST. However, plasma glucose did correlate negatively with WDT: Pearson’s r (45)=.301 p=.044; positively with MPT: r (45)=.320, p=.032; and DMA: r (45)=.324, p=.030.  There was no correlation between methylglyoxal and Hba1c: r (36)= -.040, p=.817; or with retinopathy r (45)= -.094, p=.539. There was a correlation between random plasma glucose and retinopathy: r (45)=.333, p=.025.  
There was no correlation between methylglyoxal and measures of autonomic dysfunction, although there was a correlation between random plasma glucose and the O’Brien’s score: r (42)=.460, p=.002.
[bookmark: _Toc23][bookmark: _Toc49973115][bookmark: _Toc49973458][bookmark: _Toc64723914]DFNS protocol across groups
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The multivariate ANOVA showed that there was a significant difference between the groups: Wilks’ λ= .353, F(39,170)=1.834, p=.005 for all parameters. Univariate ANOVA was performed, and the results are summarised in Appendix C.  
As Wilks’ λ was significant a discriminant function analysis was performed.  Function 1 consisted of the following parameters: TSL, CDT, VDT, WDT, MPT, CPT, MDT.  Function 1 significantly discriminated between the neuropathy (P-DPN and DPN) and non- neuropathy groups (DM-NN and HV) (p=0.004) and accounts for 73.3% of the variance (see Table 2.5).  Function 2 accounts for 20.5% and function 3 6.3% of the variance.  The classification matrix shows how many subjects would have been correctly classified into the subject groups- P-DPN, DPN, DM-NN or HV using DFNS measurements as a differentiator (see Table 2.6).  Sixty-three percent of the subjects would have been correctly allocated to group.  Function 2 differentiated P-DPN and DPN using the following parameters: allodynia (DMA), wind up ratio (WUR) and paradoxical heat sensations (PHS), but the total number of subjects experiencing these symptoms in our study was too low to correctly designate all of the subjects (see Figure 2.10).  
[bookmark: _Toc24][bookmark: _Toc49973556][bookmark: _Toc64724080]Table 2.5  Structure Matrix for Discriminating Variables of QST measurements obtained by the DFNS protocol
	Structure Matrix

	 
	Function

	
	1
	2
	3

	TSL
	.778*
	.224
	.249

	CDT
	-.710*
	-.266
	.040

	VDT
	-.692*
	.062
	.062

	WDT
	.691*
	.240
	.315

	MPT
	.557*
	.237
	-.034

	CPT
	-.424*
	.142
	-.216

	MDT
	.411*
	.300
	-.130

	WUR
	.059
	-.508*
	.165

	DMA
	.173
	.400*
	-.283

	PHS
	.106
	-.360*
	-.014

	HPT
	.416
	.077
	.770*

	MPS
	-.242
	-.252
	-.330*

	PPT
	.008
	-.042
	.315*


Pooled within-groups correlations between discriminating variables and standardized canonical discriminant functions 
Variables ordered by absolute size of correlation within function.
* Largest absolute correlation between each variable and any discriminant function
TSL=thermal sensory limen, CDT=cold detection threshold, VDT=vibration detection threshold, WDT=warm detection threshold, MPT= mechanical pain threshold, CPT=cold pain threshold, MDT= mechanical detection threshold, WUR= wind up ratio, DMA= dynamic mechanical allodynia, PHS=paradoxical heat sensation, HPT=heat pain threshold, MPS= mechanical pain sensation, PPT pressure pain threshold
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[bookmark: _Toc64724081]Table 2.6  Classification Results using the Discriminant Functions  for QST Measurements Obtained by the DFNS protocol
	GROUP
	Predicted Group Membership
	Total

	
	P-DPN
	DPN
	DM-NN
	HV
	

	Original
Count
	P-DPN
	11
	5
	2
	1
	19

	
	DPN
	4
	15
	0
	3
	22

	
	DM-NN
	0
	2
	4
	7
	13

	
	HV
	0
	1
	4
	14
	19

	Original %
	P-DPN
	57.9
	26.3
	10.5
	5.3
	100.0

	
	DPN
	18.2
	68.2
	0.0
	13.6
	100.0

	
	DM-NN
	0.0
	15.4
	30.8
	53.8
	100.0

	
	HV
	0.0
	5.3
	21.1
	73.7
	100.0

	a. 60.3% of original grouped cases correctly classified. P-DPN



[bookmark: _Toc26][bookmark: _Toc49973360][bookmark: _Toc64724179]Figure 2.10  Discriminant Function of QST Parameters by Group, Function 1 and Function 2
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This figure shows that Function 1 discriminates between “no-neuropathy" on the left of the zero line of the X-axis, neuropathy on the right.  Function 2 separates the P-DPN from the DPN groups.  Function 1 includes higher scores on TSL, CDT, VDT, WDT, MPT, CPT, MDT.  Function 2 includes higher scores DMA, PHS and WUR (all positive symptoms).  
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In this study we aimed to look at the psychological, metabolic and clinical corelates of P-DPN by detailed and careful phenotyping of T1D patients and healthy non-diabetic control subjects.  There were some significant differences between the baseline characteristics of the four groups.  The DPN group were older and significantly so, from the P-DPN group.  As we were recruiting patients with eGFR >40mls/min/1.73m2, this may have led to exclusion of subjects with P-DPN who were older due to the association with severity of complications and age (Tesfaye et al., 1996b).  Although the P-DPN group was younger, they still had a trend to poorer glycaemic control and more severe neuropathy than the DPN group. 
HbA1c was statistically significantly different between the groups.  This is in line with previous studies.  HbA1c has been reported as a significant risk factor for the development of neuropathy in T1D (Tesfaye et al., 1996b).  In the KORA (Ziegler et al., 2009b) and PiNS studies (Themistocleous et al., 2016), higher Hba1c was reported as a predisposing factor to the development of P-DPN in both T1D and T2D.  There were 5 ex-smokers in the P-DPN group and none in the other groups.  Smoking has been identified as a risk factor for DPN and P-DPN in several epidemiological studies (Tesfaye et al., 1996b, Van Acker et al., 2009, Ziegler et al., 2009a, Themistocleous et al., 2016).  Macrovascular disease (any history of cerebrovascular events, myocardial events and peripheral vascular disease) is reported to have a strong association with neuropathy (Tesfaye et al., 1996b, Ziegler et al., 2009b). There was a higher incidence of macrovascular events in our painless neuropathy (DPN) group, but this was not significantly different when compared using Pearson’s Chi Square.  There was an expected increase in prevalence of retinopathy in the P-DPN and DPN groups as opposed to the DM-NN group (Tesfaye et al., 1996b).
Overall, general demographic parameters, measures of diabetes control and measures of diabetes complications in our cohort were in line with previously reported values. This gives confidence in the generalisability of our findings.
In summary, although the groups were otherwise well matched, the DPN group was older than the P-DPN group.  However, as the P-DPN group had a trend for higher HbA1c and more severe neuropathy, age may not be a major confounding factor.  
This study confirms that those with P-DPN have a significantly increased severity of depressive symptoms.  In addition the P-DPN group had a higher score for the state component of the State-Trait Anxiety Scale (Spielberger et al., 1983), PCS (Sullivan et al., 1995) and PILL (Pennebaker, 1982). 
Previously our group has reported that levels of anxiety and depression correlate with pain scores in P-DPN (Selvarajah et al., 2014).  Other groups have made similar findings.  Studies have examined the link between depression and P-DPN, and have reported a significant association (D’amato et al., 2016b, Harada et al., 2016, Descalzi et al., 2017, Raputova et al., 2017b).  A longitudinal study by Vileikyte, looking at the association between depression, anxiety and neuropathy, concluded that anxiety and depression levels were highly correlated with neuropathic severity over time (Vileikyte et al., 2005a, Vileikyte et al., 2009), but this study did not differentiate between DPN and P-DPN groups. Our study findings regarding the relationship between depression and P-DPN are in agreement with previous reports, that depression and P-DPN are linked, although the nature of the association is not known.  
The question of whether chronic pain can be predicted by personality type has been debated in the literature.  In the more general field of chronic pain, high harm avoidance, low self-directedness and pain catastrophising have been reported (Sullivan et al., 2005, Conrad et al., 2013, Gustin et al., 2016). This reflects an anxious and neurotic personality with decreased internal locus of control, lack of meaningful goals and rumination, and magnification and helplessness when trying to cope with pain. In our study we used BIS/BAS as a measure of how personality may have shaped behavioural response, and pain catastrophising scale as a specific measure of response to pain.    
Our study found that pain catastrophising was higher in the P-DPN group than DPN and HV, but it did not differentiate between P-DPN and DM-NN.  This is an interesting finding as it may reflect a different approach to pain avoidance.  For the non-neuropathic group, fear of pain may be motivating, whereas in the P-DPN group it may not be.  It is uncertain, as there are no longitudinal studies, whether this outcome can be predicted prior to the development of painful neuropathy.  We reproduced the positive correlation between pain catastrophising and depression shown by other researchers (McGuire et al., 2010, Selvarajah et al., 2014, Raputova et al., 2017a). 
Gray’s biopsychological theory of personality (Carver and White, 1994) was studied in our cohort using BIS/BAS scale as mentioned previously.  Gray’s theory states that those with high “behavioural inhibition” will be largely motivated by avoidance of adverse stimuli, whereas those with high levels of behavioural activation will be motivated by reward systems and may have a higher level of impulsivity (Carver and White, 1994).  It has been shown that those with chronic pain of any type will have decreased reward responsiveness (Elvemo et al., 2015).  Thus, the implication for subjects with diabetes, is that a tendency to be less responsive to rewards may lead to a lack of motivation to achieve positive end points such as a lower Hba1c, and lead to the development of complications.  By extension, one may also hypothesise that a lack of anxiety regarding the development of negative consequences, such as microvascular or macrovascular disease, would also predispose to negative outcomes.  Therefore, in our cohort we predicted that subjects with P-DPN and DPN would have a low BIS and a low BAS score. Numerically this was the case; the P-DPN group had a lower mean on all subsets of the score.  However, it was not statistically significantly different between any groups, perhaps due to a small sample size.  The BAS-RR approached statistical significance in post hoc analysis between the P-DPN group and the DM-NN group.  BAS-RR scores have been shown to be lower in those with chronic pain syndromes and to be correlated with a decrease in volume in the nucleus accumbens (Elvemo et al., 2015).  Further work examining this finding and how it may relate to the development of P-DPN in subjects with T1 DM, may allow insights into how to treat those vulnerable to complications before they develop, but a study with larger numbers would be required to detect a statistically significant difference.  
Finally, we examined hypochondriasis or somatic focus as a correlate of P-DPN using the PILL.  In a study looking at the development of all microvascular complications in subjects with T2D (Stoimenova-Popova et al., 2017), it was found using the MMPI (Minnesota Multiphasic Personality Inventory) that predictive personality types were hypochondriasis, hysteria and schizoid personality types.  High “Hysteria” scores reflect neuroticism- which has been reported as high scores on anxiety and depressions scales in conjunction with P-DPN as discussed above.  Hypochondriasis is a predictive personality type for complications of diabetes but has not been measured in the context of P-DPN.  Hypochondriasis in subjects with P-DPN may be a measurement of generalised central sensitisation to all noxious stimuli. “Hypochondriasis” as a construct can be measured with the PILL questionnaire, which scores vague and non-specific complaints as a measure of perceptual amplification arising from chronic pain (McDermid et al., 1996).  The PILL has been used to measure somatic focus in individuals with various conditions including fibromyalgia (McDermid et al., 1996), and generalised pain syndromes (Hollins and Walters, 2016). Although the PILL response rate was lower than some of the other questionnaires in our study, there was still a significant difference between the P-DPN group and the DM-NN group.  As this is not a longitudinal study, we cannot say whether this is a pre-existing trait of somatic focus, or part of a hyper-vigilance syndrome which has developed as a result of the experience of chronic pain.  Currently it is assumed that somatic focus develops as a consequence of the development of neuropathic pain, however in a study of the development of post herpetic neuralgia, higher ratings on somatic focus prior to the establishment of chronic neuropathic pain predicted its development (Katz et al., 2005).  This is the first study in P-DPN to show higher levels of somatic focus.  If this result is reflected in a larger more specifically designed study, then there is also a case for exploring whether increased somatic focus represents a barrier to successful treatment of the pain experience in P-DPN.  
As a constellation of symptoms, we found that subjects in the P-DPN group could be reliably differentiated from the other study groups by higher scores for depression on BDI questionnaire, higher PILL score, higher pain catastrophising and higher anxiety state, and a lower score for BAS-F: fun seeking (motivation to find novel rewards spontaneously).  This suggests that this group are more likely to have a focus on symptoms and catastrophise pain, they are more likely to be depressed and anxious and don’t seek out rewarding experiences.  DM-NN can be separated from P-DPN, DPN and HV by function 2, which is associated with higher scores on BAS-D and RR (motivation and reward responsiveness) and lower scores on anxiety trait.  This suggests that those who do not develop complications are more likely to respond to cues for intrinsic and extrinsic motivation.  It is unclear if these are selecting personality traits as this is a cross-sectional study.  Finally, function 3 differentiated DPN from HV. DPN was associated with lower scores for BIS than HV.  
In summary we have found that a constellation of negative psychological states can differentiate P-DPN from DPN.  These psychological states include depression, anxiety, and increased somatic focus.  That depression stands out above other psychological factors could reflect that depression predisposes to the development of complications (Nefs et al., 2016).  Our findings indicate that personality factors are important in the experience of P-DPN.  In the future premorbid factors would be studied longitudinally specifically to study this question.  This could lead to earlier tailored interventions to those likely to develop complications including P-DPN.  

Methylglyoxal is a glycolytic metabolite which is produced as a by-product of the glycolytic pathway, from glyceraldehyde 3-phosphate and dihydroxyacetone phosphate, although it can be produced as a result of protein and fatty acid metabolism (Allaman et al., 2015).  Thornalley (1990) showed that a downregulation of glyoxalases correlated with the development of complications of diabetes, and that methylglyoxal was an important advanced glycosylation end product implicated in the progression to complications of diabetes.  Our study did not find that serum methylglyoxal predicted P-DPN or DPN.  In fact, we did not find any association between methylglyoxal levels and complications associated with diabetes.  This was in direct contrast to the findings of Bierhaus et al; (2012) who found that a serum methylglyoxal level> 600nm may predict the presence of neuropathic pain in subjects with diabetes.  Their work in experimental animal models to elucidate the mechanism by which methylglyoxal caused neuropathic pain, showed that a post-translational modification of the Nav1.8 channel in c-fibre neurons predisposes to hyperexcitability when exposed to methylglyoxal.  Methylglyoxal is also implicated in central neuronal dysfunction. CNS neurons are vulnerable to methylglyoxal damage by advanced glycation end product accumulation, and therefore may represent a link between the central and peripheral mechanisms of pain generation in P-DPN (Allaman et al., 2015). 
Subsequent to the commencement of our study, the ADDITION study reported that methylglyoxal was not correlated with P-DPN in a cohort with T2D of short duration (Hansen et al., 2015).  They found there were no associations between serum methylglyoxal, autonomic function tests, neuropathy or painful neuropathy measures.  The authors hypothesised that a difference may have been found with a longer duration of diabetes, or perhaps with more robust measures of neuropathy such as nerve conduction studies or intraepidermal nerve fibre density measurements.  Our study measured detailed QST, nerve conduction studies and autonomic function tests and found a similar result.  Our study used subjects with type 1 diabetes and the duration of diabetes was much longer than the ADDITION study.  It is unclear why our group and the ADDITION study were unable to replicate the Bierhaus et al., results.  The methods for obtaining and processing methylglyoxal samples, were the same for all three studies.  The samples were initially processed at the local study site but then were all sent to be processed by the group who published the Bierhaus et al. paper in Germany.  Subsequently, it has been hypothesised that the instability of the methylglyoxal compound may have caused the discrepant results (Brings et al., 2017) and timely centrifuge and freezing avoids artefactual overestimation of MG by further breakdown of monosaccharides, glycated proteins and glycolytic intermediates after the sample has been collected (Rabbani and Thornalley, 2014, Brings et al., 2017).
Despite plasma methylglyoxal bearing no relation to measures of P-DPN, plasma glucose levels were significantly associated with DN4 score, retinopathy score and O’Brien’s score.  This association would support the notion that high blood glucose levels could lead to high levels of toxic glucose metabolites which could lead to modification of the Nav1.8 channel within a short time frame.  Unfortunately, high levels of blood glucose did not correspond with high levels of measured serum methylglyoxal, which meant we could not associate methylglyoxal with these effects.  
Perhaps methylglyoxal is still important but needs to be measured by a different method. Skin levels of methylglyoxal derived compounds have been studied retrospectively and prospectively.  In the OSLO study (Sveen et al., 2013) methylglyoxal derived hydroimidazolone from skin biopsy was found to be prospectively correlated with WDT and HPT in the foot, and HPT over the knee.  However, methylglyoxal was not correlated with large fibre or small fibre objective measures of neuropathy in this study, and only five patients out of the 27 in the study reported symptoms of painful neuropathy.  
There is still a question to be answered regarding the effect of methylglyoxal on the CNS in those with P-DPN, as methylglyoxal is thought to be neurotoxic (Allaman et al., 2015) and could interfere with the blood brain barrier (Li et al., 2015).  This question may be better answered with prospective multiple measurements of methylglyoxal, given its volatile nature, and correlation with other AGE (advanced glycation end-products) measured by skin biopsy or nerve biopsy.  
In our study, discriminant function analysis showed that QST measures are able to differentiate the participants with neuropathy from the participants without neuropathy.  Function 1 in the discriminant analysis describes TSL, CDT, VDT, WDT, MPT, CPT and MDT as differentiators between neuropathy and non-neuropathy.  This is a loss of sensation function similar to that reported previously as the most common phenotype in diabetic neuropathy (Vollert et al., 2017, Baron et al., 2017).  
Function 2 in the discriminant function analysis does to some extent differentiate between painful and painless neuropathy.  The components of this function contain parameters that are associated with central sensitisation or the mechanical hyperalgesia phenotype (Vollert et al., 2017), and therefore may shed some light on the pathogenesis of P-DPN. In function 2 WUR was higher in DPN and lowest in P-DPN.  Wind up ratio is a ratio of the pain intensity rating of a single painful mechanical stimulus, to the pain intensity rating of a series of stimuli (Rolke et al., 2006b).  Higher values for WUR represent a lower rating for the series of stimuli as compared to the initial stimulus.  Lower values of WUR are associated with an increase in pain as a result of a certain frequency  of mechanical pain stimulation inducing central stimulation (Herrero et al., 2000).  Therefore, WUR is a proxy measure of central sensitisation.  In our study we observed a low WUR in the P-DPN group.  This suggests central sensitisation was occurring in some individuals with painful neuropathy.  The other parameters in function 2 were dynamic mechanical allodynia – only observed in the P-DPN group, and paradoxical heat sensation- observed in the DPN group but also in other groups.  The small numbers of subjects reporting these symptoms make it hard to interpret the data, however one interpretation could be that WUR and DMA are sensitive measures of P-DPN but are not specific- which means their presence allows correct group prediction, but absence of these qualities is not a helpful differentiator.  The WUR, DMA and PHS results are consistent with other studies using the DFNS QST protocol to examine the characteristics of P-DPN.  Positive symptoms such as DMA, WUR and PHS were only reported in 6.3% of subjects in the PiNS study (Themistocleous et al., 2016) and 13.6% in a study of QST in subjects with T2D of short duration (Raputova et al., 2017a).  Baron et al., (2017) found that loss of function across all QST measures, was the predominant phenotype in diabetic neuropathy. Our study also reported loss of function values in both the neuropathy groups.  Baron et al., also found patterns of thermal and mechanical hyperalgesia in diabetic neuropathy but did not differentiate between P-DPN or DPN.  Our study observed a similar pattern but found an association between P-DPN and the previously described mechanical hyperalgesia pattern. 
There were limitations to this study.  Unfortunately, some subjects did not fill out all the questionnaires in the study pack.  There appeared to be some element of questionnaire fatigue as the last questionnaire had the least amount of responses.  The literature has cited that epidemiological studies since the year 2000 have averaged 70% response rates for questionnaires (Galea and Tracy, 2007). Our response rates were between 73-93%.  This is a good response rate, however a bigger study in a non-selected population would be useful to validate these results.  As discussed above, although we set out to age and sex match, the limitation of having an eGFR >40mls/min/1.732 for other elements of the study, meant that recruitment was difficult for the P-DPN group.  There were younger participants in the P-DPN group compared to the DPN group, but they were matched for severity of neuropathy and complications.  Therefore, we hope that the influence on psychological factors and biomarkers of P-DPN will be limited.  
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Our study is the first to incorporate measurements of somatic focus as a contributory factor for painful diabetic peripheral neuropathy.  We have shown that there is a constellation of psychological factors that are strongly associated with painful diabetic peripheral neuropathy using multivariate and discriminant function analysis. Scores on Beck’s depression inventory, Pennebaker’s Inventory of Limbic Languidness, State-Trait- state anxiety scale and pain catastrophizing strongly predict group membership of the painful diabetic peripheral neuropathy group.  Therefore these factors should be further tested to describe psychological features which predict development of painful symptoms in the context of length dependent symmetrical polyneuropathy. 
This is the first study to report serum methylglyoxal results in subjects with longstanding type 1 diabetes.  Methylglyoxal did not differentiate between painful diabetic peripheral neuropathy and painless diabetic peripheral neuropathy, and was not correlated with any neuropathy parameters.  However, glucose measurements did correlate with some measures of painful neuropathy, which could suggest that glycolytic metabolites may be implicated in the perception of pain in painful diabetic peripheral neuropathy despite the negative study result.  This outcome is consistent with the outcome of the ADDITION study which found no difference in serum methylglyoxal levels.  Methylglyoxal remains of interest as it has effects on Nav1.8 channels peripherally but also has effects on neurons and the blood brain barrier centrally.  Further work to identify if there are alternatives to serum measurement of methylglyoxal, such as skin biopsy or other metabolites, may help to identify the role of advanced glycosylation end products in pain perception.
Our study is the first to describe “DFNS” quantitative sensory testing in a cohort consisting of subjects with type 1 diabetes mellitus.  Quantitative sensory testing measurements were able to strongly differentiate between neuropathy and non-neuropathy.  Measures of central sensitisation were able to differentiate some subjects with painful diabetic peripheral neuropathy from those with painless diabetic peripheral neuropathy.
This chapter has identified important psychological, quantitative sensory testing and metabolic parameters associated with painful diabetic peripheral neuropathy.  Future studies comprising of larger cohorts and a prospective study design will need to confirm these interesting findings. 


[bookmark: _Toc49766042][bookmark: _Toc64723917]Chapter 3: Reproducibility of Quantitative Measurements of Dynamic Susceptibility Contrast for Cerebral Microvascular Perfusion.
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Background: Dynamic susceptibility contrast magnetic resonance imaging (DSC-MRI) is a method of measuring tissue perfusion using exogenous gadolinium as a contrast agent. Dynamic susceptibility contrast magnetic resonance imaging (DSC-MRI) is well established in the fields of stroke medicine and central nervous system (CNS) oncology and routinely used to compare pathological to normal brain tissue, but has not been utilised to measure cerebral perfusion for subjects with painful diabetic peripheral neuropathy (P-DPN). Our aim was to assess the reproducibility of four perfusion parameters: regional blood volume (RBV), regional blood flow (RBF), mean transit time (MTT), Time-to-peak concentration (TTP) using quantitative dynamic susceptibility contrast magnetic resonance imaging.  An “off the shelf” perfusion analysis software was used for post-processing of the acquired images. 
Methods: This was a cross sectional study with whole dataset blinded comparison of measurements by two raters.  Bland-Altman plots and intra-class correlation co-efficients (ICC) were used to analyse results. 
Results: Bland-Altman plots of Time-to-peak concentration show approximately 10% variability for the difference vs average plots. Time-to-peak concentration has an “excellent” ICC of 0.837. ICC was good for regional blood flow RBF=0.710 and mean transit time MTT= 0.618, and fair for regional blood volume RBV=0.443.  
Conclusions: Time-to-peak concentration was the most robust measure of microvascular cerebral perfusion. The other measures have good reproducibility in line with previously published reports.  Our methodology was therefore sufficiently robust to draw conclusions from group comparisons of microvascular cerebral perfusion measures.
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Perfusion abnormalities have been demonstrated, in pilot work performed by our group, in the thalamus of subjects with P-DPN using DSC-MRI (Selvarajah et al., 2011b).  The study used “relative” perfusion measures at 1.5 T (Tesla). The aim of this study was to try and replicate those results with a 3T scanner and “quantitative”  DSC-MRI.  
Quantitative DSC-MRI utilises T2* properties of gadolinium chelate contrast to obtain perfusion data for brain regions as discussed in Chapter 1- The Introduction pp 30-33.  In this study we used a commercially available post-processing package NordicNeurolab, nordicICE perfusion package, (V3.0, Bergen 2012) in order to assist with generation of the AIF, register to a T1 image for anatomical information, and for production of post processing RBV, MTT, RBF and TTP maps.  There were multiple post processing steps that required manual input and human decision making.  Determination of  the reliability of the post processing steps was important for generalisability of the results.  Quantification of DSC-MRI is not straightforward due to human decisions that are required to identify the arterial input function and adjust for bolus recirculation effects (Willats and Calamante, 2013a).  Deconvolution of tissue perfusion curves with the arterial input function (AIF), accounts for bolus delay and dispersion.  This makes interpretation of perfusion parameters easier, however finding the ideal area to place the AIF can introduce variation and fully automated methods are not entirely reproducible (Quarles et al., 2019).  Placing a global AIF i.e. placement in a proximal large vessel of the CNS [middle cerebral artery (MCA) or internal carotid artery (ICA)], is more reproducible in terms of anatomical placement and is less susceptible to partial volume effects.  Placement of the AIF in a vessel feeding the region of interest, is less reproducible across operators, has a higher incidence of partial volume effects, but has minimal contribution to bolus delay and dispersion (Calamante, 2013).  For multiple regions of interest global AIF is an accepted method (Calamante, 2013)
Another source of variation is the manual drawing of regions of interest.  The regions of interest must be carefully described and drawn manually.  There is currently no automated process that is more reliable (Galinovic et al., 2012) although approaches to segmentation are included in packages for grossly abnormal tissue such as tumour or infarct (Alkhimova, 2019).  Consequently, a description of the reproducibility of the technique is important.  
There is data on the reliability of the NordicICE perfusion package for subjects with glioblastoma (Bjornerud and Emblem, 2010, Orsingher et al., 2014, Kelm et al., 2015, Conte et al., 2017) but there is no published data for quantification DSC-MRI using this software package outside the field of CNS oncology and stroke medicine.  Although DSC-MRI was reported in subjects with P-DPN by our group previously (Selvarajah et al., 2011b), this study differs from the earlier study in several important ways.  Apart from the use of 1.5T (rather than 3T) MRI and including smaller numbers of participants than the present study, the pilot study generated the data without use of the AIF, and therefore the RBV is measured as area under the curve, 1st moment transit time is reported, and RBF is derived as a ratio of the two measures.  This strategy, even with normalisation, is known to have pitfalls  for interpretation as it does not account for bolus dispersion and delay prior to arrival at the region of interest (ROI) (Perthen et al., 2002).  As we are not using the same strategy for post processing in this study it is important that we validate our approach by examining reproducibility. 
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The methods described in this chapter will be for Visit 2- and Visit 3 (Figure 3.1). 
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This figure shows the overall plan of the study.  The red box shows that the data will be drawn from measurements taken by DSC-MRI at the 2nd and 3rd visits- see figure for detail.
On Visit 2 the participant attended the MRI department.  On arrival to the scanning visit, the subjects were questioned as to whether they were currently experiencing pain, or consumed caffeine since midnight.  Subjects in the P-DPN group were asked whether their pain symptoms were typical of their neuropathic pain and if they responded affirmatively the pain severity was recorded by 11 point Likert scale. If their pain was non-neuropathic or they had consumed caffeine their scan was rebooked, so as not to affect baseline measurements (Field et al., 2003).  All other subjects had their scan rebooked if they reported any pain or caffeine consumption.  A capillary blood glucose measurement was taken prior to the scan if the patient had diabetes.  The scan was rebooked if the capillary blood glucose measurement was less than 4mmol, or if the capillary blood glucose had been less than 4mmol in the last 24 hours, so that perfusion changes secondary to hypoglycaemia could not interfere with the scan.  Subjects BP and pulse were taken prior to entry to the scanning room.  EMLA® (Astra Zeneca, London UK) cream was applied to the left antecubital fossa. After 20 minutes the subjects were cannulated in a vein of the antecubital fossa.  The subjects were questioned as to whether they experienced ongoing discomfort after cannulation with a view to removing the cannula and rebooking the scan if the subject answered yes.  All images were acquired using a Philips Ingenia 3T scanner (Philips Healthcare, 5680 DA Best, The Netherlands).  
A DSC image was acquired to interrogate tissue perfusion using gradient echo (Philips Fast Field Echo -“FFE”) and single shot EPI (echo-planar imaging). FOV (field of view) 224x224x99mm; voxel size 2.33x2.33; flip angle 600, slice thickness 4mm; slices 20 interleaved with a 1mm slice gap, SENSE 2.10, TR/TE 1250/35; 72 dynamics (for a full description of the MRI settings used please see Appendix B).  Gadolinium chelate was delivered as Gadobutrol (Gadovist®, Bayer plc, Berkshire United Kingdom) 1mmol/ml, calculated dose 1 ml per kg, and delivered at 5mls per second using a specially designed device (Medrad Spectris, Solaris version 008.001-sa, Pennsylvania, USA) on the 10th dynamic of the above MRI sequence.
The subjects were instructed to relax in the scanner and try not to think about anything.  
After the scan session concluded participants with T1D were asked to wait to have their blood glucose rechecked before leaving the department.  If the blood glucose measurement was greater than 15mmol they were instructed to check ketones and give insulin correction doses of rapid acting insulin.  If the blood glucose was below 4mmol/L the participants were given rapidly absorbed glucose and instructed to wait to have their glucose rechecked.  
The above protocol was repeated on the third visit.  The patients were subjected to experimental pain during the scan, but this protocol will be described in detail in Chapter 5.  AIF data was compared between the second and third visit.  No other data from the third visit was used. The aim of this chapter is to compare the dynamic susceptibility results between two raters at both visits.
[bookmark: _Toc46213527][bookmark: _Toc49766047][bookmark: _Toc64723921]DSC analysis
The DSC data was analysed using the NordicNeurolab, nordicICE perfusion package (V3.0, Bergen 2012) off the shelf software.  It was transferred as DICOM® (Digital Imaging and Communications in Medicine, Arlington, Virginia) files to NordicICE, motion corrected, and the pre-bolus range was identified manually.  An arterial input function was used to normalise the data to arterial flow.  A global arterial input function (Calamante, 2013) was identified in a semi-automated way by identifying the middle cerebral artery and selecting the region around it.  The NordicICE software arterial input generation function was used to automatically generate a number of arterial flow signal versus time graphs, within the selected region of interest that included the middle cerebral artery (Mouridsen et al., 2006).  The final arterial input function was chosen from the selection generated by the automatic function.  These were selected on the basis of visual identification of the AIF within the middle cerebral artery,  and an appropriate signal response, i.e. rapid rise, tall peak and immediate and rapid fall assessed visually (Rempp et al., 1994).  Then using NordicICE perfusion module software and the manually selected AIF; RBF, RBV and MTT maps were generated by the software.  Note that the TTP maps were not corrected for arterial input function by definition and were generated separately.  Single value deconvolution technique (SVD) was used to generate the automated maps for RBF, RBV and MTT.  SVD is a non- parametric technique which allows deconvolution even in the context of noise in the input data, which can cause a large deviation in calculated RBF from true values (Knutsson et al., 2004).  A region of interest (ROI) was hand drawn on areas reported to be implicated in pain processing the thalamus (Thal), the insula (INS), the anterior cingulate cortex (ACC), the primary sensory cortex (PSC) and the right sided posterior occipital white matter (POWM) as a control area (Duerden and Albanese, 2013).  ROI were drawn bilaterally, except in the case of the ACC where they were combined due to the very small area, and the POWM control area which was right side only.  The descriptions for identifying landmarks at which to draw the region of interest “freehand”, which formed part of the standard operating procedure for both raters, are described below.
Description of the position of the region of interest for the left and right thalamus
The slice at which the ROI was drawn was identified as the first slice where the anterior horn of the lateral ventricle is apparent.  The ROI was identified using the following landmarks: At the level of the anterior and posterior commissure, the thalamus is medial to the internal capsule, lateral to the third ventricle and the posterior commissure. (Yamada et al., 2010) (Figure 3.2).

[bookmark: _Toc45038104][bookmark: _Toc49765502][bookmark: _Toc64724181]Figure 3.2  Example of the Position of the Region of Interest for the Thalamus
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Position of the ROI for the right thalamus.  The ROI is marked in red.

Description of position of the region of interest for the left and right insula cortex
The insula is lateral to the claustrum on the same slice as the thalamus.  The insula is between a coronal line drawn at the junction of the anterior limb in the internal capsule and the external capsule for the anterior insula, and the coronal line at the level of the PC defines the posterior insula (Naidich et al., 2004).  The ROI was drawn to follow the line of the gyri and to avoid major perforating vessels (Figure 3.3). 
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[bookmark: _Toc64724182]Figure 3.3  Example of the Position of the Region of Interest for the Insular Cortex
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Position of the ROI for left insula cortex.  The ROI is marked in red.

Description of position of the region of interest for the anterior cingulate cortex: 
 Given that the ACC is close to the midline, draw the anterior cingulate cortex so it covers both areas and avoid vessels.  Locate it anteriorly between the callosal sulcus and the cingulate sulcus at the level of the corpus callosum (Jones et al., 2006) (Figure 3.4).  

[bookmark: _Toc45038106][bookmark: _Toc49765504][bookmark: _Toc64724183]Figure 3.4  Example of the Position of the Region of Interest for the Anterior Cingulate Cortex
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Position of the ROI for the ACC.  The ROI is marked in red.

Description of position of the region of interest for the parieto-occipital white matter  Place between the posterior lateral horn of the ventricle and the occipital grey, where the lateral ventricles are in continuous contact along the midline.  Use a small circle around 1cm2 as there are no contours to follow (Figure 3.5). 

[bookmark: _Toc49765505][bookmark: _Toc64724184][bookmark: _Toc45038107]Figure 3.5  Example of the Position of the Region of Interest for the Parieto-Occipital White Matter 
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Position of the ROI for the right POWM.  The ROI is marked in red.
Primary Sensory Cortex is Located in the Post Central Gyrus  
Identification of the superior frontal sulcus which intersects with the precentral sulcus will help to identify the precentral gyrus. The precentral gyrus is immediately anterior to the central sulcus. Identify the most superior slice in which the omega sign can be identified in the pre-central gyrus.  This is the slice level. Both the pre and post central gyrus will form a continuous strip that extends to the edge of the brain parenchyma. The post central gyrus is smaller volume and posterior to the precentral gyrus (Meyer et al., 1996) (Figure 3.6). 


[bookmark: _Toc64724185][bookmark: _Toc45038108][bookmark: _Toc49765506]Figure 3.6  Example of the Position of the Region of Interest for the Primary Sensory Cortex 
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Position of the ROI for the left primary sensory cortex.  The ROI is marked in red.

[bookmark: _Toc46213528][bookmark: _Toc49766048][bookmark: _Toc64723922]Reproducibility Protocol
The above protocol was used by two separate assessors using the same data set to establish the reproducibility of the protocol.  The second assessor was blinded to the participants group.  The first assessor had randomised the patients and so was aware of the participants group.  AIF at the second and third visit was compared between raters.  A single ROI was selected to compare the different perfusion parameters (RBV, RBF, MTT, TTP) for agreement.  RBV was compared at the LThal, LINS, ACC, POWM and LPSC between raters.  
[bookmark: _Toc46213529][bookmark: _Toc49766049][bookmark: _Toc64723923]Statistical Analysis
The results were analysed using SPSS (Version 26, IBM Corp, Armonk, New York),  
 and Graph Pad Prism (Version 8.4.3, GraphPad software, San Diego California).  Bland-Altman plots of agreement and Intraclass correlation co-efficient (absolute agreement) were used to compare the assessor’s results.  Statistical significance was set at p<.05. 
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[bookmark: _Toc64723925]Arterial input function
The Arterial input function (AIF) is the basis of calculation of three of the 4 perfusion parameters.  Therefore, the reproducibility of the AIF is crucial to the reproducibility of the other perfusion parameters.  Bland-Altman analysis and plots are shown.  Although the bias was very small for AIF peak on the second and third visits, the standard deviation of the bias is just under 20 units for both visits (Table 3.1).  The difference vs average plots show that there is some variability between the raters measurements (Figure 3.7 and Figure 3.8).  Bland-Altman plots show that there is significant negative bias at higher measurements from Rater 1 to Rater 2.  Intraclass correlation coefficient (ICC) for the agreement between AIF measurements was significant V2=0.38 and V3 =0.42 (p<.05). 

[bookmark: _Toc45038294][bookmark: _Toc49765412]Table 3.1  Bland-Altman Statistics Comparing Measured AIF Peak Between Two Raters

	
	Bias:
	SD of the bias (units)
	95% Limits of Agreement (units)

	Peak:
	
	
	

	Visit 2
	-3.217
	18.20
	-38.89 to 32.46  

	Visit 3		
	-4.836
	16.01
	-36.22 to 26.55


SD= standard deviation, AIF is represented as arbitrary units
[bookmark: _Toc49765507][bookmark: _Toc64724186]Figure 3.7  Bland-Altman Plot: Difference vs Average for Arterial Input Function-Visit 2.  Rater 1 vs Rater 2 
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[bookmark: _Toc64724187]Figure 3.8  Bland-Altman Plot: Difference vs Average for Arterial Input Function-Visit 3.  Rater 1 vs Rater 2 
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[bookmark: _Toc64723926]Reproducibility by perfusion parameter 
Reproducibility was assessed for the different cerebral perfusion measurements at the left thalamus only, to interrogate whether a particular perfusion measurement was more reliable than others.

[bookmark: _Toc45038296][bookmark: _Toc49765413][bookmark: _Toc64724082]Table 3.2  Bland-Altman Statistics Comparing Perfusion Measurements by Rater
	Perfusion Measurement
	Bias
	SD of bias
	95% Limits of Agreement

	RBV
	-0.6240, 
	5.528, 
	From -11.46 To 10.21 

	RBF
	-4.929 
	45.07 
	From-93.27 To 83.42

	MTT
	-0.1427 
	1.339 
	From-2.768 To 2.482 

	TTP
	0.3227 
	0.6873 
	From-1.024 To 1.670 


SD=standard deviation, RBV regional blood volume, RBF regional blood flow, MTT mean transit time, TTP Time-to-peak concentration

The ICC for the four perfusion variables was significantly correlated: RBV=0.443, RBF =0.710, MTT= 0.618, TTP 0.837 (p<.05 for all).	 
TTP was the most reliable measurement at the left thalamus, the 95% limits of agreement were between -1.024 to 1.67 (Table 3.2 and Figure 3.12).  The other measurements had wider intervals for 95% limits of agreement, representing a higher of variability between rater 1 and rater 2 values (Table 3.2 and figures 3.9 - 3.11).
[bookmark: _Toc45038110][bookmark: _Toc49765509][bookmark: _Toc64724188]Figure 3.9  Bland-Altman Difference vs Average Plot; Comparing Rater 1 and Rater 2 for Regional Blood Volume at the Left Thalamus
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RBV=regional blood volume, LThal=left thalamus.  Note that there is a negative bias at higher values.
[bookmark: _Toc45038111][bookmark: _Toc49765510][bookmark: _Toc64724189]Figure 3.10:  Bland-Altman Difference vs Average Plot; comparing Rater 1 and Rater 2 for Regional Blood Flow at the Left Thalamus
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RBF=regional blood flow and LThal = left thalamus.  Bias appears to increase at higher values
[bookmark: _Toc45038112][bookmark: _Toc49765511][bookmark: _Toc64724190]Figure 3.11 Bland-Altman Difference vs Average Plot; comparing Rater 1 and Rater 2 for Mean Transit Time at the Left Thalamus
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MTT= mean transit time, LThal=left thalamus.  
[bookmark: _Toc45038113][bookmark: _Toc49765512]
[bookmark: _Toc64724191]Figure 3.12 Bland-Altman Difference vs Average Plot; comparing Rater 1 and Rater 2 for Time to peak at the Left Thalamus
[image: ]
TTP=time-to-peak, LThal=Left thalamus. Very minimal differences in rater values, most are within 1 second.
Reproducibility by area
The left sided regions of interest (LThal, LINS, LPSC), the anterior cingulate and parieto-occipital white matter were compared to see if particular anatomical areas were more prone to poor inter-rater reliability than others (Table 3.3).  RBV was compared at the LThal, LINS, ACC, POWM and LPSC between raters.  
[bookmark: _Toc45038297][bookmark: _Toc49765414][bookmark: _Toc64724083]Table 3.3: Bland-Altman Statistics Comparing Regional Blood Volume by Rater and Region of Interest
	ROI
	Bias
	SD of bias
	95% Limits of Agreement 

	LThal
	-0.6240, 
	5.528, 
	-11.46 To 10.21

	LINS
	4.809 
	5.346 
	-5.668 To 15.29 

	ACC
	-3.109 
	7.360 
	-17.53 To 11.32 

	POWM
	-1.837 
	3.049
	-7.814 To 4.139 

	LPSC
	0.7987 
	3.585 
	-6.227 To 7.824 


ROI=region of interest, RBV= regional blood volume, SD=standard deviation, LThal= left thalamus, LINS= left insula, ACC=anterior cingulate gyrus, POWM=parieto-occipital white matter, LPSC= left primary sensory cortex. LPSC has smaller 95% limits of agreement than the other areas. 

The ICC (by “absolute agreement” definition) was 0.443 for the LThal as before, 0.431 for the LINS, 0.432 for the ACC, 0.418 for the POWM and 0.560 for the LPSC (all p<.05).  The primary sensory cortex (LPSC) had the best agreement for the areas between raters (Table 3.3 and Figure 3.16).  Bland-Altman analysis shows that there is a negative bias at higher values (Table 3.3 and figures 3.13 – 3.16). 
 
[bookmark: _Toc45038115][bookmark: _Toc49765513][bookmark: _Toc64724192]Figure 3.13  Bland-Altman Difference vs Average Plot; comparing Rater 1 and Rater 2 for Regional Blood Volume at the Left Insula on visit 2. 
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[bookmark: _Toc45038116][bookmark: _Toc49765514][bookmark: _Toc64724193]Figure 3.14  Bland-Altman Difference vs Average Plot; comparing Rater 1 and Rater 2 for Regional Blood Volume at the ACC on visit 2. 
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[bookmark: _Toc45038117][bookmark: _Toc49765515][bookmark: _Toc64724194]Figure 3.15  Bland-Altman Difference vs Average Plot; comparing Rater 1 and Rater 2 for Regional Blood Volume at the Parieto-Occipital White matter on visit 2.
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[bookmark: _Toc45038118][bookmark: _Toc49765516][bookmark: _Toc64724195]Figure 3.16  Bland-Altman Difference vs Average Plot; comparing Rater 1 and Rater 2 for Regional Blood Volume at the LPSC on visit 2.
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In summary, our results indicate that TTP has the best inter-rater reliability of the perfusion measures although MTT and RBF are good, and RBV is acceptable.  The arterial input function has acceptable inter-rater reliability. The left primary sensory cortex has the best inter-rater reliability of all the areas that were compared.  
Therefore, TTP in the sensory cortex is the most stable measurement with the narrowest confidence intervals.
[bookmark: _Toc46213532][bookmark: _Toc49766051][bookmark: _Toc64723927]Discussion
Dynamic susceptibility contrast is used in the clinical field widely under two conditions. It is useful if there is an altered perfusion due to angiogenesis secondary to tumour formation in the CNS, or in stroke medicine where there is infarction or areas of pathologically decreased perfusion.  The maps produced for RBV, RBF, MTT and TTP can be visually inspected and compared to other areas in the same brain (Medina et al., 2014).  The challenge in this study was not to visually compare but to use quantification of perfusion parameters to compare regions of interest and subjects.  We hypothesised that there may be subtle perfusion differences that could represent a biomarker for P-DPN.  Reproducibility information is important to validate DSC-MRI which is an established technique in a novel context.  The results from the reproducibility experiment highlight some of the known difficulties with quantification of perfusion in the brain using DSC MRI.  
Repeatability measurements stratified by regions of interest for DSC-MRI quantification, have not previously been published to our knowledge.  There was no significant difference in interrater reliability between the regions by rater, although the repeatability was slightly higher in the LPSC.  This indicates that post processing methods other than drawing the region of interest are likely to affect the repeatability, and these differences are distributed across the regions.  We have established that the regions of interest are not drivers of variance in repeatability.  
Time to peak was the most reproducible variable in this study.  The Bland-Altman plots show approximately 10% variability for the difference vs average between the two raters, and an ICC of 0.837.  TTP does not need de-convolution with the AIF therefore there is less variability.  Variability can be introduced by differences in the values generated by the k-cluster algorithms that automatically generate the AIF in NordicICE or other automatic or semiautomatic AIF generating software (Mouridsen et al., 2006, Yin et al., 2014, Yin et al., 2015).  Our findings for TTP reproducibility are corroborated by findings in the literature.  A reproducibility study using DSC-MRI and 2D freehand ROI of gliomas, reported an ICC of 0.974 for TTP measurement between raters (Dijkstra et al., 2020).  TTP has been reported to be clinically useful in acute stroke due to its reproducibility (Copen et al., 2011).  Despite the excellent reproducibility, interpretation of TTP requires an account of peripheral perfusion factors as well as central factors (Perthen et al., 2002).  Copen and colleagues (2011) demonstrated using perfusion maps that increased TTP occurs in the following conditions: (A) delayed bolus arrival with preserved cerebral perfusion pressure, (B) compensated low cerebral perfusion pressure, (C) hypoperfusion, and (D) post-ischaemic hyperperfusion.  Interpretation is possible in the context of MTT, RBV and RBF.  Therefore, a statistically significant difference in TTP would reflect a clinical difference in cerebral perfusion in our study, but it would require interpretation in the context of the other parameters. 
Although agreement was excellent, there was not perfect agreement for TTP in our study.  The raters were examining the same scan, so the likely cause for variations are due to post processing methods.  There may have been variability introduced during automatic registration to the anatomical scan and during automatic motion correction.  There may have been slight variances in drawing the region of interest, as this was a freehand technique to interrogate particular anatomical and functional structures and not a fixed diameter technique (Oei et al., 2018).  This is a plausible explanation however recent work has shown that 2D freehand ROI has better reproducibility than fixed diameter techniques (Dijkstra et al., 2020).  Therefore, although there may be a small amount of variability introduced by drawing a freehand ROI, it introduces less variability than an automated map.  In summary, we have found TTP is the most reliable measurement of perfusion using DSC-MRI in line with previous reports, but interpretation in isolation is difficult as there can be extracranial determinants of the bolus arrival and dispersion.  
The Bland-Altman Plot of difference vs average of peak AIF for two raters showed that using the modified NordicICE method for generating an AIF, the AIF can vary between raters from -38.89 to +32.46 units on the second visit.  The difference vs average for AIF on the third visit was between -36.22 to +26.55 of the measured value. This explains the increase in variability in the following measurements that are dependent on AIF: RBF, RBV, and MTT.  To try and standardise the generation of the AIF the NordicNeurolab, nordicICE perfusion package, (V3.0, Bergen 2012) used a computer-generated AIF across a region of interest within a slice or across a whole slice.  It creates automated selection of AIF by searching for voxels with the ideal characteristics of arterial flow: early bolus arrival, steep smooth gradient and quick washout.  It groups similar voxels together and selects the cluster in which the mean curve has the lowest first moment (k-clustering) (Mouridsen et al., 2006).  A challenge for this system is that although it is quick, voxels may be selected representing anatomically disparate areas of the CNS arterial tree.  Therefore, in our study semi-automated protocol was chosen.  The cluster search was confined to an area including the middle cerebral artery at the level of the Circle of Willis.  The curves were visually inspected and any curves outside the MCA or with non-ideal characteristics were discarded.  We compared our results using this modification of the automated system with reported Bland Altman plots of difference vs average using a non-automated system and an automated system (see Figure 3.17) (Mouridsen et al., 2006).  The appearance of our Bland Altman plots are similar to those reported by Mouridsen and colleagues.  Repeatability of DSC-MRI perfusion measures has been undertaken in subjects with glioblastoma (Jafari-Khouzani et al., 2015).  Using an automated procedure, similar levels of agreement to those found in our study for perfusion measures between raters were reported.  For the RBV the ICC=0.42 and in our study ICC=0.44, and for the RBF ICC =0.63 and we found ICC=0.71 (Jafari-Khouzani et al., 2015). This is validating for our results. 
Therefore although there is increased variability in the AIF dependent measures, our reproducibility analysis shows agreement with Bland-Altman plots reported by Mouridsen et al. (2006) comparing manual vs automated methods of AIF generation (Figure 3.17) and the ICC is in line with previously published reports.   
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[bookmark: _Toc64724196]Figure 3.17. Automatic Selection of Arterial Input Function Using Cluster Analysis
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Examples of relations between RBF values obtained manually and automatically. In the top row we depict the correlation in RBF values between observer 1 and the algorithm (a) and between observer 1 and observer 4 (b). The identity line is displayed for reference. Below we illustrate how agreement depends on the size of measurements using Bland‐Altman plots for observer 1 and the algorithm (c) and for observers 1 and 4 (d). reproduced from (Mouridsen et al., 2006) reproduced with permission © 2006, John Wiley and Sons

Normalisation is a feature of the relative measurement of perfusion by DSC-MRI which some groups have used to overcome the problem of variability in the AIF.  We performed a standardisation of the perfusion parameter measurements to the parieto-occipital white matter ROI as described by Willats and Calamante (2013a).   ICC for the two raters for the standardised ratios (st) were stRBV 0.426, stRBF 0.436, stMTT 0.633, stTTP 0.798 (quantitative: RBV=0.443, RBF =0.710, MTT= 0.618, TTP 0.837) which represented a decrease in the ICC for RBF and TTP and no improvement in RBV and MTT.  Hence, quantification using AIF was superior to standardised values. 
In comparison to BOLD fMRI, DSC-MRI has similar reproducibility.  Because BOLD fMRI is event related and relies on comparison to baseline activation, reproducibility is determined by the reliability of the same voxels being activated if the same protocol is run multiple times.  BOLD fMRI is a completely automated technique and so sources of inter-rater error are nil.  Quoted ICC values for BOLD fMRI regardless of the event or task given to the subjects is 0.50 with an average cluster overlap of 29% (Bennett and Miller, 2010).  Using a thermal noxious stimulus was reported to give a test retest ICC of between 0.32 to 0.71 (Letzen et al., 2014).  DSC-MRI test retest reliability has been reported as between 0.68 and 0.92, which is superior to BOLD fMRI (Henry et al., 2001, Shin et al., 2007).  Therefore, despite the limitations to the technique, DSC-MRI is a good option for perfusion measurement with good to excellent test retest agreement between visits and therefore comparable or superior to BOLD fMRI.  Unfortunately, one of the limitations of this study is that we did not repeat the contrast scan on an interim visit between the baseline and the pain condition.  This means that we cannot comment on the test retest reliability of the perfusion findings at baseline in subjects with P-DPN, although the previous literature has reported very good to excellent agreement as discussed above.  We considered the ethical considerations of multiple doses of contrast in a population at higher risk of nephrogenic systemic fibrosis and the burden of another visit, to outweigh the benefits of a further baseline scan.  

[bookmark: _Toc46213534][bookmark: _Toc49766052][bookmark: _Toc64723928]Conclusion: 
The DSC-MRI results were compared between two raters.  The best inter-rater reliability and hence the most robust measure of cerebral perfusion, was for the measure TTP.  Bland-Altman plots and ICC values were consistent with previously published reports for this technique.  The ICC was considered to be excellent for TTP, good for the MTT and RBF and fair for the RBV (Cicchetti, 1994).  These results validate the scanning and analysis protocol and will allow generalisability of the results.  
[bookmark: _Toc44861328][bookmark: _Toc64723929]Chapter 4: Microvascular Perfusion Characteristics of the Thalamus and Areas of the Pain Matrix at Baseline Using Dynamic Susceptibility Contrast Magnetic Resonance Imaging. 
[bookmark: _Toc64723930]Abstract
Objective:  We have previously reported increased thalamic vascularity in painful diabetic peripheral neuropathy (P-DPN), but the microvascular perfusion characteristics of other pain processing areas of the brain (pain matrix) have not been assessed. The aim of this study was to measure cerebral perfusion of pain matrix areas using dynamic susceptibility contrast magnetic resonance imaging (DSC-MRI). 
Methods:  55 subjects with Type 1 diabetes (T1D): 20 painful diabetic peripheral neuropathy (P-DPN), 23 painless diabetic peripheral neuropathy (DPN), 13 with type 1 diabetes mellitus and no neuropathy (DM-NN); and 19 healthy volunteers (HV), underwent detailed clinical and neurophysiological assessments. Dynamic susceptibility contrast magnetic resonance images (3-Tesla, Philips, Netherlands) assessed the passage of intravenous gadolinium-chelate through the cerebral vascular bed at rest.  The painful diabetic peripheral neuropathy group was further divided into those that had spontaneous neuropathic pain during the scan P+, and those with no spontaneous pain P-. The intensity of spontaneous neuropathic pain at the time of scanning was recorded. The regional blood volume (RBV), regional blood flow (RBF), Mean Transit Time (MTT) and time-to-peak (TTP) concentrations of gadolinium in pain matrix areas (thalamus-Thal, insular cortex -INS, anterior cingulate cortex –ACC, parieto-occipital white matter -POWM and primary sensory cortices - PSC), were measured and compared between groups. 
Results:  Mean transit time was shorter at baseline for the type 1 diabetes mellitus with no neuropathy group at the left left insula, (p=.017), right insula (p=.039), left primary sensory cortex (p=.026), right primary sensory cortex (p=.047) from the healthy volunteers. 
A subgroup analysis showed that subjects experiencing spontaneous neuropathic pain (P+, n=10, VAS score  4) during scanning had significantly shorter mean time-to-peak concentration in seconds at the right thalamus: vs painless diabetic peripheral neuropathy (p=.017),  and vs healthy volunteers (p=.033).  This was also present at the right insula vs painless diabetic peripheral neuropathy (p=.048); and at the parieto-occipital white matter: vs no spontaneous pain P- (p=.009), vs painless diabetic peripheral neuropathy (p=.034), and vs Healthy volunteers (p=.011).  Mean transit time (s) was significantly shorter at the right thalamus between the spontaneous pain P+ group vs healthy volunteers HV (p=.043).
Conclusion:  This is the first study to show there is altered cerebral perfusion in the pain processing areas of the brain, with shorter time-to-peak concentration of contrast during spontaneous pain at the time of scanning. This novel finding may serve as an objective marker of spontaneous neuropathic pain, and a target for the development of novel treatments. 
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Painful diabetic peripheral neuropathy (P-DPN) is a disabling problem for 10-28% of people living with diabetes (Dyck et al., 1993a, Davies et al., 2006, Hartsfield et al., 2008, Van Acker et al., 2009, Abbott et al., 2011, Barbosa et al., 2019).  P-DPN is characterised by different types of neuropathic pain.  These pains are described most commonly as burning pain, pins and needles pain, electric shock type pain and cold pain (Bouhassira et al., 2005, Tesfaye et al., 2010b, Abbott et al., 2011, Tesfaye et al., 2011).  The pain is distressing and can interfere with quality of life, sleep, relationships, and can cause a loss of employment (Benbow et al., 1998, Galer et al., 2000, Quattrini and Tesfaye, 2003, Gore et al., 2005, Argoff et al., 2006, Currie et al., 2006, Davies et al., 2006, Zelman et al., 2006, Jensen et al., 2007, O'Connor, 2009, Van Acker et al., 2009, Doth et al., 2010, Hoffman et al., 2010, daCosta DiBonaventura et al., 2011, Smith and Torrance, 2012, Smith et al., 2012).  Given that diabetes prevalence is predicted to rise by 242 million cases to 693 million cases worldwide by 2045 (Cho et al., 2018), the personal and financial burden of this disease will be felt by individuals and communities unless an effective treatment is developed.  
Glucose management is helpful in preventing progression but cannot reverse the complication of P-DPN (Allen et al., 1997, Nathan et al., 2005, Pop-Busui et al., 2010, Perkins et al., 2010, Bril, 2012, Lachin et al., 2017a).  Therefore, some individuals with Type 1 (T1D) and Type 2 diabetes (T2D) and poor access to diabetes medicines and or self-monitoring devices, or with periods of pre-existing poor control, can find themselves with established P-DPN that cannot be reversed.  Therefore, an effective treatment either for the painful symptoms or the underlying condition needs to be identified.  At this point only symptomatic treatments have been identified as effective, and these do not give all those with P-DPN relief.  A recent review found that for every 1 patient with P-DPN that gets significant symptomatic relief, 3 to 7 patients get no symptomatic relief from current treatments (Finnerup et al., 2015).  
P-DPN is described as sensory loss in a glove and stocking distribution, associated with painful symptoms such as burning, pins and needles, and electric shock type pain (Tesfaye et al., 2010a). However, studies investigating mechanisms of P-DPN in the peripheral nerve have not identified a cause for why some people develop painful and some people develop painless neuropathy (Sloan et al., 2018, Shillo et al., 2019).  Pain has been defined by the International Association for the Study of Pain (IASP) as separate from the nociceptive experience that occurs in the periphery (IASP, 2017).  Pain has been described as comprising of sensory discriminative and affective motivational components generated in the CNS, and it is thought that this is what discriminates the pain experience from pure nociception (Auvray et al., 2010).  Therefore, understanding the contribution of the CNS is crucially important to understanding the reason why some of those with neuropathy experience pain and some do not.  
Our group has shown that there are CNS changes in subjects with DPN using MRI techniques.  Our group has found the following for subjects with DPN: reduced volume in the cervical spinal cord (Selvarajah et al., 2006), decreased neuronal metabolite N-acetyl Aspartate (NAA)/Choline (Cho) and NAA/Creatine (Cr) ratio in the thalamus (Selvarajah et al., 2008b, Gandhi, 2013), decreased neurotransmitter gamma aminobutyric acid (GABA)/water ratio in the thalamus (Shillo et al., 2016), and reduced cortical volume in the somatosensory cortex (Selvarajah et al., 2012). However, these findings are focussed on DPN and do not help us to differentiate between P-DPN and DPN.  However, our group has shown a difference between P-DPN, DPN, and control groups for perfusion parameters of the thalamus.  Therefore, measurement of perfusion abnormalities may give some clue as to the neuronal activity that is occurring in the brains of those with P-DPN and how they may be experiencing neuropathic pain. 
MRI is an ideal technique to non-invasively measure perfusion as a marker for neuronal activity.  Neurovascular coupling, the measurement of perfusion as a marker of neuronal activity (Friedland and Iadecola, 1991), has been described in the literature as the underlying principle for arterial spin labelling (ASL), BOLD fMRI (Blood oxygen level dependent functional magnetic resonance imaging), fluorodeoxyglucose (FDG)-Positron emission tomography (PET), and DSC-MRI.  To measure perfusion in a cohort that may be experiencing fluctuating spontaneous pain, an MRI technique needs good temporal resolution, i.e. can show activity over short time periods, such as BOLD fMRI (Blood oxygen level dependent functional magnetic resonance imaging) or DSC-MRI.  BOLD fMRI measures the amount of oxygenated and deoxygenated haemoglobin due to their differing paramagnetic properties.  It has good temporal resolution and a high signal to noise (SNR) ratio, however it does not directly measure perfusion and therefore does not give reliable information about baseline blood flow or volume (Aguirre et al., 2002).  ASL can quantify cerebral blood flow (CBF) but has poor temporal resolution, as the SNR is very low, and therefore the outputs need to be averaged over minutes (Krishnamurthy et al., 2019).  FDG-PET has a similar drawback in that it has poor temporal resolution (Kameyama et al., 2016).  The advantages of DSC-MRI are that it has good temporal resolution and the ability to generate quantified measurements of perfusion.  The disadvantage is that it requires an intravenous dose of gadolinium-based contrast.  Therefore it is not repeatable within a session (Willats and Calamante, 2013a).  Hence, as the aim was to measure the correlates of neural activity over a short time course, and that baseline measures were important to differentiate baseline from provoked conditions across groups, DSC-MRI was chosen as the method to measure perfusion.  
To investigate baseline perfusion abnormalities that may exist in subjects with P-DPN, we studied regions of interest (ROI) believed to be part of the pain matrix: the Thal, INS, ACC, and PSC, (Duerden and Albanese, 2013, Jensen et al., 2016, Tanasescu et al., 2016) using DSC–MRI.  Based on the principle of neurovascular coupling (Friedland and Iadecola, 1991), we hypothesised that DSC-MRI would show increased perfusion of the thalamus and other regions of the pain matrix in subjects with P-DPN, as was shown in a pilot study (Selvarajah et al., 2011a). 
The perfusion parameters that can be described by DSC-MRI after post processing are MTT, RBV, RBF, and TTP  (Copen et al., 2011).  The perfusion parameters are described in detail in Chapter 1, pp 30-33. One of the difficulties with using perfusion as a marker of neuronal function in experiments in subjects with diabetes, is the hypothetical risk that cerebral blood flow could be uncoupled from neural activity given the micro- and macro-vascular changes that occur in this condition (Duarte et al., 2015).  The advantage of a DSC- MRI baseline experiment is that changes can be seen in baseline perfusion, which could describe any underlying individual microvascular differences.  Deconvolution of the signal time curve with the arterial input function (AIF) resolves the problem of early or late bolus arrival or dispersion due to macrovascular changes for RBV, RBF and MTT.
A Pilot study from our group( HV n=6, P-DPN n=5 , DPN  n=7, DM-NN n=6) (Selvarajah et al., 2011a), found that those with P-DPN had significantly greater mean relative blood volume in the thalamus than the caudate when compared with healthy volunteers.  There was a corresponding difference in the first moment transit time (TTFM- analogous to MTT) between P-DPN and HV.  However, there are limitations to using a “relative” approach, as absolute quantification would have enabled the description of global differences in CNS perfusion (Calamante et al., 2002, Willats and Calamante, 2013a).  Moreover, the pilot study did not report RBF values, which we felt would be important to fully describe the perfusion state.  Finally, the pilot study did not report the presence of spontaneous pain (P+) during the time of scanning in those with P-DPN. 
The overall aim of this experiment was to confirm the results of the pilot study as well as address its shortcomings. The aim of the study was to compare P-DPN and control groups for baseline perfusion characteristics.  
[bookmark: _Toc431375302][bookmark: _Toc44861330][bookmark: _Toc64723932]Methods 
The details of the methods for subject inclusion, and characterisation have been described in Chapter 2: pp 50-54, and for the DSC-MRI protocol Chapter 3: pp 79-85.  Therefore, they will only be described briefly: the participants attended for 2 visits for the experiment described in this chapter (see figure 4.1 red box). The first visit was a screening and characterisation visit. The participants demographic data was collected, and they were assessed for height and weight, baseline neuropathy measures, and measures of diabetes control (see Chapter 2: Methods pp 50-54). Serum urea and electrolytes and estimated glomerular filtration rate (eGFR) were measured  to establish that the participants would be at negligible risk for developing complications secondary to gadolinium chelate contrast in the DSC part of the study (Kitajima et al., 2012).  At the second visit the participant attended for DSC-MRI scanning (see Chapter 3: Methods pp 79-85).  They reported details of spontaneous pain, blood glucose measurements within the past 48 hours and had their blood glucose, blood pressure and pulse recorded. They then underwent a baseline DSC- MRI scan (Ingenia, Philips, Netherlands -see Appendix B for full details of scan settings) with gadolinium-based contrast injection. The comparison of perfusion data between the P-DPN group and the control groups from Visit 2 is the focus of this chapter. 
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[bookmark: _Toc64723933]Statistical Analysis 
Participants’ baseline characteristics were compared using analysis of variance (ANOVA) for scale variables, Kruskal Wallis test for non-parametric data, and Chi square test for nominal data.  The data from the baseline DSC-MRI experiment was compared using SPSS (Version 26, IBM Corp, Armonk, New York).  The analysis was planned to compare groups at different regions of interest using MANOVA, to account for multiple comparisons.  Levene’s Statistic was calculated to ascertain the homogeneity of variance. The Welch’s F statistic was planned for use in those comparisons where a violation of the assumption of homogeneity occurred.  Groups were compared between all measured ROI using a parameter (RBV, RBF, MTT, TTP), to see if any areas were significantly different between the groups.  For variables found to be significantly different, post Hoc tests were used to identify relationships between groups and were performed using Šidak Method.  Planned Orthogonal Contrasts were performed to explore group differences highlighted by the ANOVA.  The planned orthogonal contrasts compared (HV) vs Diabetes Groups (ALLDM), DM-NN vs Diabetes with Neuropathy (DM-NEUR), and P-DPN vs Painless Neuropathy (DPN).  Stepwise backwards conditional linear regression analysis was performed to identify any explanatory factors in the demographic information.  Significance was set at p<.05 for all tests.  Using the G*Power calculator (Faul et al., 2007) and the data from the pilot study we estimated that the population standard deviation was 40.625 for CBV, and used the means and the participant numbers from the pilot study to determine the number of participants required in the study.  Used in this way effect size was determined to be F= 0.41. Hence, for an α error rate of 0.05 and a power (1-β) of 0.8, the number required in the study was 68 or 17 per group.
To investigate the effect spontaneous neuropathic pain may have had on perfusion measurements, the P-DPN group was subdivided into those who had significant pain during the baseline scan and those that did not.  The P-DPN group was split into 2 groups: P+, which represented those that had pain rated on a Likert scale ≥4; and P- was the remainder of the group that had no significant pain at the time of the scan (< 4 by Likert scale).  There were 10 subjects in the P+ group and 9 in the P- group.  We analysed these subjects to add information about the influence of pain experienced at the time of scanning, acknowledging that this was a smaller group and the analysis may be underpowered.
[bookmark: _Toc431375303][bookmark: _Toc44861331][bookmark: _Toc64723934]Results
After recruitment twelve patients withdrew from the study: eight could not tolerate the MRI scan, one developed atrial fibrillation, and one patient had an abnormality picked up on MRI scanning which required further medical attention and precluded them from the study.  Therefore, there were 19 subjects with P-DPN, 23 DPN, 13 DM-NN, and 19 HV in the study. 
[bookmark: _Toc64723935]Baseline Characteristics
Baseline characteristics of the groups are reported in Chapter 2 ,Table 2.2, p 58.  Of note the age of the DPN participants was significantly higher than the P-DPN participants.  Therefore, age is analysed as a covariant of perfusion measures.  The results are reported in Appendix C, table C.1.  There were no perfusion measures or regions of interest at which age was a significant covariant.
Baseline characteristics of the groups on the day of the scan are reported in Table 4.1.  There was a significant difference between the groups for baseline neuropathic pain (Table 4.1; p<.001) between the P-DPN group and the other groups.  There were no significant differences for any other parameters, including blood pressure, pulse and blood glucose (Table 4.1).  There was no difference for delta blood glucose between arrival and departure (Appendix D, Table D.2)The frequencies for Likert scale report for pain in the P-DPN group are depicted in Figure 4.2


[bookmark: _Toc49271588][bookmark: _Toc64724084]Table 4.1  Descriptive Statistics for Visit 2 Baseline Characteristics
	 
	P-DPN
	DPN
	DM-NN
	HV

	Pain score/10
	N
	19
	23
	13
	19

	
	Median
	5
	0
	0
	0

	
	Range
	10
	0
	0
	0

	
	
	Min
	0
	0
	0
	0

	
	
	Max
	10
	0
	0
	0

	p<.001

	Pulse (beats per minute)
	N
	19
	23
	13
	18

	
	Mean
	77
	75
	68
	73

	
	Std. Deviation
	13
	14
	7
	9

	
	95% Confidence Interval for Mean
	Lower Bound
	71
	68
	63
	69

	
	
	Upper Bound
	83
	81
	72
	78

	p=.194

	Blood pressure systolic (mmHg)
	N
	19
	23
	13
	19

	
	Mean
	126
	137
	138
	132

	
	Std. Deviation
	17
	16
	24
	15

	
	95% Confidence Interval for Mean
	Lower Bound
	117
	130
	123
	125

	
	
	Upper Bound
	134
	144
	152
	139

	p=.136

	Blood pressure diastolic (mmHg)
	N
	19
	23
	13
	19

	
	Mean
	82
	82
	83
	90

	
	Std. Deviation
	10
	10
	10
	16

	
	95% Confidence Interval for Mean
	Lower Bound
	77
	78
	77
	83

	
	
	Upper Bound
	87
	86
	89
	98

	p=.098

	Blood glucose arrival
(mmol)
	N
	19
	23
	13
	0

	
	Mean
	13
	13
	13
	 

	
	Std. Deviation
	4
	6
	6
	 

	
	95% Confidence Interval for Mean
	Lower Bound
	11
	11
	10
	 

	
	
	Upper Bound
	15
	16
	17
	 

	p=.996

	Blood glucose departure (mmol)
	N
	17
	20
	12
	0

	
	Mean
	12
	11
	10
	 

	
	Std. Deviation
	5
	5
	4
	 

	
	95% Confidence Interval for Mean
	Lower Bound
	10
	9
	7
	 

	
	
	Upper Bound
	15
	14
	13
	 

	p=.468


[bookmark: _Toc45030386][bookmark: _Toc49807623][bookmark: _Toc64724198]Figure 4.2 Bar Chart for Self-Report of Pain as Measured by Likert Scale by Participants in the P-DPN group
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Participants reporting pain measured by Likert scale /10 at the time of Visit 2.  There are 12 participants experiencing pain at the time of Visit 2 and 10 experiencing significant pain (Likert scale >4)
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There was no overall effect of group on RBV by multivariate ANOVA: Wilks' λ= .677, F(24,183), =1.099, p=.349.  There was no significant difference by univariate ANOVA for RBV in the individual regions of interest (Figure 4.3, and Appendix C, Table C.2).  
[bookmark: _Toc417900850][bookmark: _Toc45030387][bookmark: _Toc49807624][bookmark: _Toc64724199]Figure 4.3  95% Confidence intervals for the Group Means and Regions of Interest for Regional Blood Volume at Visit 2
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Mean RBV is represented on the Y axis with error bars representing 95% confidence intervals.  Regions of Interest (ROI) are shown across the X axis, and groups are represented by colour.  Mean RBV is not different between the groups
[bookmark: _Toc431375307][bookmark: _Toc44861334][bookmark: _Toc64723937][bookmark: _Toc431375308][bookmark: _Toc44861335]Baseline RBF
There was no overall effect of group on RBF by multivariate ANOVA: Wilks' λ= 0.699, F(24,183) =1.002, p=.465.  There was no significant difference by univariate ANOVA RBF for individual regions of interest, see Figure 4.4 and table C.3 in appendix C for individual values. 

[bookmark: _Toc64724200][bookmark: _Toc49807625]Figure 4.4  95% Confidence Intervals for the Group Means and Regions of Interest for Regional Blood Flow at Visit 2[image: ]
Mean RBF is represented on the Y axis with error bars representing 95% confidence intervals.  Regions of Interest (ROI) are shown across the X axis, and groups are represented by colour.  Mean RBF is not different between the groups
[bookmark: _Toc64723938]Baseline MTT
There was no overall effect of group on MTT by multivariate ANOVA: Wilks' λ = .627, F(24,183), =1.334, p=.147.  However, there was statistical significance of the univariate ANOVA at the LINS F(3,70)= 3.642, p=.017; RINS F(3,70)=2.936, p=.039; LPSC F(3,70)= 3.291, p=.026; and RPSC F(3,70)= 2.789, p=.047 (see Figure 4.4 and Appendix C, table C.3).  Therefore, for many regions of interest the DM-NN have a significantly faster MTT than HV. 
Post Hoc testing revealed that group means for MTT at the left insula were significantly different between the HV and the DM-NN, and the HV and the DPN group (Figure 4.5).  At the RINS and the LPSC the group mean MTT was statistically significantly different between the HV and the DM-NN groups (Figure 4.5).  There was no post Hoc significance for the RPSC.
[bookmark: _Toc417900854][bookmark: _Toc45030389][bookmark: _Toc49807626][bookmark: _Toc64724201]Figure 4.5 95% Confidence Intervals for the Group Means and Regions of Interest for Mean Transit Time at Visit 2 
[image: ]
Mean MTT is represented on the Y axis with error bars representing 95% confidence intervals.  Regions of Interest (ROI) are shown across the X axis, and groups are represented by colour.  Mean MTT is different at the LINS: HV vs DM-NN p=.027, HV vs DPN p=.049, the RINS: HV vs DM-NN p=.046, LPSC: HV vs DM-NN p=.041, RPSC no post Hoc significance 
 
[bookmark: _Toc44861336][bookmark: _Toc64723939]MTT: further exploration
Further exploration was undertaken to generate hypotheses for the difference between the HV group and the DM-NN group.
Firstly factors that may have affected the groups differently on the day of scanning were examined: age, pulse rate, BMI and systolic blood pressure were not significant across the modality or in the regions of interest, determined by a general linear model multivariate analysis, neither were they significant for between subject effects for the regions of interest.  There was a multivariate effect for diastolic blood pressure, p=.039 (Appendix C, Table C.5). 
Diastolic blood pressure
Diastolic BP was examined alone as an explanatory covariate with group for MTT at the LINS and RINS and LPS and RPS. Diastolic BP was not significant as a covariate for any of the ROI:  LINS p=.169, RINS p=.755, LPS p=.294, RPS p=.794 (Appendix C- Table C.6)
Diabetes:
A polynomial contrasts analysis was undertaken to examine whether the effect of MTT may be related to diabetes, due to the interrelated nature of the groups.  All Diabetes groups (ALLDM) vs HV was significant. LINS HV vs AllDM p=.003, RINS: HV vs AllDM: p=.009, LPSC: HV vs AllDM: p=.004; RPSC; HV vs AllDM: p=.012. (See Appendix C- section “Polynomial Contrasts Examining the Effect of Diabetes on MTT”, p 196  for full results).  This indicates that there is an effect of diabetes on the MTT.  
Gender: 
An analysis of the effect of gender on the outcome of MTT was undertaken.  The analysis was repeated with only the female participants.  The numbers were too small to reach significance, but the same pattern was seen across the means for each group as seen in the main analysis: the lowest mean in the DM-NN and the highest in the HV group. (See Appendix C, Table C.7). 
[bookmark: _Toc431375309][bookmark: _Toc44861337][bookmark: _Toc64723940]Baseline TTP
The Multivariate ANOVA was not significant for group and TTP: Wilks' Lambda λ =.665, F(24,183)= 1.155, p=.289. The Univariate ANOVA for the measured regions of interest- (see Appendix C. Table C.8), did not reach statistical significance for any of the ROI but there was near significance of the p value for the RThal, p= .058 (Figure 4.6). 
[bookmark: _Toc45030394][bookmark: _Toc49807627]

[bookmark: _Toc64724202]Figure 4.6  95% Confidence intervals for the Group Means and Regions of Interest for Time-to-Peak at Visit 2
[image: ]
Mean TTP is represented on the Y axis with error bars representing 95% confidence intervals.  Regions of Interest (ROI) are shown across the X axis, and groups are represented by colour.  Mean TTP is not significantly different at any of the ROI but there is a trend to significance at the  RThal: p=.058 P-DPN vs DPN

[bookmark: _Toc44861338][bookmark: _Toc64723941]Baseline values for P-DPN stratified by the presence of neuropathic pain at the time of scanning. 
[bookmark: _Toc431375311]Comparing the 5 groups by ANOVA, there were statistically significant differences for age p=.031 (no post Hoc significance), Hba1c p=.020 (P- vs DM-NN p=.037,P+ vs DM-NN p=.003) and O’Brien’s autonomic function tests p=.004 (P- vs HV p=.009, DM-NN vs P- p=.007).  There were no other significant differences (see Appendix C, Table C.9). 
There was no difference between the groups by multivariate analysis for RBV: Wilks’ λ= .613, F(32, 230)=1.021, p=.442; RBF: Wilks’λ=0.581, F(32, 230)=1.143, p=.283,  
MTT
MTT seemed to be shorter in the P+ group than the HV . There was a group difference for multivariate ANOVA MTT: Wilks’λ=0.490, F(32, 230)=1.536, p=0.039  (see Figure 4.6), but discriminant function analysis was not significant and could only correctly classify 58.1% of the cases. The univariate ANOVA showed differences between group means at all the ROI except the LThal (Figure 4.7). 

[bookmark: _Toc49807628][bookmark: _Toc64724203]Figure 4.7  95% Confidence Intervals for the Group means and Regions of Interest for Mean Transit Time at Visit 2, Stratified for Presence of Spontaneous Neuropathic Pain. 
[image: ]
Y axis shows MTT in seconds (s).  X axis shows the ROI, and groups are represented by colour. * = p<.05, white significance bars indicate the groups which are significantly different in post HOC testing.  ANOVA showed a difference for all the ROI except the LThal. LThal p=.072, RThal p=.013 post hoc (P+ vs HV p=.043), LINS p=.005 (no post Hoc sig.) RINS p=.009 (no post hoc sig.), ACC p=.029 (no post hoc sig.), POWM p=.049 (no post hoc sig.), LPSC p=.018 (no post hoc sig.), RPSC p=.005 (no post hoc sig.)

Post Hoc analysis revealed that MTT at the RThal: P+ vs HV was significant p=.043, and at the LINS: HV vs DM-NN was significant p=.036. 
TTP
There were individual differences in the regions of interest comparing group means of TTP between the groups at the RThal: P+ vs DPN p=.017, P+ vs HV p=.033 (Figure 4.8); the RINS: P+ vs DPN p=.048 (Figure 4.9); and at the parieto-occipital white matter (POWM): P+ vs P- p=.009, P+ vs DPN p=.034, P+ vs HV p=0.011 (Figure 4.14).  There was no group difference for the multivariate ANOVA for TTP: Wilks’ λ =0.520, F (32,230)=1.394, p=.0873 (See Appendix C, Table C.11)
[bookmark: _Toc49807629][bookmark: _Toc64724204][bookmark: _Toc45030397]Figure 4.8  Scatter Plot of Time-to-Peak at the Right Thalamus and the Right Insula 
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Panel A: Time to peak measurements at the Right thalamus. P+ vs DPN p=.048, P+ vs HV p=.028.  Coloured Line represents median of the values. *= p<.05
Panel B: Time to peak measurements at the right insula. P+ vs DPN p=.017, P+ vs HV p=.033



[bookmark: _Toc45030399][bookmark: _Toc49807630][bookmark: _Toc64724205]Figure 4.9  Scatter Plot of Time-to-Peak at the Parieto-Occipital White Matter
 [image: ]	
Time to peak measurements at the parieto-occipital white matter. P+ vs P- p=.009, P+ vs DPN p=.034, P+ vs HV p=0.011.  Coloured Line represents median of the values. *= p<.05


[bookmark: _Toc64723942]Discussion
This study showed that the MTT, an indicator of time taken for blood to transit through a region of interest, was faster in patients with DM-NN in the LINS and RINS and the RPSC. In addition, although not significant there was a trend for faster MTT at all the pain processing areas of the brain. Moreover, the TTP was significantly faster in RThal, RINS, POWM in those experiencing neuropathic pain on the day of the scan (P+). We will discuss these findings below.  
There is evidence for decreased MTT in other microvascular environments in subjects with T1D relative to healthy volunteers.  Subclinical nephropathy can be manifest by hyperperfusion (Tonneijck et al., 2017). This state is multifactorial, and some factors are specific to the kidney e.g. Tubular sodium and glucose transport and kidney and nephron size; but imbalance in humoural control of pre and post glomerular tone of the arterioles is a generalised microvascular effect (Stehouwer, 2018).  Relatively mild metabolic defects can induce hyperfiltration as evidenced by studies showing that impaired fasting glucose is an association (Melsom et al., 2011, Melsom et al., 2016).  In T1D up to 24% of individuals can have eGFR considered to be consistent with hyperfiltration (Molitch et al., 2019).  A change in microvascular tone has been shown to be mediated by local endothelial responses in the kidney such as cyclo-oxygenase 2 (COX-2) function and nitric oxide (NO) regulation (Cherney et al., 2008, Cherney et al., 2010).  These local mediators are widespread throughout microcirculatory vessels and therefore this effect may be generalizable to other organs, including the brain.  In subjects with T1D without complications compared with age matched healthy volunteers, there is an increase in pro-inflammatory markers measured in the serum, some of which are known to increase NO release (Sochett et al., 2017).  This could be an explanation for faster MTT due to vasodilation of the circulation in those in the DM-NN group.  The effect is perhaps less marked in the other diabetes groups due to long-term hyperglycaemia causing impaired nitric oxide production, and the long-term effects of hyperglycaemia resulting in atherogenesis and alterations to autonomic function (Bertoluci et al., 2015).  In our study eGFR was estimated by MDRD calculation, and values greater than 90mls/min/1.73m2 were not reported, so we were unable to correlate MTT with GFR. It is known that MDRD eGFR commonly underestimates GFR by between 6.2-29%(Rule et al., 2004).  Hence in further investigations a direct measurement of GFR such as inulin clearance (Hsu and Bansal, 2011) may be able to establish a correlation between hyperfiltration of the kidney and hyperperfusion of the cerebral circulation as evidenced by a faster MTT in subjects with diabetes but without neuropathy.  
Retinal microvascular flow has been reported to be increased in diabetes without complications (Sinclair, 1991, Grunwald et al., 1996, Burgansky-Eliash et al., 2012). One study reported increased retinal microvascular flow in conjunction with subtle arteriolar widening in subjects with T1D under euglycaemic clamp conditions (Pemp et al., 2010).  There have also been studies which showed increased flow in the presence of complications both retinal (Nguyen et al., 2016) and neuropathic (Forst et al., 2014).  Retinal flow would be a more meaningful correlate of increased blood flow in the cerebral hemispheres than nephropathy, as it is also determined in part by neurovascular coupling and functional hyperaemia (Newman, 2013).  A recent study comparing retinal blood flow between groups with increasing severity of retinopathy, found that those with diabetes and no neuropathy had the highest retinal blood flow. The flow was higher than control subjects without diabetes, and groups with non-proliferative retinopathy (Palochak et al., 2019). This would mirror the findings of our study in which the DM-NN had faster MTT than HV.  
A histopathological study of the microvascular environment of peripheral nerves with distal symmetrical polyneuropathy, has reported pericyte degeneration and basement membrane duplication (Giannini and Dyck, 1995). Increased microvascular blood flow has been reported in streptozocin rat sciatic nerves in early diabetes (Pugliese et al., 1989) which may be mediated by nitric oxide dysfunction (Tilton et al., 1993).  Tesfaye (1993) found that there was capillary dysfunction and altered oxygen and glucose extraction in the microcirculation of the sural nerve in participants with diabetes.  There was increased flow with arteriovenous shunting in those subjects with diabetes and no complications, compared with those with chronic distal symmetrical polyneuropathy and healthy controls.  This suggests that there are peripheral nerve correlates for central nervous system hyperperfusion in early or mild diabetes. 
Østergaard has proposed a theory that links the vascular changes in the peripheral nervous system to changes within the CNS (Ostergaard et al., 2015).  They hypothesise that capillary dysfunction leads to hyperperfusion in order to increase oxygen extraction fraction. Hyperperfusion across the capillary bed increases to compensate for more severe capillary abnormalities. Known CNS pathology associated with diabetes renders the capillaries less responsive to vasodilatory stimuli, decreases capillary diameter secondary to basement membrane thickening and endothelial cell proliferation (Østergaard et al., 2013b).  Consequently, the capillaries with relatively normal morphology increase flow to compensate and develop a physiological shunt, as the flow is now too rapid to allow effective oxygen extraction.  RBF eventually must fall as a physiological response to decreased overall oxygen tension, to improve the oxygen extraction fraction. Eventually there is no physiological compensation possible, and hypoxic damage occurs due to microvascular shunting and critically low blood flow in the epineural and endoneural microcirculation in the neuropathic peripheral nerve. 
A further paper from this group has tested the CTTH (capillary transit time heterogeneity) model for the CNS using data from rat brain microcirculation studies performed under physiological stress (Jespersen and Ostergaard, 2012). CTTH is analogous to MTT but is represented by the standard deviation of capillary transit times. In health CTTH is lower and relatively more homogeneous.  It is proposed that there is a condition at which increased flow does not result in further extraction of oxygen and glucose as diffusible substances, and this may occur in pathological states such as diabetes for which there is significant capillary pathology (Jespersen and Ostergaard, 2012). 
Therefore, there is neurovascular uncoupling at the point at which CTTH exists, to a degree at which further rises in CBF would cause physiological shunting, and therefore despite neurological activity there are decreases in CBF to maximise oxygen extraction fraction. At less severe levels of capillary dysfunction an increase in CBF and therefore decrease in MTT can still support increased oxygen extraction, at more severe levels of capillary dysfunction there must be a drop in CBF to increase the time available for oxygen extraction (Figure 4.10).  
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Figure 4.10 Changes in Cerebral Blood Flow (CBF) and Tissue Oxygen Tension that Must Accompany Increasing levels of Capillary Dysfunction to Maintain Tissue Oxygen Availability Before Stroke
[bookmark: _Toc45030401][image: ]
The figure displays the adaptations of CBF (second panel from the top) and PtO2 (third panel from the top) that are necessary to maintain tissue oxygen availability as capillary transit time heterogeneity (CTTH) levels (top panel) gradually increase, both during rest (upper graph in each panel) and during functional activation (lower graph in each panel). These changes are hypothesized to occur in relation to conditions that predispose to stroke, e.g. diabetes, years before symptoms develop. PtO2= Partial pressure of oxygen in tissue, CMRO2 – maximum cerebral metabolic rate of oxygen,from:  Østergaard, L., Jespersen, S. N., Mouridsen, et al., (2013). Reproduced with permission © 2013 SAGE publications.
This is analogous to the regression of MTT towards the HV for the P-DPN and DPN groups. 
This theory could explain the heterogeneity of findings with regards to CBF and MTT in subjects with diabetes in the literature. Studies using PET to measure CBF found that the CBF is the same or decreased in those with diabetes compared with healthy volunteers (Ziegler et al., 1994, Fanelli et al., 1998, van Golen et al., 2013).  A retrospective comparison of MTT in the grey and white matter using DSC-MRI obtained post stroke, analysed MTT in the non-stroke affected hemisphere to compare between groups with Hba1c> 6.5%, and <6.5%, (Hou et al., 2013). They found that those with a lower Hba1c (which would be analogous to our DM-NN group) had a significantly shorter MTT in the non-stroke affected cerebral hemisphere. Our findings suggest that those with diabetes, but no neuropathy have shorter MTT than healthy volunteers.  Our findings could indicate that diabetes associated complications are associated with initial CNS hyper-perfusion when mild, then progression could result in relative reductions as described in the model of CTTH proposed by Jespersen and Ostergaard (2012).  Shunts and increased CTTH cause increases in blood flow across all diabetes groups but these become less marked with increasing pathology.
In summary the finding of a shortened MTT in the DM-NN group compared with other groups can be plausibly compared to similar findings in other organs.  A summary of the literature describing hyper-perfusion in the retina, the kidney and the peripheral nerve has been discussed drawing parallels with cerebral perfusion, and a hypothesis that encompasses not just the findings in the DM-NN group but also the findings in the other diabetes groups has been explained.
There is evidence that blood glucose may influence perfusion parameters in subjects with T1D. It has been shown that hypoglycaemia causes increased cerebral blood flow (Neil et al., 1987) and that hypoglycaemia can cause locally increased blood flow to the thalamus, and parietal lobe (Gejl et al., 2018). In our study the protocol controlled for hypoglycaemia by rebooking the scans for any subject arriving for the study with hypoglycaemia (defined as BG<4) or having had an episode of hypoglycaemia within the last forty-eight hours.  Some study participants did experience falls in blood glucose whilst they were undergoing the scanning protocol. There were similar numbers with BG less than 5 in each group, and there was no statistically significant difference between the groups with diabetes with regards to arrival, departure or delta blood glucose (Appendix D, Table D.2).  Linear regression was performed and there was no effect of any of the blood glucose parameters on MTT in the left or right insula or the left or right primary sensory cortex. As there was no correlation in our study between any of the glucose measurements and the MTT, blood glucose level or flux does not explain the faster MTT in the DM-NN group.  
When the subgroup analysis was performed comparing P+ to P-, a significantly shorter TTP coupled with faster MTT was observed at the RThal.  Moreover, there was a trend for this relationship across the other studied regions of interest.  
Pain as a symptom of P-DPN varies in intensity and frequency throughout the day. Therefore, there is a good rationale for investigating microvascular perfusion during an episode of spontaneous neuropathic pain.  Symptoms of P-DPN are known to include non-elicited pain and elicited pain (Jensen et al., 2001).  There have been no studies examining how long subjects with P-DPN are in pain per day.  However, it has been reported that pain is constant for 53% of those with P-DPN, and for 30% it is intermittent (Galer et al., 2000).  Fifty-two percent of respondents have reported that pain was worse at night, 61% reported it was worse when tired and 46% reported it was worse when stressed (Galer et al., 2000). This suggests that reported pain can significantly vary due to circumstances and time of day.  Another study has reported that pain varies as a function of time of day and becomes worse as the day goes on (Odrcich et al., 2006).  The findings from these studies suggest that participants may still have significant symptoms of P-DPN which may not be reported at the time of visit, due to time of the day and intermittency of the symptoms.  Therefore, there is a rationale for including an analysis of P- and P+ as they are legitimate subgroups of the P-DPN group.  
The results show a faster TTP and a faster MTT at the right thalamus between the P+ group and the HV.  This suggests that there is an effect of pain on the transit time in the thalamus secondary to the neurovascular coupling response due to spontaneous pain.  The thalamus is a plausible candidate for an area of increased neural activity.  It is implicated in central pain generation and neuropathic pain perception as discussed in the Introduction-Chapter 1 (Supporting evidence for increased perfusion in the thalamus in subjects with neuropathic pain).  The other ROI with significant differences in group mean TTP (RINS, POWM) may also have changes in perfusion caused by neurovascular coupling.  There is a significant group mean difference in these areas for MTT in these areas but post Hoc tests fail to identify differences in the pair-wise comparisons. TTP is the most reproducible measure as discussed in Chapter 3.  Therefore, subtle differences in other parameters may be masked due to variability or small sample size. 
Although it is most likely that TTP is related to neurovascular coupling given the association with group mean differences in MTT, there may be a non-local factor contributing to a shorter TTP. Possible explanatory variables could be BP or pulse rate; however, we found no significant difference between pulse, systolic or diastolic blood pressure in the subgroup analysis.  There was no significant difference between arrival or departure blood glucose measurements.  Therefore, it is possible that there may be an unmeasured causative variable contributing to earlier bolus arrival time and faster TTP in the RINS and the POWM. 
Factors other than neurovascular coupling which may contribute to shorter TTP are other cerebrovascular autoregulators, such as vascular smooth muscle constriction to pressure and flow in arteries and arterioles, chemosensitivity to PaC02, and autonomic responses in the cerebral inflow vessels (Toth et al., 2017).  The response to these factors is termed cerebrovascular reactivity.  Cerebrovascular reactivity is the unique system by which the cerebral macrovascular circulation regulates perfusion, such that adequate supplies of oxygen and glucose are maintained, whilst protecting against increases in pressure and flow that may harm delicate end artery structures or increase volume in an enclosed space (Koller and Toth, 2012).  When cerebrovascular reactivity (CVR) is impaired RBF cannot be lowered by decreasing the radius of the blood vessels (Poiseuille's Law) and therefore higher flows are transmitted to structures further from the base of the brain.  Long term T1D has been reported to be associated with abnormal CVR and increased RBF in the large vessels (Siró et al., 2009).  Our group has previously demonstrated a significant decrease in cerebrovascular reactivity (CVR) in T2D and a higher pulsatility index in those with complications, indicating diabetes may be  a significant contributor to decreased cerebrovascular reactivity (Selvarajah et al., 2016).  It is tenable that the P+ patients have a higher burden of disease as they have a higher Hba1c, and therefore may be more likely to have impaired CVR.  This would lead to higher flow rates and therefore shorter TTP in the arteries and arterioles supplying the ROI, contributing to a faster TTP.  The AIF would account for the change in CVR and therefore there would be no differences in MTT, RBV or RBF. 
Autonomic dysfunction is a specific cause of decreased cerebrovascular reactivity leading to an increase in RBF. It has been reported that reversible sympathetic block or ganglion excision has resulted in increased CBF in major cerebral vessels in 8 studies, with equivocal results in 3 studies, and a decrease in only one study (Willie et al., 2014).  A study of subjects with T1D found that those with signs of cardiac autonomic neuropathy were significantly more likely to have reduced dynamic cerebral autoregulation (Nasr et al., 2011).  In our study there was a higher rate of autonomic neuropathy by O’Brien’s score in the P-DPN group compared with DM-NN and HV, although there was not a statistically significant difference between the group means of the P+ and P- groups.  Failure of sympathetic vasoconstriction is a possible candidate for contribution to an shorter TTP in the P+ group, as autonomic neuropathy is frequently associated with painful neuropathy (Gandhi et al., 2010) and both are seen in conjunction with a higher Hba1c (Ziegler et al., 2009b, Themistocleous et al., 2016). 
In summary, for the subgroup analysis there was a significant difference between the P+ and HV groups for MTT at the RThal, which may be explained by intrathalamic perfusion differences, involved in the perception of spontaneous pain.  Neurovascular coupling may be causing the effect of faster TTP at the RINS and POWM due to the experience of pain during the scan.  MTT, RBV and RBF may not have shown a subtle difference due to greater variability introduced by AIF generation - this is discussed in Chapter 3.  An alternative explanation for the shorter TTP at the RINS and the POWM, is that it may be due to decreased CVR caused by autonomic neuropathy.  Future work in this area would require a larger number of subjects in the P+ group to increase the power to avoid a type 1 statistical error, and a concurrent measurement of CVR and autonomic dysfunction such as heart rate variability.  
There were limitations to the study.  The mean age of the P-DPN group was significantly older than the DPN group.  As we were recruiting patients with eGFR >40mls/min/1.73m2, this may have led to exclusion of subjects with P-DPN who were older due to the association with severity of complications and age (Tesfaye et al., 1996b).  Age has been reported as a potential confounder in cerebral perfusion imaging (Rempp et al., 1994, Bjornerud and Emblem, 2010), although this finding was not universal (Helenius et al., 2003).  At most a loss of 3.3mls/min of RBF per 10 years  may occur, whilst RBV has been reported to be stable despite increasing age (Bjornerud and Emblem, 2010).  The mean age difference in our study was 10 years between the P-DPN and DPN groups.  Therefore, there is unlikely to be a clinically significant difference in mean RBF when grey matter values in our study are greater than or equal to 90mls/min and the narrowest confidence intervals are 25mls/min in grey matter for RBF. 
 What of the other perfusion measurements and why did we not see statistically significant differences between the groups for these measures? RBV reflects the capillary density or degree of capillary dilation in the areas of interest (Copen et al., 2011). In the group comparison there was no effect of RBV between groups for the individual regions of interest or overall. The P-DPN group showed a trend approaching significance for a higher RBV at the RPSC and LPSC. However the study was unable to replicate the findings of the pilot work by Selvarajah (Selvarajah et al., 2011a) who found that the P-DPN group had the largest RBV in the thalamus.  
Selvarajah had hypothesised that neurons in the thalamus may be chronically hyperactive in those with P-DPN due to central sensitisation causing capillary dilation and increased RBV (2011a). This supported experimental findings in an animal model of P-DPN where there was increased baseline neurological activity in the thalamus (Fischer et al., 2009b).  Using higher field strength MRI, more sophisticated techniques and larger numbers, we hoped to replicate this finding.  Although the mean RBV was higher in the P-DPN group, greater numbers did not show a consistent difference between the groups.  The P-DPN group was not different to the HV or the DPN group in terms of MTT, so this parameter did not reveal any insights into the mechanism of neuropathic pain generation in the brain.
There are several important technical and statistical differences between the pilot study and the current study.  Firstly, as the Selvarajah study was a preliminary study there were only 24 subjects in total and between 5-7 in each group. The Selvarajah study did not use AIF but used a ratio of the internal carotid signal to the region of interest signal, to account for differences in bolus dispersion arriving at the tissue of interest. Therefore, the reported values are relative and not quantitative, making comparisons difficult. In this study we have used quantification using a similar method to authors that have reported normative data (Rempp et al., 1994, Helenius et al., 2003, Knutsson et al., 2010b).  RBV, RBF and MTT have been calculated using NordicNeurolab ICE software using a semi-automated approach.  This has the benefit of being able to easily generate multiple arterial input functions within a vessel and then manually select the most suitable AIF, that is least susceptible to partial volume effects, and most likely to be 90o to the image plane.  AIF determination is essential for absolute quantification, and the semi-automated generation of AIF has benefits over completely manual AIF (Mouridsen et al., 2006).  The Selvarajah study was performed at 1.5T strength rather than 3T giving a lower SNR. We know that at lower SNR the RBF peak will tend to be overestimated, whilst at higher SNR AIF will be more accurate which will lead to lower estimates of perfusion (Smith et al., 2003), and higher field strengths universally increase sensitivity (Ladd et al., 2018).  In summary differences in the post-processing technique i.e. Quantitative vs Relative and in the MR field strength may have contributed to the differences in findings between the two studies. 
There was a smaller number of participants than we had planned in the DM-NN group according to our power calculation.  The difficulty of recruiting to this group is that it requires no signs or symptoms of neuropathy, with a relatively long duration of diabetes in a working age group.  There were fewer suitable subjects identified after long duration of T1D.  There were some that could not agree to take part due to the time commitment.  Therefore, the findings in the DM-NN group are subject to possible type 2 error due to the slightly smaller number of subjects in this group than planned.  However due to practical considerations it was not possible to recruit the proposed number of subjects.  In MRI studies it is usual to have quite small numbers due to the cost and the time commitment of the scans.  A recent study of 1000 neuroimaging papers has shown that the median number of participants per group  in clinical neuroimaging studies with multiple groups was 12 (Szucs and Ioannidis, 2020).  Our study may have had only 13 subjects in the DM-NN group but it exceeded the number of required participants in the other groups and in all exceeded the number of participants required by the power calculation.
We had hypothesised that increased flow at baseline may represent processing of chronic pain signals or reflect hyperactivity in a specific tissue of interest.  Although the temporal resolution of DSC-MRI is very good, it still may not lend itself to the detection of very subtle activations temporally or spatially.  It is possible measurements of flow and blood volume are different between groups, but the temporal and spatial characteristics of the neurovascular coupling response are too subtle to be represented in a time curve from a two dimensional region of interest (Haxby et al., 2014).  Some investigators interested in decoding pain are studying dissociable multivariate approaches that can link pain distinguishing patterns of neural activity associated with different stimuli or cognitive states (Wager et al., 2013b, Choong-Wan et al., 2016, Reddan and Wager, 2018). This approach has allowed the development of the NPS( Neurological Pain Signature) (Wager et al., 2013b) which can accurately predict using fMRI multivariate approach, whether a healthy subject is experiencing pain whilst being scanned.  There is not yet a similarly validated signature for the experience of chronic pain.  Investigators are focusing on the dimensionality of pain – which they describe as the “dynamic pain connectome” (Kucyi and Davis, 2017).  However as stated above- one of the difficulties with an fMRI approach is that it depends on an intact neurovascular coupling response. Our study using a novel method of measuring cerebral perfusion aims to address this knowledge gap.  

[bookmark: _Toc431375313][bookmark: _Toc44861339][bookmark: _Toc64723943]Conclusion:
In conclusion we found shorter mean transit times for the group with type 1 diabetes mellitus and no neuropathy group and longer mean transit times at baseline for the healthy volunteer group, bilaterally in the insula and the primary sensory cortex.  This may indicate central nervous system hyperperfusion in subjects with diabetes analogous to perfusion differences in other microvascular circulation beds such as the retina or the kidney.  This is the first study to describe shortened mean transit time in a clinical setting and supports the prediction of the model of capillary transit time heterogeneity as a result of altered perfusion secondary to diabetes.  
This study was unable to replicate the findings of the pilot study, although significant differences in the methodology by using quantification rather than relative perfusion make the findings difficult to compare. 
Subgroup analysis suggests that there is a shorter time-to-peak concentration of contrast and shorter mean transit time between a subgroup of the painful diabetic peripheral neuropathy group who were experiencing spontaneous pain (P+) during the scan and the healthy volunteer and painless diabetic neuropathy groups.  Although this is a subgroup finding, shorter transit times may indicate measurement of neurovascular coupling due to spontaneous pain during the scan.  


[bookmark: _Toc48469266][bookmark: _Toc64723944]Chapter 5: The Effect of a Noxious Thermal Stimulus on the Microvascular Perfusion of the Thalamus and Areas of the Pain Matrix, in Painful Diabetic Neuropathy Using Dynamic Susceptibility Contrast Magnetic Resonance Imaging
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Background: Painful diabetic peripheral neuropathy (P-DPN) negatively impacts quality of life of affected individuals and exacts an enormous socio-economic cost. Currently, symptomatic treatments provide inadequate management of pain in many patients. Our understanding of the risk factors that underlie the development of chronic neuropathic pain is limited. The aim of this study was to measure cerebral perfusion of the pain processing areas of the brain using Dynamic Susceptibility Contrast magnetic resonance imaging (DSC-MRI) imaging at rest and during an experimental pain condition. 
Methods: 55 patients with type 1 diabetes (T1D) subjects (19 with painful diabetic peripheral neuropathy , 23 with painless diabetic peripheral neuropathy (DPN), 13 with type 1 diabetes mellitus and no neuropathy (DM-NN) and 19 healthy non-diabetic volunteers (HV) took part in the study. Magnetic resonance images were obtained at 3 Tesla using an dynamic susceptibility contrast magnetic resonance imaging T2*-weighted technique (Time to repetition/ Time to Echo TR/TE=1250/35ms; 72 dynamics) to assess the passage of a bolus of intravenous gadolinium-chelate through the cerebral vascular bed. Subjects were scanned at baseline and during 90s of heat-pain applied to the right lateral thigh (non-neuropathic area). The time-to-peak (TTP), regional blood volume (RBV), regional blood flow (RBF) and mean transit time (MTT) were calculated for the left (LThal) and right thalamus (RThal), left and right insula (LINS, RINS), anterior cingulate cortex (ACC), parieto-occipital white matter (POWM), and left and right primary sensory cortex (LPSC, RPSC) and adjusted for pain perception during the experiment. The Delta (Δ) value was calculated for the difference between the baseline and pain experiment values for all perfusion parameters and regions of interest. The presence of spontaneous pain was correlated with perfusion measures.
Results: The change in time-to-peak concentration of contrast  in response to thermal pain [Δ TTP (s)], was significantly prolonged in the painful diabetic peripheral neuropathy group in the left thalamus (p=0.021), right thalamus (p=0.003), left insula (p=.017), left primary sensory cortex (p=0.009), and right primary sensory cortex (p=0.008). Whilst the healthy volunteers responded to thermal pain by shortening the time-to-peak concentration of contrast,  the response of  painful diabetic peripheral neuropathy group was to prolong the time-to-peak concentration (p<0.05). The change in regional blood volume in response to thermal pain was significantly different at the right primary sensory cortex (p=.01) and the parieto-occipital white matter (p=.04) when accounting for the effect of pain perception. 
The subgroup analysis accounting for spontaneous pain during the scan showed that the painful neuropathy subgroup, who were not experiencing spontaneous pain, had significantly prolonged TTP in response to the painful noxious stimulus in the right thalamus (p=.022) and right primary sensory cortex (p=.013) compared with the healthy volunteer group. 
Conclusions: Subjects with painful diabetic peripheral neuropathy have a paradoxical increase in time-to-peak concentration of contrast and a decrease in regional blood volume in some areas of the pain matrix, indicating that chronic neuropathic pain may result in an abnormal neurovascular coupling response. This response exists independently of clinically significant spontaneous pain. This novel finding may serve as an objective marker of chronic painful diabetic peripheral neuropathy, and a target for the development of novel treatments.

[bookmark: _Toc46213553][bookmark: _Toc48469268][bookmark: _Toc64723946]Introduction
Neuropathic pain is the end result of the central processing of nociceptive input, generated from a disease or injury to the somatosensory nervous system (Finnerup et al., 2016). The International Association for the Study of Pain described neuropathic pain in the following statement:  “activity induced in the nociceptor and nociceptive pathways by a noxious stimulus is not pain, which is always a psychological state, even though we may well appreciate that pain most often has a proximate physical cause” (Pain, 1994, IASP, 2012). Therefore, P-DPN is a disease of the periphery and the CNS.  It remains unexplained why some with P-DPN experience symptoms of painful neuropathy whilst others (DPN) experience no pain.  It is also uncertain why  some who have painful neuropathy subsequently develop painless neuropathy (Daousi et al., 2006).  Given the severity of the symptoms of P-DPN and their adverse effects on quality of life (Benbow et al., 1998), an effective treatment is required.  However, for every one patient that has a significant reduction in pain, between 3 and 7 patients do not get any significant relief from current treatments (Finnerup et al., 2015).
Investigations regarding the generation of pain in the CNS using modern imaging techniques, within the context of P-DPN, may lead to a better understanding of the pathogenesis of this condition, and lay the foundation for novel treatments. However, it has been very difficult to study human brains in-vivo until the advent of modern MR imaging.  Studying the brain in-vivo with MR imaging remains a technically difficult exercise full of confounds. The voxel, which is the smallest unit of measurement on an MR image, represents up to a million neurons which will not be operating homogenously (Smith et al., 2017).  
The neurovascular coupling response to the perception of pain in the brain is thought to increase cerebral blood flow by around 5% (Coghill et al., 1994).  Therefore, to measure this response, an MRI technique with high signal to noise ratio (SNR) is favoured.  As discussed in previous chapters, the measurement of CNS perfusion in chronic pain does not lend itself well to BOLD fMRI onset/offset designs (see Chapter 1 Introduction pp. 30-40) A technique that is able to give quantitative measures and which has a high SNR would be favoured to measure perfusion, and to compare between the baseline condition and an experimental pain condition. DSC-MRI fulfils these criteria and so this technique was used in our experiment.  
In this experiment we planned to use a noxious thermal stimulus to evoke pain in all participants to study the responses between the groups.  A noxious thermal stimulus has been described as a model for studying responses to pain (Davis et al., 1998, Becerra et al., 1999, Becerra et al., 2006, Olesen et al., 2012, Quiton et al., 2014).  A thermal noxious stimulus is easily adjusted according to perception, as opposed to other models of pain such as capsaicin which may deliver unpredictable levels of perception of pain (Roberts et al., 2011, Price et al., 2018).  Thermal stimuli could be applied at a fixed temperature or at a fixed perception level (perception lock). It has been reported that heat pain thresholds vary widely between individuals  (Rolke et al., 2006c, Wasner and Brock, 2008), therefore the delivery of the stimulus in this experiment was perception locked to ensure that all participants were experiencing pain at the time of the scan.  Delivering a noxious thermal stimulus to all participants could help us to decide if the perfusion response is unique to the P-DPN group or is shared by all groups during thermal pain.  
Pilot work performed by our group (Selvarajah et al., 2011b) using DSC-MRI showed there may be abnormal resting state thalamic perfusion in P-DPN. The aim of this study was to take these findings forward by interrogating measurement of resting perfusion and to study response to exogenous thermal pain applied to the lower limbs. 
[bookmark: _Toc431375316][bookmark: _Toc46213554][bookmark: _Toc48469269][bookmark: _Toc64723947]Method:
The method of the screening, and characterisation have been described in Chapter 1: pp 50-54.   The DSC-MRI protocol has been described in Chapter 2: pp 50-54 and Chapter 3: pp 70-85. 
[bookmark: _Toc48469295][bookmark: _Toc64724206]Figure 5.1- Overview of the Study- Visit 3
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The scanning procedure has been described in Chapter 3 Methods section in detail (pp 79-85).  The sections below describe the additional features of the protocol that were performed at the third visit (please see Figure 5.1, red box).  The presence and intensity of spontaneous neuropathic pain was recorded at the second and third visits.  
[bookmark: _Toc64723949]Comparison of Thermal Thresholds
The subjects underwent tests to determine thermal pain threshold prior to scanning, on the right thigh 4 cm above the knee in the midline. This area was chosen as it was deemed to be non-neuropathic.  A computer-controlled water heated thermode (Pathway, Medoc, Haifa, Israel) was used to apply the stimulus.  The subjects were instructed to indicate when the stimulus first became uncomfortably hot.  This has been described previously as part of the German DFNS neuropathy testing protocol for heat pain threshold (HPT) (Rolke et al., 2006a).  
[bookmark: _Toc64723950]Determination of 7/10 Pain threshold
Subjects were then instructed to rate a series of thermal stimuli as being greater or less than 7/10 on the visual analogue scale of pain (Likert scale). The Likert scale was displayed on a large piece of laminated card in front of the patient. Zero was labelled as no pain and 10 was labelled as the worst pain imaginable.  The initial temperature was 42 degrees Celsius, and the subsequent temperatures were adjusted according to the subjects’ responses in a 4-2-1-0.50C stepping algorithm (Dyck et al., 1993b).  The temperature was increased or decreased by smaller increments at each step according to whether the perception of pain was greater than, less than or equal to 7/10.  When the pain was considered to be 7/10 the temperature was recorded.  This temperature was applied to the right thigh during the experiment requiring the noxious thermal stimulus.
The subject had EMLA® anaesthetic cream applied to the left ante-cubital fossa, then a cannula was inserted to an ante-cubital vein after 20 minutes.  
[bookmark: _Toc235118500][bookmark: _Toc64723951]Dynamic Susceptibility Sequence with 7/10 pain
Participants were instructed to rate the intensity of the noxious stimulus during the scan, to be reported at the conclusion of the scanning process.  The detailed DSC-MRI scanning methodology is reported in Appendix B.  The thermode delivering the noxious thermal stimulus was activated at the commencement of the DSC scan.  The predetermined temperature was applied for 5s, after which a pulsed algorithm commenced.  The temperature decreased by 0.5 degrees for 1 second after each 5 second pulse. This cycle was repeated back to back throughout the 90 second scan to decrease the possibility of accommodation to the noxious thermal stimulus. Immediately at the end of the sequence, the participant was requested to report the score of their perception of the intensity of the stimulus, which was recorded before they were moved out of the scanner.
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Analysis of the dynamic susceptibility contrast data was undertaken in NordicNeurolab, nordicICE perfusion package, (V3.0, Bergen 2012) as described in Chapter 2: pp 50-54, and Chapter 3: pp 79-85. 
The baseline variables before the scan were recorded and compared using ANOVA.  Differences were examined using post Hoc multiple comparisons using the Šidak method (Kim, 2015). The mean values for each participant for each region of interest (ROI) were recorded for RBV, RBF, MTT and TTP.  Given that there were 8 ROI and 4 groups, a multivariate analysis of covariance (MANCOVA) was performed.  The covariant was to account for pain perception during the pain experiment.  The covariant was tested for independence using an ANOVA to make sure there was no statistical difference between the groups.  The multivariate ANCOVA was to account for the multiple related dependent variables and to account for multiple comparisons, to see if there was an overall effect of group, pain perception or pain perception within groups (Huitema, 2011.).  Any multivariate differences were then examined by a discriminant function analysis.  The areas were examined using a univariate ANCOVA adjusted for pain perception.
Change in perfusion parameters between the baseline and pain condition were compared using MANCOVA of the four perfusion variables- e.g. Δ RBV adjusted for pain perception during the scan.  SPSS statistics (Version 26, IBM Corp, Armonk, New York) was used to perform the statistical analyses. 
To examine interaction effects a moderation analysis was performed using the Potthoff method to compare regression slopes for significant differences (Weaver and Wuensch, 2013) between interaction variables.  This procedure analyses the difference in the regression slopes for a particular covariant which may be causing an interaction effect e.g. Likert pain perception.  This was performed using SPSS syntax commands- see Appendix F.  The power calculation was described in Chapter 4: Methods p 101.
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[bookmark: _Toc48469272][bookmark: _Toc64723954]Baseline Characteristics Prior to Scan 3
The baseline characteristics of the cohort are described fully in Chapter 2 table 2.2, p 58.  Of note, there was a statistically significant difference in age of the participants between the P-DPN group and the DPN groups.  Multivariate linear regression for age was performed for all regions of interest at visit 3, and for the difference between experimental pain and baseline measurements.  Age was not a significant covariant for this visit for any perfusion measures Wilks’ λ= .547, F(32,40)= 1.03, (p=.457) or for any of the 32 ROI and perfusion measures.  For the difference between experimental pain and baseline measurements, age was not a significant covariant Wilks’ λ= .725, F(31,41)= 5.02, (p=.975) for all perfusion measures, or for any of the individual perfusion measures (see Appendix D: Table D.1).
Cardiovascular Indices and Blood Glucose
There were no significant differences in cardiovascular indices or blood glucose measurements recorded prior to the scan on visit 3 (see table 5.1).  There was no statistically significant difference between the groups for those that recorded a blood glucose measurement at the conclusion of the scanning protocol. Cardiovascular Indices and blood glucose measurements were also compared between visits- there were no statistically significant differences (Appendix D. Table D.2)
[bookmark: _Toc417900949][bookmark: _Toc48469316][bookmark: _Toc64724085]Table 5.1. Baseline Metabolic and Cardiovascular Characteristics of Participants at the time of Visit 3
	
	   P-DPN
	DPN
	     DM-NN
	HV

	
	M
	95% CI
	M
	95% CI
	M
	95% CI
	M
	95% CI

	P
	80
	73-87
	77
	72-82
	69
	64-74
	77
	73-81

	BP-S
	127
	120-134
	134
	127-142
	137
	119-155
	127
	119-135

	BP-D
	80
	75-84
	81
	77-85
	87
	78-96
	88
	82-94

	BG-A
	12.8
	10.7-14.9
	11.4
	9.6-13.2
	13.6
	10.8-16.4
	.
	.

	BG-D*
	10.3
	8.1-12.6
	9.4
	7.1-11.7
	10.3
	8.2-12.4
	.
	.


P=pulse, BP-S= systolic BP in mmHg, BP-D=diastolic in mmHg, BG-A=blood glucose on arrival, BG-D= BG on departure.  *There were 15- P-DPN, 19-DPN, 9-DM-NN who recorded BG on departure.  No significant differences for any of the parameters between the groups
Baseline Characteristics Pain Perception
Pain perception (Likert scale ) was measured on the day immediately before the scan. The results are recorded in table 5.2.
There was no difference between the temperatures of the thermal stimuli delivered during the experiment (p=.305) (Table 5.2). There was no significant difference between the groups for the Likert scale rating of the thermal discomfort (LIKERT) between the groups during the experimental scan.  Therefore, this measure was a valid covariant for the analysis.  The overall mean LIKERT was 7.16 and was set as the covariant for all the analyses.  
There was no significant difference for heat pain threshold (HPT) on the right thigh (p=0.391) (see Appendix D: Table D.3).  
[bookmark: _Toc48469317][bookmark: _Toc64724086]Table 5.2 Descriptive Statistics for Thermal Thresholds and Pain Perception by Group.
	 
	
	P-DPN
	DPN
	DM-NN
	HV 

	Scan thermal temperature (C)
	N
	19
	23
	13
	13

	
	Mean
	45.76
	45.41
	45.50
	46.03

	
	95% Confidence Interval for Mean
	Lower Bound
	45.29
	44.83
	44.78
	45.66

	
	
	Upper Bound
	46.23
	46.00
	46.22
	46.39

	p=0.305

	Likert scale scores reported at the time of  scan (LIKERT)
	N
	19
	23
	13
	19

	
	Mean
	7.11
	7.11
	7.50
	6.84

	
	95% Confidence Interval for Mean
	Lower Bound
	6.24
	6.44
	6.95
	6.25

	
	
	Upper Bound
	7.97
	7.78
	8.05
	7.43

	p=0.665


[bookmark: _Toc431375322][bookmark: _Toc46213558][bookmark: _Toc48469273][bookmark: _Toc64723955]Regional Blood Volume
One subject from the P-DPN group had extravasation of contrast during the scan and was not included in the analysis. Therefore, there were 18 subjects in the P-DPN group, 23 in the DPN group, 13 in the DM-NN and 19 in the HV for the analyses involving visit 3.   
Using multivariate analysis there was an overall effect of groups: Wilks’ λ= .48 F(24,169)= 2.01, (p=.01); and interaction of group and LIKERT on RBV Wilks’ λ= .53 F(24,169)= 1.74, (p=.02);  when the regions of interest were considered together.  This indicates that there is a significant effect across the areas of the pain matrix which is driven by the groups having different patterns of RBV in response to LIKERT.  There was a trend to increased RBV across the ROI for the P-DPN group (see Figure 5.2). This multivariate effect was explored using a discriminant analysis, which did not significantly differentiate between the groups: Wilks λ= 0.584, p=.132. (see appendix Figure D.1). 
The univariate ANCOVA revealed that there were group differences for mean RBV in the LINS (p=0.04) and the RPSC (p=.014) after accounting for LIKERT and the interaction effect between group and LIKERT (see figure 5.2 and appendix D: Table D.4) 
[bookmark: _Toc417900855][bookmark: _Toc45038135][bookmark: _Toc48469296][bookmark: _Toc64724207]Figure 5.2. 95% Confidence Intervals for the Group Means and Regions of Interest for RBV at Visit 3 Adjusted for LIKERT 
[image: ]
*LINS p=.04, no post Hoc significance. *RPSC p=.014  no post hoc significance. Figure 5.1 shows that trend for mean RBV in the P-DPN group is increased.
[bookmark: _Toc405028905][bookmark: _Toc431375323][bookmark: _Toc46213559][bookmark: _Toc48469274][bookmark: _Toc64723956]Regional Blood Flow
Multivariate ANCOVA was not significant for group: Wilks’ λ= .628, F(24,180)=1.307, p=.165, but was significant for LIKERT: Wilks’ λ= .741	F(8,61)=2.661, p=.014 as a significant covariant of RBF. Indicating that RBF was proportional to LIKERT independent of group membership.  There was no significant difference between the group means for RBF by ROI (see Figure 5.3 and Appendix D, Table D.5) however there was a trend toward a higher mean RBF in the P-DPN group. 
[bookmark: _Toc417900859][bookmark: _Toc45038139][bookmark: _Toc48469297][bookmark: _Toc64724208]Figure 5.3. 95% Confidence Intervals for the Group Means and Regions of Interest for RBF at Visit 3 Adjusted for LIKERT
[image: ]
There is no statistical significance but the trend for mean RBF for the P-DPN group is higher in value than the other groups across the ROI.
[bookmark: _Toc405028906][bookmark: _Toc431375324][bookmark: _Toc46213560][bookmark: _Toc48469275][bookmark: _Toc64723957]Mean Transit Time
Multivariate ANCOVA was not significant for group or LIKERT: Wilks’ λ=.628, F(24,180)=1.306, p=.165 as a significant covariant of MTT. There was no significant difference between the group means for MTT by ROI (see Figure 5.4 and Appendix D, Table D.6). 
[bookmark: _Toc417900861][bookmark: _Toc45038141][bookmark: _Toc48469298][bookmark: _Toc64724209]Figure 5.4. 95% Confidence Intervals for the Group Means and Regions of Interest for MTT at Visit 3 Adjusted for LIKERT 
[image: ]
There was no statistical significance between the groups.
[bookmark: _Toc405028907][bookmark: _Toc431375325][bookmark: _Toc46213561][bookmark: _Toc48469276][bookmark: _Toc64723958]Time-to-Peak Concentration
[bookmark: _Toc417900863][bookmark: _Toc45038143]Multivariate ANCOVA was not significant for group Wilks’ λ= .775, F(24,178)=.680, p=.867; but was significant for LIKERT: Wilks’ λ= .683, F(8,61)=3.54, p=.002 as a covariant of TTP.  There was no significant difference between the group means for TTP by ROI (see Figure 5.5 and Appendix D, Table D.7). 
[bookmark: _Toc48469299][bookmark: _Toc64724210]Figure 5.5. 95% Confidence intervals for Group Means and Regions of Interest for TTP at V3, Adjusted for Likert
[image: ]

There was no statistical significance between the groups.
[bookmark: _Toc48469277][bookmark: _Toc64723959]Change in Regional Blood Volume in Response to Pain
The change in RBV was measured between the baseline and the experimental pain condition.  Multivariate ANCOVA was significant for group: Wilks’ λ= .508, F(24,169)=1.851, p=.013, and significant for the interaction term group*LIKERT: Wilks’ λ= .531 F(24,169)=1.717, p=.026  but not for LIKERT (see Appendix D, Table D.8) as a covariant of Δ RBV. There was a significant difference between the group means for Δ RBV by ROI at POWM and RPSC after adjusting for LIKERT and Group*LIKERT interaction (see Figure 5.5 and 5.6 and Appendix D, Table D.9), but no significant differences between the groups using post Hoc comparisons. 
[bookmark: _Toc48469300]

[bookmark: _Toc64724211]Figure 5.6.  95% Confidence Intervals for the Group Means and Regions of Interest for Δ RBV:  Unadjusted for Likert Scale
[image: ]	Comment by Tesfaye, Solomon (Diabetes): To appendix
*p<0.05, Figure shows a significant difference for Δ RBV at the POWM and the RPSC but no difference in post Hoc comparisons. The interaction effect of Group*LIKERT is significant p=.013, and group p=.026. 

To further examine the group*Likert interaction effect, regression of the analysis of Δ RBV RPSC, and Δ RBV POWM and LIKERT by group was performed. There was a significant difference in regression slopes for Δ RBV POWM (p=.015). Post Hoc testing revealed that P-DPN and DPN slopes were significantly different (p=.002), and P-DPN and HV slopes were significantly different (p=.030) (see Figure 5.7 and Appendix Tables D.10-12). There was a significant difference in the regression slopes for Δ RBV RPSC (p=.001), and the P-DPN and DPN slopes (p<.0001) and P-DPN and HV(p=.002) (see Figure 5.8 and Appendix Tables D.13-15). The result at these ROI indicates that the relationship between pain perception and RBV is negative for P-DPN but positive for HV and DPN.  
[bookmark: _Toc48469301]

[bookmark: _Toc64724212]Figure 5.7. Scatter Plot of Group* LIKERT interaction for Δ-RBV at the POWM 

[image: ]
Figure shows the interaction effect of reported pain scores during scan (LIKERT) and Δ RBV at the POWM.  The P-DPN group has an inverse relationship to LIKERT whilst the DPN and HV groups have a positive relationship.  These are significantly different P-DPN vs DPN p=.002, P-DPN vs HV p=.03. 

[bookmark: _Toc48469302][bookmark: _Toc64724213]Figure 5.8. Scatter Plot of LIKERT vs Δ RBV RPSC
[image: ]
 
Figure shows the interaction effect of reported pain scores during the scan (LIKERT) and Δ RBV at the RPSC.  The P-DPN group has an inverse relationship to LIKERT whilst the DPN and HV groups have a positive relationship.  These are significantly different. P-DPN vs DPN p<.001, P-DPN vs HV p=.002. 
[bookmark: _Toc48469278][bookmark: _Toc64723960]Change in Regional Blood Flow in Response to Pain
Multivariate ANCOVA was significant for LIKERT, Wilks’ λ=.020, F(8,64)=2.5, p=.02, but not significant for group or the interaction term group*LIKERT for RBF (Appendix D, Table D.16)
For the univariate analysis there was a significant difference in the group means for Δ RBF in the LINS, but there was no post Hoc significance after adjusting for LIKERT and Group*LIKERT interaction (see Appendix D- Table D.17 and Figure D.2)  
[bookmark: _Toc48469279][bookmark: _Toc64723961]Change in Mean Transit Time in Response to Pain
The multivariate analysis did not reveal any group, LIKERT, or group*LIKERT significance for MTT overall (see Appendix D, Table D.18). The univariate analysis showed a significant difference for mean MTT in the parieto-occipital white matter (p=0.042) after adjusting for LIKERT and Group*LIKERT interaction, but there was no significant difference in multiple comparisons after post- hoc testing (Appendix D, Table D.19 and Figure D.3).
[bookmark: _Toc48469280][bookmark: _Toc64723962]Change in Time-to-Peak Measurement in Response to Pain
Multivariate analysis indicated a significant effect of LIKERT on Δ TTP: Wilks λ= .731, F(8,64)= 2.948, p=.007 (see Appendix D, Table D.20). 
Univariate analysis of Regions of interest showed significant differences for Δ TTP at the LThal, RThal, LINS, LPSC, and RPSC (see Table 5.3) after adjusting for LIKERT and Group*LIKERT interaction.  There was post Hoc significance between the means for the P-DPN and HV groups (see Table 5.3 and Figure 5.9).
[bookmark: _Toc48469318]

[bookmark: _Toc64724087]Table 5.3: Univariate ANCOVA Comparing Δ-TTP - Reported by Region of Interest- Adjusted for LIKERTa
	
	P-DPN
	DPN
	DM-NN
	HV

	
	M
	95% CI
	M
	95% CI
	M
	95% CI
	M
	95% CI

	

	Δ TTP LThal
	0.50
	0.02, 0.97
	-0.17
	-0.59,0.24
	-0.03
	-0.62, 0.56
	-0.43
	-0.90, 0.05

	p=.021*

	Δ TTP RThal
	0.57
	0.10, 1.05
	-0.16
	-0.58, 0.26
	0.04
	-0.56, 0.63
	-0.51
	-0.99, -0.04

	p=.003*

	Δ TTP LINS
	0.43
	-0.03, 0.89
	-0.08
	-0.48, 0.33
	0.16
	-0.41, 0.73
	-0.45
	-0.90, 0.01

	p=.017*

	Δ TTP RINS
	0.49
	0.03, 0.95
	-0.08
	-0.49, 0.32
	0.18
	-0.39, 0.76
	-0.35
	-0.81, 0.12

	p=.053

	Δ TTP ACC
	0.51
	-0.17, 1.19
	-0.29
	-0.89, 0.31
	0.03
	-0.82, 0.88
	-0.53
	-1.22, 0.15

	p=.107

	Δ TTP POWM
	0.66
	0.06, 1.27
	-0.07
	-0.60, 0.47
	0.33
	-0.43, 1.09
	-0.54
	-1.15, 0.07

	p=.065

	Δ TTP LPSC
	0.55
	0.04, 1.06
	0.06
	-0.39, 0.50
	0.18
	-0.46, 0.82
	-0.54
	-1.05, -0.03

	p=.009*

	Δ TTP RPSC
	0.65
	0.15, 1.15
	0.09
	-0.35, 0.53
	0.23
	-0.40, 0.86
	-0.52
	-1.02, -0.01

	p=.008*


a. Model contains the following factors group, LIKERT and group vs LIKERT, Covariates appearing in the model are evaluated at the following values: likertscale_gad = 7.16.
* Δ TTP LThal: P-DPN vs HV p=.046,  Δ TTP RThal: P-DPN vs HV p=.012,  Δ TTP LINS: P-DPN vs HV p=.051, Δ TTP LPSC: P-DPN vs HV p=.022, Δ TTP RPSC P-DPN vs HV p=.010
[bookmark: _Toc417657754][bookmark: _Toc417900870][bookmark: _Toc45038149][bookmark: _Toc48469303]

[bookmark: _Toc64724214]Figure 5.9. 95% Confidence Intervals for the Group Means and Regions of Interest for Δ TTP(s) Adjusted for LIKERT
[image: ]
* Δ TTP LThal: P-DPN vs HV p=.046,  Δ TTP RThal: P-DPN vs HV p=.012,  Δ TTP LINS: P-DPN vs HV p=.051, Δ TTP LPSC: P-DPN vs HV p=.022, Δ TTP RPSC P-DPN vs HV p=.010. Figure 5.9 shows that Δ TTP is positive for P-DPN after the painful stimulus indicating a lengthening of TTP .  HV have a negative TTP indicating a shorter TTP in response to the painful experimental stimulus.

Thirteen of 18 (72%) subjects in the P-DPN group had an absolute increase in TTP as a result of the experimental pain, and 13 of 19 (68%) HV subjects had an absolute decrease in TTP due to pain.  DPN (58% increase) and DM-NN  (48% increase) had more equivocal responses as a result of the experimental pain (see Figure 5.10). This indicates that lengthening of TTP may be able to differentiate the P-DPN group from the HV.  
[bookmark: _Toc48469304]

[bookmark: _Toc64724215]Figure 5.10. Absolute Values for TTP Visit 2 vs Visit 3 at RSPC
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Figure 5.10.  Left y axis for each panel represents V2, Right y axis represents V3.  Note that raw data shows that the majority of the subjects in the P-DPN group have a longer TTP at the experimental pain visit than the baseline visit, whereas the majority of the participants in the HV group have a reduction in TTP at the experimental visit. There is no difference between TTP between the groups at V3 for DPN or DM-NN. 

Given the significance of the interaction effect for LIKERT by group on Δ TTP at the LThal and RThal, LINS and LPSC and RPSC, a moderation analysis examining the regression slopes was performed (see Appendix D, Tables D.21-35).  The slopes were significantly different at the left thalamus for Δ TTP (p=.028) and post Hoc testing indicated that the slope for the P-DPN group was different from the HV group (p=.003). At the RThal the slopes were significantly different (p=.009), post Hoc P-DPN vs HV (p=.001), P-DPN vs DPN (p=.067) P-DPN vs DM-NN (p=.531) (see Figure 5.11). The LINS regression slopes were significantly different (p=.010), P- DPN vs HV (p=.001) (see Figure 5.12).
The LPSC regression slopes were significantly different (p=.034), P-DPN vs HV (p=.004). The RPSC regression slopes were significantly different (p=.048) P-DPN vs HV (p=.005) (see Figure 5.13).


[bookmark: _Toc48469305][bookmark: _Toc64724216]Figure 5.11. Scatter Plot of LIKERT vs Δ TTP RThal 
[image: ]
Post Hoc P-DPN vs HV (p=.001) P-DPN vs DPN (p=.067) *Post Hoc T-Test Comparisons of Regression slopes for Δ TTP L-thal vs LIKERT. Figure shows that the regression slope is significantly different for P-DPN which is positive for LIKERT vs Δ TTP and HV which is negative for LIKERT vs Δ TTP
[bookmark: _Toc48469306][bookmark: _Toc64724217][bookmark: _Toc417657757][bookmark: _Toc417900873][bookmark: _Toc45038152]Figure 5.12. Scatter Plot of LIKERT vs TTP LINS 
[image: ]

P-DPN vs HV (p=.001). Figure shows that the regression slope is significantly different for P-DPN which is positive for LIKERT vs Δ TTP and HV which is negative for LIKERT vs Δ TTP

[bookmark: _Toc417657759][bookmark: _Toc417900875][bookmark: _Toc45038154][bookmark: _Toc48469307][bookmark: _Toc64724218]Figure 5.13. Scatter Plot of Likert Scale vs TTP RPSC
[image: ]

P-DPN vs HV (p=.005). Figure shows that the regression slope is significantly different for P-DPN which is positive for LIKERT vs Δ TTP and HV which is negative for LIKERT vs Δ TTP
[bookmark: _Toc64723963]Contribution to Δ TTP
As TTP is not deconvolved with the AIF to account for bolus dispersion, correlation to AIF dependent measures was performed for the P-DPN group (see Table 5.4 and Appendix D Table D.36-40, Figure D.6-D.9).  This was to assess the degree of contribution by AIF dependent perfusion parameters. 
At the LThal (p=.012) (see Figure 5.14 and Table 5.4), RThal (p=.023), LPSC (p=.025) and RPSC (p=.008), Δ RBF was significantly correlated with Δ TTP.  At the LINS (p=.007)(see Table 5.15) and the LThal (p=.048) the Δ MTT was significantly correlated with Δ TTP.  This suggests that the Δ TTP was significantly influenced by perfusion factors that were within the region of interest.  

[bookmark: _Toc48469319][bookmark: _Toc64724088]Table 5.4: Correlation between Δ TTP and RBV, RBF, MTT at the LThal
	
	GROUP
	Δ RBV LThal
	Δ RBF LThal
	Δ MTT LThal

	Δ TTP LThal
	P-DPN
	R
	Sig
	R
	Sig
	R
	Sig

	
	
	-0.299
	0.229
	-0.579
	0.012*
	0.471
	0.048*


R= Pearson’s R, Sig=significance

[bookmark: _Toc48469308][bookmark: _Toc64724219]Figure 5.14 Scatter plot Δ RBF vs Δ TTP at the LThal
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[bookmark: _Toc48469309][bookmark: _Toc64724220]Figure 5.15 Scatter plot Δ MTT vs Δ TTP at the LThal
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[bookmark: _Toc48469281][bookmark: _Toc64723964]Comparison of perfusion measures between baseline and Visit 3, for P-DPN stratified by the presence of neuropathic pain at the time of scanning.
There was no difference between baseline cardiovascular measures, blood glucose or psychophysical characteristics at baseline between the P+, P- and the DPN, DM-NN or HV (see Appendix D Table D.40).  Clinically significant spontaneous neuropathic pain was set at a level of  4 at V2.  At V3 one participant from the P+ group had a score <4 (see Figure 5.16), and three subjects in the P- group scored  4 for spontaneous neuropathic pain (see Figure 5.16 and 5.17).  However, the groups remained highly statistically different with regards to spontaneous neuropathic pain (see table 5.5).    
[bookmark: _Toc48469310][bookmark: _Toc64724221]Figure 5.16  Comparison of Change in Report of Spontaneous Neuropathic Pain between V2 and V3 by Likert scale: P+ group
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Figure 5.16 shows the individual reports for spontaneous neuropathic pain at the time of visit 2 and visit 3 for the P+ group. The horizontal line at 4, indicates the cut off set for clinically significant neuropathic pain.  One subject has non-significant spontaneous pain at V3.
[bookmark: _Toc48469311][bookmark: _Toc64724222]Figure 5.17  Comparison of Change in Report of Spontaneous Neuropathic Pain between V2 and V3 by Likert scale: P- group
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Figure 5.17 shows the individual reports for spontaneous neuropathic pain at the time of visit 2 and visit 3 for the P- group. The horizontal line at 4, indicates the cut off set for clinically significant neuropathic pain.  Three subjects have significant spontaneous pain at V3.

[bookmark: _Toc48469320][bookmark: _Toc64724089]Table 5.5: Descriptive Statistics for Spontaneous Neuropathic Pain Between Subgroups P+ and P- 
	
	P+
	P-
	

	
	N
	M
	SD
	N
	M
	SD
	Sig.

	V3 spontaneous pain score/10
	10
	6.5
	2.3
	9
	2.0
	2.5
	


N=Number, M=Mean, SD = standard deviation, Sig.=significance

Multivariate analysis was performed for Δ RBV, RBF and MTT using the 5 groups described P+, P-, DPN, DM-NN and HV and adjusted for LIKERT and LIKERT*group interaction.  There was near significance for RBV overall by group (p=.064).  Univariate ANCOVA of the five groups found that RBV was significant at the RPSC adjusting for LIKERT and LIKERT*GROUP interaction (p=.013).
[bookmark: _Toc64723965]Change in Time-to-Peak Perfusion measurements stratified by the presence of neuropathic pain at the time of scanning.  
Multivariate analysis of variance was not significant for group: Wilks’ λ = .61, F(32,208)=.907, p=.615; LIKERT: Wilks' λ =.827, F(8,56)=1.466, p=.190, or group*LIKERT Wilks' λ =.580, F(32,208)=1.034, p=.424. Univariate analysis of variance adjusted for group, LIKERT and group*LIKERT interaction was significant for the LThal (p=.035), RThal (p=.004), LINS (p=.037), LPSC (p=.019) and RPSC (p=.013) (see Table 5.6 and Figure 5.18).  There was post-hoc significance at the RThal (p=.022) and the RPSC (p=.013) (See Figure 5.19)  between the P- group and the HV.  



[bookmark: _Toc48469321][bookmark: _Toc64724090]Table 5.6: Univariate ANCOVA Comparing Δ-TTP - Reported by Region of Interest- Adjusted for LIKERT, Including the Subgroups of P-DPN: P+ and P-
	
	P+
	P-
	DPN
	DM-NN
	HV

	
	M
	95% CI
	M
	95% CI
	M
	95% CI
	M
	95% CI
	M
	95% CI

	Δ TTP (s)
	
	
	
	
	
	
	
	
	
	

	LThal
	0.28
	-0.35
0.92
	0.74
	0.03
1.46
	-0.17
	-0.59
0.24
	-0.03
	-0.63
0.56
	-0.43
	-0.90
0.05

	p=.035

	RThal
	0.33
	-0.30
0.97
	0.86
	0.14
1.57
	-0.16
	-0.58
0.25
	0.04
	-0.56
0.63
	-0.51
	-0.99
-0.04

	p=.004

	LINS
	0.24
	-0.37
0.86
	0.66
	-0.03
1.35
	-0.08
	-0.48
0.33
	0.16
	-0.42
0.74
	-0.45
	-0.91
0.02

	p=.037

	RINS
	0.32
	-0.30
0.94
	0.70
	0.01
1.40
	-0.08
	-0.49
0.32
	0.18
	-0.40
0.76
	-0.35
	-0.81
0.12

	p=.091

	ACC
	0.34
	-0.57
1.26
	0.70
	-0.33
1.72
	-0.29
	-0.89
0.31
	0.03
	-0.82
0.88
	-0.53
	-1.22
0.15

	p=.139

	POWM
	0.58
	-0.25
1.40
	0.76
	-0.16
1.68
	-0.07
	-0.61
0.47
	0.33
	-0.44
1.10
	-0.54
	-1.16
0.07

	p=.151

	LPSC
	0.36
	-0.32
1.05
	0.76
	-0.01
1.53
	0.06
	-0.39
0.51
	0.18
	-0.46
0.82
	-0.54
	-1.05
-0.03

	p=.019

	RPSC
	0.40
	-0.27
1.07
	0.95
	0.20
1.70
	0.09
	-0.35
0.53
	0.23
	-0.40
0.86
	-0.52
	-1.02
-0.01

	p=.013


aModel contains the following factors group, LIKERT and group vs LIKERT,
* Δ TTP LThal: no post Hoc significance,  Δ TTP RThal: P- vs HV p=.022,  Δ TTP LINS: no post Hoc significance, Δ TTP LPSC: no post Hoc significance, Δ TTP RPSC P-DPN vs HV p=.019

[bookmark: _Toc48469312][bookmark: _Toc64724223]Figure 5.18. 95% Confidence Intervals for the Group means and Regions of Interest for Δ TTP(s) Adjusted for LIKERT by group, with P+ and P-.
[image: ]
Figure depicts regions of interest on the X axis and Δ TTP in seconds (s) on the y axis.  Groups are represented in colours. *p<.05. There was post Hoc significance at the RThal p=.022 and the RPSC p=.013
[bookmark: _Toc48469313][bookmark: _Toc64724224]Figure 5.19 Box Plot showing raw data values, median and 95% CI for Δ TTP at the RPSC by group, with P+ and P-
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Figure shows the P-DPN group subdivided by those who reported spontaneous pain on the day of the scan- P+ and those that didn’t P-.  The groups are very small but the P- group is significantly different from the HV.  This is the raw data and is not adjusted for LIKERT.
[bookmark: _Toc64723966]Explanatory Factors for TTP- Depression
As the P-DPN group and its subgroups (P+ and P-) had a high prevalence of mood disorders, perfusion measures were adjusted for depression (see Appendix D: Table D.41). Two groups were created stratified by severity of depression:  Depression- None to mild (N=55) was compared with Depression- Moderate to severe (N=10) for the Δ TTP- all regions of interest and Δ RBV POWM and RPSC.  There were no significant differences between the groups with severe or mild depression for perfusion measures.  We can conclude that depression is not associated with the perfusion changes we have described in response to experimental pain. 
[bookmark: _Toc48469282][bookmark: _Toc64723967]Summary 
In response to exogenous pain, there was an increase in RBF across all regions of interest. However, whereas the HV decrease their TTP in response to the noxious thermal stimulus, P-DPN patients paradoxically increase their TTP in response.  RBV showed a similar pattern of response as the expected increase in relation to pain only occurred in the HV, in contrast the P-DPN group decreased RBV in response to pain.  Subgroup analysis was performed to understand the effect of spontaneous pain on changes in TTP between groups.  The P- group (P-DPN group without spontaneous pain at the time of the scan) were significantly different to the HV indicating that this subgroup was contributing to the paradoxical effect of lengthening TTP. Depression was not a contributor to the effect.  
[bookmark: _Toc431375330][bookmark: _Toc46213566][bookmark: _Toc48469283][bookmark: _Toc64723968]Discussion 
The first part of the experiment on the third visit, was designed to assess the baseline psychophysical pain characteristics of the groups.  There was no difference between the groups when measuring heat pain threshold (HPT) in the thigh. This was the area at which the noxious thermal stimulus was subsequently applied during the experiment.  This means that any differences of perfusion parameters between groups are unlikely to be attributable to altered pain perception in this area. 
When experimental pain was applied there were some interesting effects. 
Firstly, RBF was found to be strongly predicted by LIKERT. This means that if participants were experiencing more severe pain, they were more likely to have a higher regional blood flow across all measured regions.  As we were using the arterial input function (AIF) to obtain quantification of RBF, we can be confident that this effect is measured independently of cardiovascular effects that pain may induce, such as raised blood pressure and tachycardia.  Therefore, this is likely to reflect the neurovascular coupling response due to pain.  These findings support the experimental design.  
The novel findings of this study were that the Δ TTP increased in the RThal, LThal, LINS, LPSC and RPSC vs HV; and Δ RBV decreased in the POWM and RPSC vs DPN and HV; in P-DPN patients in response to exogenous pain. Clearly the chronic pain state has altered this response. In addition, we report that subjects with P-DPN but without spontaneous pain at the time of the noxious thermal stimulus- increase TTP adjusted for LIKERT following exogenous pain.  
RBV represents capillary perfusion (Jespersen and Ostergaard, 2012, Østergaard et al., 2013a).  A decrease in RBV suggests that the P-DPN group are constricting rather than dilating capillaries in the POWM and the RPSC, in response to greater levels of pain.  The reasons for this capillary response could be failure of the neurovascular coupling process, descending or ascending inhibition of neural pathways of pain, or perhaps amplification of neurovascular responses.
Neurovascular coupling is the microvascular response to increased neuronal demand.  Neurovascular coupling allows the brain microvasculature to adapt to metabolic demands in local neurons to ensure adequate glucose and oxygen delivery. The neurovascular coupling process is described as a feedforward and feedback response.  The current evidence for the mechanisms of neurovascular coupling is reviewed in “The Neurovascular Unit coming of age: a journey of neurovascular coupling in health and disease” (Iadecola, 2017).  To briefly summarise: reflex dilation of capillaries can be caused by the shear on capillary walls of red blood cells deformed by hypoxia.  Neural activity in glial and pyramidal cells acts via multiple local chemical messengers on the pial arterioles which causes passive downstream dilation of the capillaries (Lecrux et al., 2019).  Additionally, there is evidence for a capillary centred neural feedforward mechanism modulated by pericytes causing vascoconstriction (Peppiatt et al., 2006). 
Pericytes could play an important role in microvascular dysfunction in subjects with diabetes as it has been well documented that endoneurial abnormalities and pericyte abnormalities are associated with diabetes and diabetic peripheral neuropathy (Williams et al., 1980, Britland et al., 1990, Tesfaye et al., 1993, Thrainsdottir et al., 2003).  The role for pericytes in endothelial dysfunction in diabetes outside the brain, has been firmly established, e.g. retinal pericyte dysfunction is central to the process of angiogenesis and development of diabetic retinopathy (Armulik et al., 2005).  The role of endothelial dysfunction and pericytes in the CNS of subjects with diabetes has only recently been investigated.  In autopsy studies of the brain of subjects with diabetes it has been reported that there is thickening of the cortical capillary basement membrane demonstrating endothelial change (Nelson et al., 2009). Pericyte deficient (but not absent) mice show significantly delayed and decreased capillary dilation to neuronal stimulation (Kisler et al., 2017).  There is evidence for possible vasoconstriction of blood vessels in the dorsal horn of the spinal cord in streptozocin rats with allodynia (Ved et al., 2018) and vasoconstriction of capillaries in the spinal cord in an animal model of P-DPN was found to be more pronounced when associated with Angiotensin receptor 1 expression on pericytes (Hulse et al., 2018).
Endothelial pericytes have contractile elements that can dilate or constrict in response to local factors.  Constriction appears to be mediated by local factors released from nearby neurons: endothelial factor 1, insulin like growth factor 1, and platelet derived growth factor B, via calcium mediated cascades.  Relaxation is thought to be mediated by prostaglandin inhibitor 2, adenosine and B- adrenoceptor agonists (Hall et al., 2014).  Hyperglycaemia has been shown to inhibit pericyte contractility (Gillies and Su, 1993, Hamilton et al., 2010) which is a possible explanatory scenario as the P-DPN group have a trend to higher HbA1c than the DPN group.  Pericytes are thought to constrict in conditions of glycogen depletion, nitrous oxide depletion and ischaemia (Yemisci et al., 2009, Alarcon-Martinez et al., 2019).  This raises the possibility that glucose flux, mild ischaemia or metabolic stress could cause both capillary dilation and capillary constriction in our P-DPN cohort.  There was no significant difference between blood glucose measurements or blood glucose flux between the two visits for any of the groups with T1D.  BP and pulse were not significant contributors to RBV at the POWM or RPSC for any group.  Therefore, if there was a metabolic effect on capillary diameter it was unlikely to be due to serum glucose levels or flux, or cardiovascular parameters.
If there was central loss of pericytes or pericyte dysfunction secondary to microvascular disease associated with T1D, this may manifest in a failure of capillary dilation, despite perception of the nociceptive stimulus.  Overall the DPN group had findings that were more consistent with failure of dilation.  The DPN group overall have a lower RBV in response to pain, indicating a delay or a decrease in the coupling response.  The positive correlation with pain intensity indicates although damaged the neurovascular coupling response was still present.  Consequently, the paradoxical effect of LIKERT on RBV for the P-DPN group is not explained by failure of dilation. However, it remains possible that abnormal pericyte activity in those with chronic neuropathic pain may induce paradoxical constriction, by a pathway yet unknown. 
Other possibilities for the explanation of this novel finding are that we may be measuring a counterstimulatory effect.  An fMRI study comparing BOLD fMRI responses to a vibration stimulus versus a noxious thermal stimulus, reported that pain processing was significantly affected by whether the attention of the participant was directed to the noxious stimulus or the counterstimulus.  Relief of the painful sensation by attention to the vibration counterstimulus resulted in deactivations of pain processing areas (ACC, insula, thalamus) back to baseline measurements (Longe et al., 2001). In an experiment with subjects with erythromelalgia, pain relief resulted in decreased activations as measured by ASL (Segerdahl et al., 2012).  In an fMRI experiment investigating painful counter-stimulation, TENS (transcutaneous electrical stimulation) was applied in addition to thermal pain.  Greater TENS amplitude was associated with greater activation in the primary sensory cortex and the ventrolateral prefrontal cortex, but this did not correlate with lower perceived pain intensity scores (Choi et al., 2016).  Conversely, deactivations were observed 20 minutes after TENS in a study of carpal tunnel syndrome in the somatosensory cortex, but perceptual measurements of pain were not reported in this study (Kara et al., 2010). Therefore, non-noxious counterstimulation causes deactivation of cortical areas, but in studies with a noxious counterstimulus which would be analogous to our study the evidence is not clear, with counterstimulation causing activation in one study and deactivation in others. Our data suggests that the greater pain reported in the painful neuropathy group the more likely the subject was to report a decrease in RBV.  This argues against deactivation associated with pain relief.  Our study also recorded the level of spontaneous pain of the P-DPN group at V2 and V3.  There was no difference between the P+(clinically significant neuropathic pain at V2) or P- group to indicate that the P+ group had a larger drop in RBV in response to pain.
Therefore, although there is evidence from one study to support deactivation associated with a noxious counterstimulus, it seems unlikely that this was the cause of the effect of LIKERT on RBV in the P-DPN group, as it was seen in those with and without spontaneous pain. 
Hyperexcitability of thalamic neurons has been reported in association with spontaneous pain and provoked pain in streptozocin induced neuropathy in rats (Fischer et al., 2009a).  Hyperexcitability of neurons could provoke a neurovascular coupling response facilitating capillary dilation in the thalamus and therefore an increased RBV in the P-DPN group. The trend in signal for Δ RBV to be slightly greater suggested that this may be true of our cohort.  Other areas of the pain matrix have been interrogated to see if they have a similar response.  Zhao and colleagues were able to define pyramidal neuronal hyperactivity in layer 5 of the ACC of mice with experimental neuropathy.  Using two photon imaging of the brains of experimental animals, experiments to measure neurotransmitter activity using direct measurements in vivo of calcium were undertaken (Zhao et al., 2018a).  The mice had a more exuberant neuronal response to a noxious stimulus applied to the neuropathic area, and to the contralateral unaffected limb.  However, it seems unlikely that this phenomenon could explain our results as hyperexcitability should translate to increased RBV in response to all stimuli, which was not the case in our study.  
The most likely explanation for the finding is that we have measured by DSC-MRI a phenomenon that is labelled the “negative bold response” or NBR in BOLD fMRI studies.  NBR is a noted decrease in BOLD activity below its baseline level as a result of a stimulus (Moraschi et al., 2012).  It is thought that it is unlikely to represent vascular “steal” or active vasoconstriction, but probably represents a neural inhibition of activity in the region (Moraschi et al., 2012). Studies using somatosensory stimuli report that NBR is predominantly seen in the ipsilateral primary sensory cortex and areas that are not related to a positive BOLD response, and is proportional to the intensity of the stimulus, i.e. the stronger the noxious stimulus the greater the deactivation (Kastrup et al., 2008, Klingner et al., 2010, Mayhew et al., 2016).  This would support our findings in the P-DPN group for RBV at the RPSC, who have a smaller RBV at higher levels of reported pain intensity.  Human subjects with nerve injury of the hand, vibration injury and immobilisation injury had increased positive bold response in the contralateral somatosensory cortex, and abnormal NBR in the ipsilateral somatosensory cortex, compared with healthy volunteers (Björkman and Weibull, 2018).  The authors hypothesised that the abnormal NBR may be associated with neural recovery.  It seems equally possible that the groups with neural injury had adaptive NBR responses to compensate for pain.  Negative BOLD response has also been studied in rats at the time of sciatic nerve injury (Chao et al., 2018).  NBR was observed in the caudate nucleus and positive BOLD response was seen in the thalamus, contralateral PSC and hypothalamus, but there was no comment regarding NBR in the ipsilateral thalamus or PSC, and stimulus response experiments in the affected area were not undertaken.  Caudate NBR has not previously been described in experiments in humans with nerve injury or neuropathy, but this opens up the possibility that location of NBR might be dependent on the applied stimulus or underlying pathology or both.  NBR has been correlated with DSC measures in a cohort of patients with Moya Moya disease, who were given a painful electrical stimulation (Qiao et al., 2019).  They found that the TTP response was delayed in those with NBR in the thalamus and the primary sensory cortex.  This finding links decreases in perfusion to pain and DSC-MRI measurements in areas of the pain matrix.  
It is plausible that the insula, thalamus and sensorimotor cortex areas may have below baseline activations, as they have been described as areas that may have decreased resting state connectivity in subjects with P-DPN (Cauda et al., 2009a, Cauda et al., 2009b, Selvarajah et al., 2018).  It is feasible that abnormal responses (either temporally or magnitudinally) may arise as a result.  NBR and resting state connectivity have been postulated to be linked and this may be through higher local concentrations of GABA (Walter et al., 2016, Hu et al., 2013).  Moreover, previous studies have revealed higher levels of GABA in the brains of subjects experiencing a noxious thermal stimulus (Kupers et al., 2009a), and intermediate levels of GABA in the thalamus of subjects with P-DPN (Shillo, 2019), suggesting that this inhibitory neurotransmitter may be involved in facilitating descending inhibition and perhaps contributing to the paradoxical neurovascular response.  
The evidence reviewed suggests that there is the possibility that our findings in this study are analogous to NBR in the P-DPN group at the RPSC. This region has been implicated in somatosensory NBR and in resting state connectivity abnormalities. Furthermore, it is ipsilateral to the painful stimulus, and has a negative relationship to stimulus intensity i.e. a higher pain intensity will cause a larger NBR.   
The POWM is also ipsilateral to the side of experimental pain, and in an area not expected to be activated in response to pain (Mayhew et al., 2016).  Although NBR has not been reported previously in the white matter, it is feasible that we have observed deactivations in this area.  As our study is the first study to observe this effect in P-DPN, it may be that there are contralateral and ipsilateral deactivations in other pain matrix areas that have yet to be described.  We did not identify the caudate as a region of interest in this study, so we cannot comment as to the likelihood of lower Δ RBV with higher LIKERT at this area being associated with NBR.
In summary, the capillary changes in the P-DPN group represented by Δ RBV appear to depend on the degree of pain perception.  This suggests an intriguing relationship with neurovascular coupling that is most apparent in the P-DPN group.  This neuromodulatory effect may be adaptive and mediated directly by neuronal activity in response to pain, or maladaptive caused by neural, neurotransmitter, or pericyte dysfunction.  
TTP has been described as a useful perfusion measurement with good repeatability (Copen et al., 2011).  However, there are several circumstances when it can be delayed in pathologies associated with perfusion abnormalities.  The following relationships of perfusion parameters are described below.  See Table 5.4 and Figure 5.20. 


[bookmark: _Toc64724091]Table 5.4: Distinguishing abnormal perfusion states using perfusion imaging
	
	CBV
	CBF
	MTT
	Timing parameters (e.g. TTP)

	Delayed arrival, preserved CPP
	—
	—
	—
	↑

	Compensated low CPP
	↑
	—
	↑
	↑

	Underperfused
	↑↓
	↓
	↑↓
	↑

	Hyperperfusion
	↑
	↑
	↑↓
	↑↓ (usually ↓)


CPP: Cerebral Perfusion Pressure, CBV Cerebral Blood Volume, CBF Cerebral Blood Flow, MTT Mean Transit Time, TTP –Time to peak.
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[bookmark: _Toc64724225]Figure 5.20 TTP can be delayed under the following microvascular perfusion characteristics 
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Theoretical concentration-versus-time curves (solid lines) reflect the four different abnormal hemodynamic conditions (A) delayed bolus arrival with preserved CPP, (B) compensated low CPP, (C) hypoperfusion, and (D) hyperperfusion. In each case, a concentration-versus-time curve for normal tissue is presented for comparison (dotted lines). TTP (vertical lines) can be delayed (i.e farther to the right) in all four conditions. From Copen et al., 2011. Reproduced with permission © 2011 Elsevier. 

The values of the other perfusion parameters could give insight into why TTP may be delayed in the experimental condition, but due to wide confidence intervals for the means of Δ RBV and Δ RBF, it is uncertain as to whether these measures are truly increased or decreased in the P-DPN group as a result of experimental pain.  As Δ TTP was negatively correlated with Δ RBV and Δ RBF in our study, this argues against compensated hypoperfusion or hyperperfusion (Panels B and D in Figure 5.20), as this would cause a positive correlation for both.  This leaves the possibilities that delayed bolus arrival or tissue hypoperfusion are the cause of delayed TTP.  The negative correlation between Δ RBF and Δ TTP supports a relationship between decreasing levels of perfusion in the tissue of interest (RBF) causing TTP to be longer in the experimental pain condition than at baseline. Therefore, the most likely cause for the delayed TTP in the P-DPN group is tissue hypoperfusion (see Figure 5.20, Panel C).

Neurovascular coupling responses to a painful stimulus could be paradoxically impaired in the P-DPN group.  The painful stimulus may cause a decompensation in perfusion in tissue that was already compensating for resting hypoxaemia (see Figure 5.21, Stage 2) (Østergaard et al., 2013a).  In Figure 5.21 the Δ CBF panel shows that there may not be significant measurable resting hyper- or hypo-perfusion before there is a drop in Δ CBF in response to activation.  
Therefore, if the P-DPN group had microvascular disease of the arterioles and capillaries, neurovascular uncoupling could have been taking place which was inversely proportional to the intensity of the stimulus.  RBF and TTP could therefore drop further due to higher pain intensities.  There is no literature to support isolated  cerebral microvascular disease only in P-DPN, but in theory, decreases in RBF and by extension TTP,  could cause a positive Δ TTP in the P-DPN group which is positively correlated with LIKERT.  This theory would need to be tested by identifying unique fixed perfusion deficits in animal or human studies.   
[bookmark: _Toc48469315]

[bookmark: _Toc64724226]Figure 5.21 Changes in cerebral blood flow (CBF) and tissue oxygen tension that must accompany increasing levels of capillary dysfunction to maintain tissue oxygen availability before stroke
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The figure displays the adaptations of CBF (second panel from the top) and PtO2 (third panel from the top) that are necessary to maintain tissue oxygen availability as capillary transit time heterogeneity (CTTH) levels (top panel) gradually increase, both during rest (upper graph in each panel) and during functional activation (lower graph in each panel). These changes are hypothesized to occur in relation to conditions that predispose to stroke, eg diabetes, years before symptoms develop. PtO2= Partial pressure of oxygen in tissue, CMRO2 – maximum cerebral metabolic rate of oxygen,
from:  Østergaard, L., Jespersen, S. N., Mouridsen, et al., (2013). The Role of the Cerebral Capillaries in Acute Ischemic Stroke: The Extended Penumbra Model. Journal of Cerebral Blood Flow & Metabolism, 33(5), 635–648. Reproduced with permission © 2013 SAGE publications


The interaction effect observed in the Δ RBV measurement between the P-DPN and the DPN group, is also present in the Δ TTP measurements.  The P-DPN group have positively correlated Δ TTP to LIKERT whereas the HV have a negatively correlated Δ TTP to LIKERT.  This seemingly paradoxical response may be analogous to the NBR as discussed in the previous section with regards to Δ RBV. Thalamus and PSC are described as areas that could display an NBR in response to a somatosensory stimulus (Qiao et al., 2019).  As Δ TTP is a much more robust measurement than Δ RBF and Δ RBV (See Chapter 3, Discussion pp 90-94), this may explain why there are more regions with a significant interaction effect between LIKERT and group for Δ TTP, than there are for the effect between LIKERT and Δ RBV.  To further strengthen the argument for Δ TTP representing a measurement of negative perfusion in response to the painful stimulus, at the RPSC 72% of subjects in the P-DPN group had an absolute increase in TTP as a result of the experimental pain, and in the HV group 68% of subjects had an absolute decrease in the TTP.  
Ongoing spontaneous neuropathic pain during the experimental pain may be contributing to the observed effect of TTP and LIKERT. However, the P- (no clinically significant pain at the time of the second scan) still has a significantly longer TTP compared to HV despite the absence of clinically significant spontaneous pain.  This suggests that the mechanism for the lengthening of TTP in response to the severity of pain is related to pain perception but not caused by it.  This suggests that those with P-DPN have an abnormal response that is not driven by spontaneous pain, which may be an adaptation or mal-adaptation to the chronic pain state.  
There are limitations to this study. DSC-MRI studies can only report associations as perfusion is a marker of neuronal activity, but does not directly measure neuronal function.  However, we believe DSC-MRI to be a worthwhile technique to quantify perfusion as a biomarker of neuronal function during a brief time course which is something that is not possible with BOLD, PET or ASL. There are only small numbers in the P+ and the P- group although the main groups have good numbers for an MRI study. Therefore, the interpretation of this data should be treated with some caution.  We believe it is important to make some comment regarding the presence of spontaneous neuropathic pain and the effect this pain may have on perfusion measurements, to answer the question of whether any observed effects are due to the confound of spontaneous pain in some participants.
Finally, the finding of the paradoxical relationship between the intensity of perceived pain and the decrease in perfusion response between Visit 2 and 3 would ideally have been tested at different temperatures for each subject.  However, repeated doses of gadolinium based contrast within a short interval would not have time to completely wash out, which would make scan interpretation difficult (Griffiths et al., 2006).  Repeated doses of gadolinium chelate contrast increase the risk of toxicity to the subjects due to accumulation in skin (nephrogenic systemic fibrosis) and potentially other organs (Rogosnitzky and Branch, 2016).
In summary, Δ TTP shows a paradoxical response to the painful experimental stimulus, similar to that seen in RBV but in more regions of interest.  These regions have previously been reported to be associated with contralateral and ipsilateral NBR.  It is possible that deactivations occur in pain sensing areas of the brain in subjects with P-DPN. Deactivations may represent pain modulatory attempts as a result of chronic neuropathic pain.  These appear to be independent of the perception of spontaneous pain. 
[bookmark: _Toc48469284][bookmark: _Toc64723969]Conclusion: 
This study is the first study to show a paradoxical perfusion response in the capillaries measured by regional blood volume and time-to-peak response to pain in the P-DPN group. We have postulated that the decrease in regional blood volume in response to experimental pain and a concomitant increase in time-to-peak concentration of contrast could be as a result of neuronal deactivations analogous to the negative bold response seen in fMRI.  This effect could explain the inverse relationship between pain intensity and change in regional blood volume, and the positive association between pain intensity and change in time-to-peak concentration of contrast for the painful diabetic peripheral neuropathy group. Neurovascular uncoupling due to capillary pericyte dysfunction or subtle regional hypoperfusion during an intense noxious stimulus could also be an explanatory factor.  We have reported the effect of spontaneous neuropathic pain on the perfusion response and have found that the paradoxical response exists independently of the presence of significant spontaneous pain.  


[bookmark: _Toc64723970]Chapter 6: Thalamic Proton Magnetic Resonance Spectroscopy Metabolite Parameters are Related to Mood Disorders
[bookmark: _Toc50070043][bookmark: _Toc64723971]Abstract: 
Background: Our group has previously demonstrated increased relative blood volume and preserved proton magnetic resonance spectroscopy (1H-MRS) neuronal metabolite ratios in the thalamus of subjects with painful diabetic peripheral neuropathy.  We hypothesised that perfusion measures and metabolite ratios may be related.  If this was the case, evidence for neuronal dysfunction as a mechanism for abnormal perfusion may be observed.  As central nervous system metabolite ratios can also be affected by mood disorders, which are common in painful diabetic peripheral neuropathy, correlations were performed to understand whether mood disorders are a significant confound. 
Methods: 52 subjects with type 1 diabetes mellitus: 18 with painful diabetic peripheral neuropathy (P-DPN), 23 with painless diabetic peripheral neuropathy (DPN), 13 with type 1 diabetes mellitus and no neuropathy (DM-NN) and 18 healthy non-diabetic volunteers (HV) took part in the study. 1H-MRS examination was performed at 3 Tesla (Ingenia, Philips, Netherlands). Single voxel spectra were obtained from a 2.25cm3 (15x10x15mm) cubic volume of interest within the left thalamus, Time to echo (TE)=135ms, Time to repetition (TR)=1600ms, number of signals averaged NSA=256 using point resolved (PRESS) technique. Fitted metabolite area ratios were calculated for choline (Cho) at 3.2ppm, creatine (Cr) at 3.0ppm, and N-acetyl aspartate (NAA) at 2.02ppm. Perfusion images were obtained using dynamic susceptibility contrast magnetic resonance imaging at 3 Tesla using a T2*-weighted technique (TR/TE=1250/35ms; 72 dynamics) to assess the passage of a bolus of intravenous gadolinium-chelate through the left thalamic vascular bed. ANOVA was performed to compare the group means for 1H-MRS metabolite ratios. Pearson’s r correlations were performed between perfusion parameters: regional blood volume (RBV), regional blood flow (RBF), mean transit time (MTT), time to peak (TTP) concentration; and 1HMRS metabolite ratios. 1H-MRS metabolite ratios were correlated using Pearson’s R(R) with baseline characteristics and scores on validated questionnaires measuring symptoms of mood disorders.  
Results: There was significant negative correlation between NAA/Cr and measures of depression: Hospital anxiety and depression scale (HADS): R= -0.33 (p=.01), Becks depression inventory (BDI) R= -0.25 (p=.048); and anxiety: State-Trait Anxiety inventory- State (STAI-S) R= -.37 (p=.002), STAI- Trait (T) R= -.32 (p=.01) and Behavioural Inhibition (BIS) R= -0.25 (p=.04). 
There were no significant correlations between perfusion measures and metabolite ratios.  There was no difference in metabolite ratios between the groups. 
Conclusion: This is the first study to find thalamic 1H-MRS metabolite ratios are correlated with symptoms of mood disorders and measures of neuropathy in subjects with type 1 diabetes.  It is likely that the high prevalence of mood disorders in painful diabetic peripheral neuropathy and painless diabetic peripheral neuropathy, have significantly confounded previous 1HMRS studies and may explain conflicting reports in the literature. The link between neuropathy and mood disorders needs further exploration to understand whether depression and neuropathy may arise from a common neurobiological pathway. 
[bookmark: _Toc50070044][bookmark: _Toc64723972]Introduction:
Painful diabetic peripheral neuropathy (P-DPN) is a common complication of diabetes occurring in about 10-26% of all individuals with diabetes (Davies et al., 2006, Hartsfield et al., 2008, Abbott et al., 2011, Barbosa et al., 2019). It is estimated that there will be 693 million people affected by diabetes in 2045 (Cho et al., 2018), therefore P-DPN will become a significant problem.  P-DPN is well documented to adversely affect quality of life (Benbow et al., 1998, Galer et al., 2000, Gore et al., 2005, Vileikyte et al., 2005b, Argoff et al., 2006, Davies et al., 2006, Jensen et al., 2007, Van Acker et al., 2009, Jain et al., 2011, Smith et al., 2012, Selvarajah et al., 2014), and treatments may not be effective in most patients (Finnerup et al., 2015). Therefore, a thorough understanding of peripheral and central pathways of pain generation is essential to identify future therapeutic targets for this distressing condition. 
We have shown in previous work that the thalamus appears to have abnormal resting state perfusion in P-DPN which may represent an adaptive neurovascular coupling response (Selvarajah et al., 2011a). Our group and others have also previously shown that there are abnormal findings for measurable neuro-metabolites in the thalamus of subjects with DPN (painless diabetic peripheral neuropathy) but not P-DPN measurable by 1HMRS and hypothesised that this represents an intact response to painful stimulation (Sorensen et al., 2004, Sorensen et al., 2008, Selvarajah et al., 2008b, Gandhi, 2013, Greig et al., 2015, Zhao et al., 2018b). 
In this chapter our aim was to correlate perfusion findings described in Chapters 4 and 5 with 1H-MRS.  In order to fulfil this aim, the subjects underwent an H1-MRS scan of the left thalamus to measure the metabolites N- acetyl aspartate (NAA), Choline (Cho) and Creatine (Cr). 1H-MRS spectra have been used to infer neurochemical activity in the brain in-vivo.  The method involves using frequency information to identify compounds that have an MR active nucleus (containing protons H1, carbon14 or phosphorous31) that are present in the area of interest.  The electrical cloud surrounding different compounds shield resonant atoms specific to their composition, which generates differing frequencies, measurable by MR. The MR output measures relative proton signal at designated frequencies of known CNS metabolites.  Due to the abundance of water and fat, these spectra need to be suppressed in order to read the frequencies of other less abundant molecules (Graaf, 2010, Tognarelli et al., 2015).
Various metabolites can be measured. N-acetyl aspartate (NAA) is the most abundant metabolite which can be measured in the brain spectra.  This metabolite is only generated by neurons and therefore levels are used to infer neuronal function.  NAA is generated from mitochondrial acetyl co-A and aspartate (Baslow, 2003).  Decreased levels of NAA have been reported in many diseases including schizophrenia, stroke, traumatic brain injury, depression and brain tumours (Graaf, 2010, Duarte et al., 2012), but as these levels may recover (Stefano et al., 1995), it is thought that NAA may be a marker of neuronal function as opposed to neuronal number (Barker, 2001, Barker and Lin, 2006). Furthermore, there is good evidence that NAA levels are linked to the excitatory neurotransmitters, glutamate and dopamine (Moffett et al., 2013). This is of interest in this study as poorly functioning neurons may have lower excitatory capacity and consequently, an impaired neurovascular coupling reflex.  Choline is another marker of importance, which is thought to be involved in membrane lipid synthesis and is reported to be increased with cerebral inflammatory responses and increased cellular turnover, and increases with age (Duarte et al., 2012). Creatine is measured as a reference marker as it has relative stability, although it is reported to be reduced in some metabolic disorders and cancers (Faghihi et al., 2017). 
There have been published reports of thalamic 1H-MRS spectra in diabetic neuropathy.  Three studies have shown decreased NAA in the thalamus.  The first showed an absolute decrease in NAA in subjects with P-DPN in the thalamus, and an overall decrease for NAA for the painless group in the dorsolateral prefrontal cortex (DLPFC) (Sorensen et al., 2008). A limitation to the interpretation of the results of this study was that there was no differentiation between DM-NN and DPN in the painless group.  Conversely, the second study reported a reduced NAA/Cr ratio in the thalamus in patients with painless DPN (Selvarajah et al., 2008b). This was comparatively a small study (n=24) compared with the first study (n=44). Finally, using a long echo time technique (PRESS), in a study with a large number of participants (n=110), a lower ratio of NAA/Cr was found in the left thalamus between established DPN and early DPN, P-DPN, DM-NN and HV (Gandhi, 2013).  
In summary, though not conclusive, the evidence suggests relative preservation of metabolite ratios and hence thalamic neuronal function in P-DPN, in contrast to painless DPN with lower metabolic ratios indicating thalamic neuronal dysfunction. This relative preservation of thalamic neuronal function may be necessary for the perception of spontaneous neuropathic pain in P-DPN.  We therefore hypothesised the observed thalamic perfusion alterations in P-DPN may be related to thalamic metabolite ratios.  Adjustment of metabolite ratios for potential confounds such as depression (Mu et al., 2007) and glycaemia (Sarac et al., 2005, Mangia et al., 2013) may provide further information about the relationship between CNS metabolites and CNS perfusion.  
[bookmark: _Toc50070045][bookmark: _Toc64723973]Method: 
The spectroscopy sequence was performed at the 3rd visit of the study, this was in order to correlate any dynamic perfusion changes due to pain with baseline spectroscopy results on the day.  The spectroscopy sequence was performed before the dynamic susceptibility contrast sequence, to prevent the contrast making the interpretation of the spectra difficult.  There were two subjects (1 P-DPN and 1 HV) that were unable to tolerate the full sequence of MR scanning due to claustrophobia on the second visit, and so a decision was made to only perform the primary outcome measure sequence (DSC-MRI).  The sequence was performed at 3T (Ingenia, Philips Netherlands).  A T2 image was acquired prior to the spectroscopy sequence to allow planning of placement of the single voxel spectra 2.25cm3 (figure 6.1).
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The sequence was designed to replicate the previous work of our group. Therefore we chose a long echo sequence (Gandhi, 2013): TE=135ms, TR=1600ms, NSA=256 (PRESS) technique.  The participants were advised to rest in the scanner.  The following fitted metabolite area ratios were used: Choline (Cho) 3.2ppm, Creatine (Cr) 3.0ppm, N-acetyl Aspartate (NAA) 2.02ppm.  Post-processing of the spectra was using the Philips 3T scanner proprietary software, which automatically generates ratios from the raw data.  
The ratios were entered into SPSS v26.0 (IBM) and compared using ANOVA and pre-planned linear contrasts to account for the nested nature of the disease process:  HV vs  ALL-DM (ALL-DM= P-DPN, DPN, DM-NN), DM-NN vs neuropathy (neuropathy = P-DPN and DPN) and P-DPN vs DPN.  Ratios were correlated with measures of neuropathy, measures of mood and personality, and baseline characteristics. They were also correlated with measures of MR-DSC perfusion, RBV, RBF, MTT and TTP at the left thalamus.  
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There was no overall group difference between the means for NAA/Cr (p=.212), Cho/Cr (p=.842), and NAA/Choline (p=.497) at the left thalamus (Table 6.1). 
[bookmark: _Toc64724092][bookmark: _Toc50070671]Table 6.1  Comparison of Mean Spectroscopy Values within the Left Thalamus 
	 
	P-DPN
	DPN
	DM-NN
	HV

	NAA/Creatine
	N
	18
	23
	13
	18

	
	Mean
	1.80
	1.77
	1.86
	1.93

	
	95% Confidence Interval for Mean
	Lower Bound
	1.66
	1.68
	1.70
	1.79

	
	
	Upper Bound
	1.94
	1.86
	2.02
	2.08

	p=.212

	Cho/Creatine
	N
	18
	23
	13
	18

	
	Mean
	1.00
	.99
	.97
	1.03

	
	95% Confidence Interval for Mean
	Lower Bound
	.90
	.90
	.84
	.96

	
	
	Upper Bound
	1.09
	1.08
	1.09
	1.09

	p=.842

	NAA/Choline
	N
	18
	23
	13
	18

	
	Mean
	1.84
	1.83
	1.96
	1.90

	
	95% Confidence Interval for Mean
	Lower Bound
	1.71
	1.70
	1.80
	1.76

	
	
	Upper Bound
	1.96
	1.95
	2.11
	2.04

	p=.497
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Figure 6.2. Means and 95%CI for N-Acetyl Aspartate to Creatine Ratios

[image: image2.pdf]
Figure 6.2 showing that NAA/Cr ratios by group
Planned contrasts analysis was performed (see Appendix E. table E.2 and E.3). There was no significance for any of the contrasts; but HV vs All-DM (ALL diabetes= DM-NN+DPN+P-DPN) was near significance (p=.088) as was DM-NEUR (P-DPN +DPN) vs No-neuropathy (HV +DM-NN) (p=.074). 
[bookmark: _Toc49273258][bookmark: _Toc64724229]Figure 6.3 Comparison of NAA/Creatine ratios by Group: Panel A- Healthy Volunteers vs All Diabetes, Panel B –Neuropathy vs No Neuropathy. 
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Panel A: ALL DM vs HV p=.088, Panel B Neuropathy vs No Neuropathy p=.074.  All-DM=P-DPN + DPN+ DM-NN, HV= Healthy volunteers, Neurop= P-DPN +DPN, No- Neurop= HV + DM-NN.


[bookmark: _Toc50070048][bookmark: _Toc64723975]Spectroscopy correlated with baseline characteristics, perfusion measures and psychological factors.
Spectroscopy measures were not statistically significantly correlated with age, Hba1c, DN4, NCS or NISLL+7 (see Appendix E, Table E.4).  However, there was a negative correlation between number of abnormal measures of DFNS QST (measured by Z score) and spectroscopy NAA/Cr, R=-0.258, p=0.029* (Appendix E, Table E.5). Spectroscopy measures were not associated with baseline cardiovascular or glycaemic measures (Appendix E, Table E.6). There was no significant correlation between measures of nerve conduction performed in the study (sural amplitude, sural velocity, tibial latency, common peroneal nerve latency, amplitude and velocity) and measures of metabolite ratios (Appendix E, Table E.7).   There was also no correlation with metabolite ratios and measures of perfusion by DSC at visit 2 (see Appendix E, table E.8 and Figure E.2). Spectroscopy was not associated with measures of perfusion at visit 3 (Table 6.2), or with the difference between perfusion measures at V2 and V3 (table 6.3) or with pain perception measures at visit 3 (Appendix E, table E.9). 
[bookmark: _Toc50070672][bookmark: _Toc64724093]Table 6.2  Correlations for Spectroscopy Ratios of the Left Thalamus and Perfusion Parameters Measured at the Left Thalamus during an Experimental Pain Condition
	
	RBV LThal V3
	RBF LThal V3
	MTT LThal V3
	TTP LThal V3

	
	N
	71
	71
	71
	71

	NAA/Creatine
	R
	-.081
	.012
	-.096
	.131

	
	sig
	.504
	.921
	.425
	.277

	Cho/Creatine
	R
	-.069
	-.016
	-.028
	.059

	
	sig
	.568
	.893
	.820
	.624

	NAA/Choline
	R
	-.031
	-.006
	-.070
	.036

	
	sig
	.797
	.959
	.562
	.766
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Table 6.3  Correlations for Spectroscopy ratios of the Left Thalamus and the Difference between Perfusion Parameters Measured at the Left Thalamus during an Experimental Pain Condition and Baseline.
	 
	Delta 
RBV LThal
	Delta
 RBF LThal
	Delta
MTT LThal
	Delta
TTP LThal

	
	N
	71
	71
	71
	71

	NAA/Creatine
	R
	-.142
	-.134
	-.056
	.051

	
	sig
	.236
	.264
	.640
	.670

	Cho/Creatine
	R
	-.098
	-.059
	-.085
	.067

	
	sig
	.417
	.627
	.479
	.581

	NAA/Choline
	R
	-.086
	-.119
	.029
	-.061

	
	sig
	.476
	.322
	.810
	.611



However, thalamic spectroscopy (NAA/Cr) was significantly correlated with measures of mood (Table 6.5). There was a correlation between NAA/Cr and measures of depression: HADS (R= -.332, p=.005) and BDI (R= -.248, p= .048).  The correlation was negative, indicating that a lower ratio of NAA/Cr was associated with higher scores on measures of depression for Beck’s Depression Inventory, and for HADS depression and anxiety scale. There was a significant negative correlation with STAI-Y1- State anxiety (R= -.372 p=0.002) (see Figure 6.3), STAI- Y2- Trait anxiety (r= -.316, p=0.011), and BIS- Behavioural Inhibition (R= -.254, p=0.043).  Choline/creatine ratio was weakly but significantly correlated with STAI-Y1- State anxiety (R= -.270, p=.028) and BIS (R= -.271, p=.030).  Linear regression was performed and it was found that significant predictors of NAA/Cr ratio were STAI-S-Y1 (B= -.332, p=.005) and QST (B= -.250, p=.033), R2=.174.  
[bookmark: _Toc50070674][bookmark: _Toc64724095]

Table 6.4  Pearson’s R correlations for Spectroscopy ratios of the Left Thalamus and Scores from Questionnaires Measuring Symptoms of Mood
	 
	HADS
	BDI
	Y1
	Y2
	PCS
	BIS
	BAS-RR
	BAS-D
	BAS F
	PILL (CDE score 1)

	 
	N
	69
	64
	66
	64
	63
	64
	64
	64
	64
	52

	NAA/
Creatine
	R
	-0.33
	-0.25
	-0.37
	-0.32
	-0.08
	-0.25
	0.04
	0.13
	0.05
	-0.25

	 
	sig
	0.01*
	0.048*
	0.002*
	0.01*
	0.54
	0.04*
	0.78
	0.31
	0.72
	0.08

	Cho/
Creatine
	R
	-0.20
	-0.08
	-0.27
	-0.17
	-0.08
	-0.27
	-0.06
	0.08
	0.00
	-0.17

	 
	sig
	0.09
	0.53
	0.03*
	0.17
	0.53
	0.03*
	0.62
	0.55
	0.99
	0.23

	NAA/
Choline
	R
	-0.13
	-0.19
	-0.08
	-0.13
	-0.01
	0.06
	0.13
	0.04
	0.08
	-0.07

	 
	sig
	0.29
	0.13
	0.54
	0.30
	0.96
	0.63
	0.30
	0.77
	0.53
	0.64



[bookmark: _Toc50070094][bookmark: _Toc64724230]Figure 6.4. Scatter Plot for the Relationship between NAA/Creatine Ratio and State Trait Anxiety Inventory- State score.  
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[bookmark: _Toc50070049][bookmark: _Toc64723976]Discussion: 
We had hypothesised that there may be a correlation between thalamic 1H-MRS metabolite ratios (indirect measures of neuronal function) and a perfusion parameter (DSC-MRI) of the thalamus. However, the measured spectroscopy ratios were not correlated with perfusion parameters in this study.  Previously, Gandhi (2013), using a 1.5T MR scanner, had reported a significant difference of the mean NAA/Cr ratio between HV and DPN groups, but no difference between the P-DPN and HV groups. It was postulated that a normal NAA/Cr ratio indicating preserved neuronal function in P-DPN may be a requirement for the perception of pain. However, none of the perfusion measures reached or approached significance for correlation with measured metabolites in our study.
Studies in other pathologies show that there is a correlation between NAA levels and hypo-perfusion (Cvoro et al., 2010, Wagner et al., 2013).  A study comparing MR diffusion and perfusion parameters and their relationship to metabolites after acute ischaemic stroke, found that NAA differentiated “definitely” and “possibly” abnormal brain tissue seen on perfusion studies including DSC-MRI (Cvoro et al., 2010). A study examining the relationship between areas of perfusion and infarction post sub-arachnoid haemorrhage showed that lower NAA values were reported for those who had a resolved perfusion deficit as measured by MTT, using DSC MRI (Wagner et al., 2013). These findings suggest that if lower NAA/Cr ratios were found to be associated with lower perfusion measures, then neuronal loss or dysfunction may be the cause.  We have found in the present study (see Chapter 5- Results and Discussion) that the P-DPN group had longer delta TTP and a decrease in RBV at higher pain intensities.  If our findings were due to neuronal loss or damage, we may have found a decreased NAA/Cr ratio in support of this, but we did not.  This suggests that thalamic perfusion differences measured in this study unlikely to be due to neuronal loss.  
Failure to find a difference for the groups for metabolite ratios may reflect the disparity of previously reported results in the literature with regard to NAA/Cr ratio in P-DPN and painless DPN (Sorensen et al., 2008, Selvarajah et al., 2008b, Gandhi, 2013).  Therefore, there is disagreement in the literature as to whether it is painless or painful neuropathy that is associated with a decrease in NAA/Cr metabolite ratios.  Our results do not support either of these findings, as we did not find any difference between P-DPN, DPN, DM-NN or HV for NAA/Cr ratios in the thalamus.  The heterogeneity of previously reported results suggests that there may not be a simple relationship between P-DPN, DPN and CNS metabolites, and neuropathy may not be the sole factor that contributes to NAA/Cr values. 
If the NAA/Cr ratio in the thalamus is not completely explained by neuropathy in this study, or previously published work for subjects with diabetes, there may be another explanatory factor or condition which contributes to the correlation between neuropathy and metabolite ratios.  Previously, it has been shown that diabetes may be a factor.  It has been shown that NAA was decreased in the grey matter of the occipital lobe in subjects who had well controlled T1D during hyperglycaemic clamp, compared to those without diabetes (Mangia et al., 2013).  In children with poorly controlled T1D, NAA/Cr was found to be lower in the pons and parieto-occipital white matter (Sarac et al., 2005).   Our study showed that there was near significance to the contrasts between HV and ALL-DM, however there was no correlation with blood glucose levels at the time that the metabolite ratios were obtained.  Therefore, the ratios are unlikely to be mirroring an acute state of hyperglycaemic flux. It is more likely that long-term glucose exposure may be causing or is associated with the level of the NAA/Cr ratio, or there is another factor contributing to the level of the ratios.  

NAA has been shown to be decreased in many conditions of neuronal injury including Alzheimer’s disease, multiple sclerosis, stroke; and degenerative brain conditions such as Huntington’s and Parkinson’s disease (Oz et al., 2014). NAA/Cr ratio is also found to be lower in major psychiatric conditions including schizophrenia, bipolar disorder and depression (Mu et al., 2007, Järnum et al., 2011, Bustillo, 2013, Henigsberg et al., 2018). Although it is possible that the studies by Selvarajah et al. (2008b), Sorensen et al. (Sorensen et al., 2008), Gandhi (2013), and Hansen et al (2019) included measures of mood and personality, they have not reported correlations with spectroscopy measures.  Thalamic NAA/Cr ratio has been reported to be associated with treatment resistant depression (Mu et al., 2007). In that study, at baseline, 20 subjects with unipolar treatment resistant depression, who had been asked to stop taking their antidepressant medication, had a decreased ratio of NAA/Cr compared to non-depressed control subjects.  NAA/Cr in the thalamus has also been compared in post stroke depression, and again the NAA/Cr ratio was lower in the subjects with depression, but interestingly recovered when treated with paroxetine for 6 months (Huang et al., 2010).  A review of the literature has noted that despite heterogenous methods of data collection, anatomical regions studied and study design, there is evidence that NAA/Cr is low in psychiatric disorders including depression, and recovers with treatment (Paslakis et al., 2014).  This leads to the question what is the relationship between neuropathy and depression? Is it an independent risk factor and therefore a potential confound, or is neuropathy itself a causative factor for depression, or possibly even the same disease process? 
Many studies have found a relationship between DPN and depression(Gore et al., 2005, Vileikyte et al., 2005b, Tolle et al., 2006, Tesfaye et al., 2007, Yoshida et al., 2009, McGuire et al., 2010, Navarro et al., 2010, Selvarajah et al., 2010, Selvarajah et al., 2014, Davies et al., 2011, Jain et al., 2011, D’amato et al., 2016a). D’Amato (2016b) found there was no difference between the prevalence of depression co-existent with neuropathy between P-DPN and DPN groups, but found a correlation between depression and the severity of pain.  In another study examining the link between neuropathy and depression; all neuropathy symptoms including unsteadiness, insensitivity and pain (rather than pain on its own), were found to be associated with depression (Vileikyte et al., 2005b). At face value these findings could be understood simply as painful symptoms causing a reactive mood disorder.  It makes sense that more significant pain scores could alter mood negatively and lead to depressive symptoms.  However, neither of these studies were able to differentiate P-DPN and painless DPN symptoms by the presence or absence of depression.  A study reported the DN4, which is a screening instrument for painful neuropathy, was associated with depression scores as measured by Becks depression inventory (Yoshida et al., 2009). Indeed, the relationship between neuropathy and depression was stronger than any other complication of diabetes.  Yoshida et al’s.(2009) study found that depression was associated with neuropathy independently of quality of life, marital status and social supports. This suggests that depression may not arise as a consequence of the pain and disability; but that it may arise as a consequence of neuropathy. This is of interest as it may be neuropathy itself that causes depression and could explain discrepant results in 1H-MRS metabolite study findings. 
It has been reported by our group previously that depression is a major confounder in P-DPN clinical trials (Selvarajah et al., 2010). In a randomised, controlled, double-blind trial of a cannabinoid pain relief product versus placebo, depressed subjects improved the most regardless of whether they took the intervention drug or placebo. However, there was no difference between the treatment or placebo arms with regard to pain relief (Selvarajah et al., 2010). This suggests that treatment of chronic neuropathic pain and depression appear intertwined.  Indeed, it has been hypothesised that diabetic neuropathy may be a disease process that includes depression (Shabbir, 2015). The results of the current study support this statement, as NAA/Cr ratio was significantly related to measures of mood, including BDI, HADS, and the State Trait anxiety inventory and behavioural inhibition on the BIS/BAS scale. The neuropathy groups report significantly higher levels of symptoms of 
mood disorders than DM-NN and HV, and our study showed that NAA/Cr ratio could be predicted by anxiety state and the number of abnormal QST measures. These results suggest a link between depression, neuropathy and thalamic neuronal function.  The most successful treatments for painful neuropathy are antidepressants and anti-epileptics (Finnerup et al., 2015), which may be working centrally, on both pain and depression simultaneously. 
A meta-analysis has looked at the effect of treating unexplained pain syndromes with antidepressants. Subjects had conditions such as fibromyalgia and temporo-mandibular joint syndrome but did not have neuropathy.  It was found that immediately after commencement, antidepressants improved painful symptoms, and in the subacute period improved depressive symptoms (Harada et al., 2016).  The generalisability of findings from central pain syndromes to neuropathic pain is somewhat limited, however this study seems to suggest that pain and depression are both treated by antidepressants.  Preclinical neurobiological studies support the theory of pain and depression being generated by a common mechanism.  It has been reported that neuropathic pain could promote gene expression and gene adaptations in brain networks involved in stress and depression in mice (Descalzi et al., 2017).  Therefore, NAA/Cr ratio reductions, seen in major depressive episodes and in diabetic neuropathy, may be implicated in both disease processes.   NAA is made as a by-product of oxidative phosphorylation, therefore oxidative stress and a resultant decrease in oxidative phosphorylation decreases NAA production (hence the numerous conditions that can cause a low NAA/Cr ratio) (Moffett et al., 2013, Mathias et al., 2017). Oxidative stress as a result of chronic neuropathic pain or chronic unpredictable stress in mice upregulates expression in the periaqueductal grey, the medial prefrontal cortex and the nucleus accumbens of genes associated with depression in mice (Descalzi et al., 2017).  In studies in human subjects there has been an attempt to link depression and pain by measuring serum brain derived neurotrophic factor (BDNF).  BDNF concentrations are reduced in mood disorders and are also related to NAA/Cr ratios (Nase et al., 2018).  BDNF is a nerve growth factor that assists long-term potentiation and neural plasticity in the brain, and also neural regrowth in the periphery (Borodinova and Salozhin, 2017, McGregor and English, 2019). It is possible that nerve growth factor may represent a unifying neurobiological agent that can explain peripheral and central DPN changes, and links them to co-existent depression and NAA/Cr ratios.  BDNF administered to streptozocin diabetic rats intrathecally has been shown to decrease pain behaviours (Ceren et al., 2017). A study of actovegin stimulated BDNF concentrations reported that higher BDNF levels were associated with decreased measures of depression and pain (Karakulova et al., 2013).  In the future studies should be designed to examine the relationship between promising factors such as BDNF, with NAA/Cr ratios, painful and painless neuropathy, and depression, to try and elucidate the mechanism behind the link between neuropathy and depression.

There are limitations to the current study.  We may not have detected a difference between groups due to insufficient power. This study was primarily powered to find a difference between groups for measures of DSC-MR cerebral perfusion, and not spectroscopy. In the study by Gandhi (Gandhi, 2013), there were 20 participants in the HV and DM-NN groups, 30 participants in the P-DPN and DPN  groups, and 30 subjects in the subclinical neuropathy group. Our study has 18 P-DPN, 23 DPN, 13 DM-NN and 18 HV subjects per group to compare metabolite ratios. In the present study, the lowest mean NAA/Cr ratio was in the DPN group, although this result was not statistically significant.  It is possible that greater numbers would have increased the power and be more likely to return a significant result in line with previous reports.
Finally, spectroscopy was not studied during the pain condition and not all in the P-DPN group had spontaneous neuropathic pain at the time of the scan. Therefore, we may have missed subtle differences in NAA/Cr ratio that may have been provoked during the acute neurovascular coupling response to experimental pain.  GABA spectroscopy has been studied during a noxious thermal stimulus in healthy volunteers (Kupers et al., 2009b), and future studies may consider comparisons of metabolite ratios and perfusion during a noxious stimulus.
In summary, NAA/Cr and Cho/Cr ratios were found to be negatively correlated with symptom scores on validated questionnaires designed to measure mood disorders.  We have postulated that previous results in studies designed to measure metabolite ratios in P-DPN may have been confounded by co-existent mood disorders.  We have also considered evidence and possible explanatory biological mechanisms that support the assertion that depression may be part of the CNS manifestations of P-DPN and DPN.   
[bookmark: _Toc50070050][bookmark: _Toc64723977]Conclusion
In this study spectroscopy did not correlate with baseline perfusion measures or dynamic perfusion changes associated with experimental pain, suggesting that the perfusion changes that were noted may not be due to neuronal dysfunction or loss.  There is a negative association between scores of depression and anxiety and N-acetyl aspartate to creatine ratio in the thalamus.  A larger study looking at this relationship, including a control group comprised of depressed patients without neuropathy group seems warranted, given the high prevalence of depression associated with P-DPN, and the possibility that depression and painful diabetic peripheral neuropathy may arise from a common physiological pathway in the CNS.  


[bookmark: _Toc64723978]Chapter 7: Conclusions and Further Work
The overarching aim of this work was to study the microvascular perfusion of the “pain matrix” of the brain in subjects with P-DPN.  The perception of pain involves structures within the brain including the thalamus, insula, anterior cingulate cortex and primary sensory cortex, amongst others, which has been referred to as the pain matrix.  I endeavoured to interrogate the pain matrix and its responses by measuring perfusion as a correlate of neural activity, by exploiting the phenomenon of neurovascular coupling.  I did this to gain insight into the neural responses to spontaneous and extrinsic pain experienced in P-DPN, to try to identify a specific neural pattern as an objective marker of P-DPN to be used in treatment studies to assess response. I also hoped that by clarifying mechanisms of pain processing, that in the future more specific therapeutic targets could be identified for treatments that could alleviate this distressing condition.  
My aim was to use a novel method of interrogating the neurovascular coupling response of the brain.  DSC-MRI is a contrast technique in which quantifiable perfusion measurements can be made over short periods of time, using exogenous contrast.  In Chapter 3 I established the repeatability of the measurements by having 2 raters measure the whole data set.  Bland Altman plots showed good comparability, and ICC was considered to be excellent for TTP, good for MTT and RBF, and fair for RBV.  This is the first study to establish the reproducibility of the technique for the measurement of perfusion in subjects with P-DPN.
In chapter 4, I report on the comparison between perfusion in areas of the pain matrix at baseline using DSC-MRI.  I have described that those with spontaneous pain at the time of the baseline scan (P+) were more likely to have a shorter TTP and MTT than the HV and DPN groups at the right thalamus, right insula and POWM. This may indicate a neurovascular coupling response to spontaneous pain perception experienced by participants with P-DPN during the scan.  However, microvascular disease is a common complication of T1D and is part of the pathology associated with peripheral nerve changes in P-DPN. Hence, it was important to understand whether the response to pain is unique to the P-DPN group or whether the control groups would also have the same pattern of response.  Therefore, we performed an experiment at which all the groups experienced a thermal noxious stimulus on their right thigh and measured the perfusion responses using DSC-MRI.
In Chapter 5, I report the novel finding that the P-DPN group experience a paradoxical perfusion response to pain. Experimental thermal pain is a validated model for interrogating pain responses.  In this study we used a noxious thermal stimulus to evoke pain in all participants.  We found that in response to the experimental pain, delta RBV decreases and delta time to peak (delta TTP) increases at higher pain intensities compared with HV.  I have tested some of the possible explanations. A possible explanation is that the subjects who have spontaneous pain during the experimental condition experience a counterstimulus which causes a decrease in activation.  In Chapter 5, I report that the group with minimal spontaneous pain (P-), who would not be experiencing any counterstimulatory effect, have a longer delta TTP as a result of experimental pain compared with HV when adjusted for perception of the pain stimulus. Therefore, I conclude that counterstimulatory effects are not contributing to lengthening TTP.  Neurovascular uncoupling due to capillary pericyte dysfunction or subtle regional hypoperfusion during an intense noxious stimulus could also be an explanatory factor.  Correlations between delta TTP and AIF dependent measures show RBF is significantly negatively correlated with TTP.  This indicates that factors within the region of interest are significantly contributing to the lengthening in TTP. This relationship could be due to a failure of perfusion during activation due to underlying structural capillary abnormalities, or neural mechanisms such as deactivation or dysfunction.  In chapter 6, I test the theory that the perfusion measures may be predicted by neuronal markers of function measured by 1H-MRS. As there was no correlation, I conclude that neuronal metabolic dysfunction during a painful stimulus is unlikely to be the cause of the observed longer TTP at higher painful stimulus intensity.  Therefore, the likely possibilities remain that the phenomenon is driven by microvascular failure during the stimulus, or that areas of the “pain matrix” may be deactivating at higher intensities as an adaptive response.  The areas that have the greatest effect are the ipsilateral areas to the application of the experimental stimulus and this pattern has been seen in deactivations measured during BOLD fMRI.   Further work in this area would require an interrogation at different pain intensities to decide if this is a fixed effect and therefore more likely to be a perfusion deficit in some individuals independent of different levels of pain; or whether this is a dynamic effect and there is a threshold or a correlation for individuals at which the drop in perfusion occurs. This would require the use of techniques with high signal to noise ration and good temporal resolution.  High resolution bold fMRI could overcome the need to measure flow acutely but without the risk of repeated contrast administration.  
Measuring perfusion as a biomarker for neuronal function is the basis of DSC-MRI.  However, flow may be altered as a result of microvascular changes in diabetes. In Chapter 4, I found that the DM-NN group had perfusion levels consistent with hyper-perfusion.  Baseline MTT was shorter for the DM-NN group and longer for the HV group in the LINS and RINS and the LPSC and RPSC.  I hypothesised that this difference could be analogous to hyper-perfusion seen in microvascular disease of the kidney or the retina. Further work to explore this difference would require a selected group of individuals with diabetes and different levels of microvascular complications to correlate peripheral measures of hyperperfusion with central measures, using DSC-MRI. 
Mood disorders have been found to be associated with P-DPN, but the nature of the association is unclear.  In chapter 2, I used a discriminant function analysis to identify which psychological factors were most predictive of P-DPN in subjects with diabetes.  I found that there was a cluster of negative psychological states that can differentiate P-DPN from DPN.  These psychological states include depression, anxiety, and increased somatic focus.  In chapter 6, I examine the relationship between P-DPN, DPN, markers of neuronal integrity and function and mood disorders.  I found that changes in the thalamus previously ascribed to neuropathy are more strongly associated with mood disorders including anxiety and depression. There is literature reporting lower NAA/Cr ratios in many psychiatric disorders including depression, but this is a novel finding in research into P-DPN.  Future longitudinal studies would be needed to understand the relationship between T1D, it’s complications, and P-DPN.  This could answer the question of whether psychological factors put patients at risk of complications, and therefore P-DPN; or whether depression arises as a consequence of pain and complications.
There is still little known about the link between the development of nerve dysfunction in the periphery and how this translates to pain perception in the brain.  Methylglyoxal had been shown to be associated with P-DPN in subjects with type 2 diabetes.  Methylglyoxal can cross the blood brain barrier and therefore, may affect voltage gated sodium channels in the periphery and the brain. In chapter 2, I report comparisons of methylglyoxal between P-DPN and control groups. This is the first study to report serum methylglyoxal results in subjects with longstanding T1 diabetes and P-DPN. Methylglyoxal did not differentiate between painful or painless neuropathy.  However, glucose measurements did correlate with some measures of painful neuropathy, which suggests that glycolytic metabolites may be implicated in the perception of pain in P-DPN despite the negative study result.  Further work to identify if there are alternatives to serum measurement of methylglyoxal such as skin biopsy, or other metabolites which could be a biomarker could help to identify the role of advanced glycosylation end products in pain perception.
In conclusion, this work has examined microvascular perfusion in areas of the brain involved in pain processing for subjects with P-DPN.  Increasingly pain research is recognised as a multimodal construct that within the CNS is described by complex temporal, anatomical, physiological relationships between groups of neurons (Mouraux and Iannetti, 2018).  My work has tried to address the multimodal nature of the pain of P-DPN by interrogating perfusion at baseline and during an experimental stimulus, linking it to psychological states, a serum biomarker and psychophysical measures of neural function (QST) across multiple areas of the brain.  Future studies will be designed to further investigate mood disorders as part of the pathophysiology of P-DPN.  Further work will also be designed to interrogate perfusion responses at different levels of stimulus to understand inhibitory mechanisms that may be exploited to enhance symptom relief.  At this time, deeper structures such as the thalamus and insula, will require more traditional methods of interrogation.  However, due to advances in MRI technology, ultra-high field strength scanners can measure RBF in the cortex using laminar fMRI, and utilise a non-contrast algorithm called VASO to measure RBV at very tiny resolutions (between 0.75 and 3mm).  VASO (vascular space occupancy) differentiates the T1 signal between brain tissue and blood, and then uses an inversion recovery pulse sequence to null the blood signal while maintaining the tissue signal. The VASO signal intensity is considered proportional to 1-CBV (Huber et al., 2017, Huber et al., 2018).  This would be an ideal method to interrogate perfusion in the sensory cortex going forward, as it has superior temporal and spatial characteristics compared with DSC-MRI. It does not involve contrast administration and compared with conventional BOLD fMRI it can measure RBV and RBF.  Neuroimaging  techniques may further advance our understanding of the process of pain generation in P-DPN, which is needed to identify therapeutic targets for this distressing condition, and may assist in measuring disease activity and response to therapeutic targets. 

[bookmark: _Toc64723979]Appendix A: Supplementary Results Tables for Chapter 2 

[bookmark: _Toc48406133][bookmark: _Toc49273343][bookmark: _Toc64724096]Table A.1: Number of Respondents per Questionnaire by Group

	 
	GROUP

	
	P-DPN
	DPN
	DM-NN
	HV
	Total

	HADS
	17
	22
	12
	17
	68

	HADS A
	17
	22
	12
	17
	68

	HADS D
	17
	22
	12
	17
	68

	Becks
	16
	21
	12
	17
	66

	STAI-S
	17
	22
	12
	17
	68

	STAI-T
	16
	22
	12
	16
	66

	BIS/BAS
	16
	21
	12
	17
	66

	PCS
	17
	20
	12
	16
	65

	PILL (CDE score 1)
	16
	18
	7
	13
	54


The Questionnaires are listed according to their position in the questionnaire pack		

[bookmark: _Toc48406134][bookmark: _Toc49273344][bookmark: _Toc64724097]Table A.2: Descriptive Statistics for Questionnaire Responses by Group

	
	P-DPN
	DPN
	DM-NN
	HV

	
	Mean
	95% CI
	Mean
	95% CI
	Mean
	95% CI
	Mean
	95% CI

	HADS A
	8a
	6-10
	7
	5-8
	4
	2-6
	7
	5-9

	HADS D
	7b
	6-9
	4
	3-5
	1
	1-2
	3
	1-4

	HADS
	15
	11-19
	10
	8-13
	5
	4-7
	9
	5-13

	Becks
	19c
	14-24
	8
	5-12
	3
	1-5
	7
	3-10

	STAI-S
	40d
	34-47
	33
	28-38
	28
	23-33
	30
	25-34

	STAI-T
	42e
	36-49
	37
	31-43
	30
	26-33
	35
	30-41

	BIS
	17
	15-19
	17
	15-20
	17
	14-19
	19
	17-22

	BAS-RR
	15
	13-16
	15
	13-17
	18
	16-19
	16
	15-18

	BAS-D
	9
	7-10
	9
	7-10
	11
	9-13
	9
	8-11

	BAS F
	9
	8-10
	10
	8-11
	10
	8-12
	10
	8-12

	PCS
	18f
	12-24
	9
	5-13
	12
	6-17
	9
	5-13

	PILL (CDE score 1)
	20g
	15-24
	13
	9-17
	9
	4-14
	12
	7-16


a. P-DPN vs DM-NN p=.014 b. P-DPN vs DPN p=.008, vs DM-NN p<.001, vs HV p<.001 c. P-DPN vs DPN, DM-NN and HV p<.001, d.P-DPN vs DM-NN .014 and HV p=.028, e. P-DPN vs DM-NN p=.036, f. P-DPN vs DPN p=.017, P-DPN vs HV p=.034 e. P-DPN vs DM-NN p=.016

[bookmark: _Toc45038083][bookmark: _Toc49273241][bookmark: _Toc64724231]Figure A.1 Questionnaires: 95% Confidence Intervals for HADS overall score by Group	Comment by Microsoft Office User: ). Appendix for the Figures apart from novel and reinstate the Descriptive  stats

[image: ]
*Post-Hoc significance: P-DPN vs DM-NN p<.001, P-DPN vs HV p=.025
[bookmark: _Toc45038084][bookmark: _Toc49273242]

[bookmark: _Toc64724232]Figure A.2 Questionnaires: 95% Confidence Intervals for HADS anxiety score by Group
[image: ]
*P-DPN vs DM-NN p=.014
[bookmark: _Toc45038085][bookmark: _Toc49273243][bookmark: _Toc64724233]Figure A.3 Questionnaires: 95% Confidence Intervals for HADS depression score by Group
[image: ]
*P-DPN vs DPN p=.008, P-DPN vs DM-NN p<.001, P-DPN vs HV p<.001


[bookmark: _Toc45038086][bookmark: _Toc49273244][bookmark: _Toc64724234]Figure A.4 Questionnaires: 95% Confidence Intervals for Becks Depression Inventory by Group
[image: ]
P-DPN vs DPN p=.008, P-DPN vs DM-NN p<.001, HV p<.001, 
[bookmark: _Toc45038087][bookmark: _Toc49273245]
[bookmark: _Toc64724235]Figure A.5 Questionnaires: 95% Confidence Intervals for STAI- S by Group
[image: ]
*P-DPN vs DPN p=.218, P-DPN vs DM-NN p=.014, P-DPN vs HV p=.028



[bookmark: _Toc45038088][bookmark: _Toc49273246][bookmark: _Toc64724236]Figure A.6 Questionnaires: 95% Confidence Intervals for STAI- T by Group
[image: ]
*P-DPN vs DM-NN p=.036


	[bookmark: _Toc48406135][bookmark: _Toc49273345][bookmark: _Toc64724098]Table A.3: Descriptive Statistics reported for QST measurements obtained by the DFNS protocol

	QST Parameters
	P-DPN
	DPN
	DM-NN
	HV

	CDT-0C
	Mean
	-16.56
	-13.32
	-3.34
	-3.62

	
	95% Confidence Interval for Mean
	Lower Bound
	-21.89
	-17.48
	-5.40
	-5.60

	
	
	Upper Bound
	-11.22
	-9.15
	-1.27
	-1.64

	p<.001

	WDT
0C
	Mean
	13.67
	12.81
	6.63
	7.95

	
	95% Confidence Interval for Mean
	Lower Bound
	11.37
	11.03
	4.66
	6.00

	
	
	Upper Bound
	15.96
	14.59
	8.59
	9.90

	p<.001

	TSL
0C
	Mean
	35.03
	32.02
	12.52
	15.55

	
	95% Confidence Interval for Mean
	Lower Bound
	27.83
	26.26
	8.70
	10.07

	
	
	Upper Bound
	42.23
	37.78
	16.33
	21.03

	p<.001

	CPT
0C
	Mean
	5.58
	3.56
	12.06
	11.62

	
	95% Confidence Interval for Mean
	Lower Bound
	1.23
	.58
	5.74
	7.18

	
	
	Upper Bound
	9.92
	6.53
	18.38
	16.07

	p=.006

	HPT
0C
	Mean
	47.87
	48.23
	44.25
	46.23

	
	95% Confidence Interval for Mean
	Lower Bound
	46.06
	47.25
	42.13
	44.73

	
	
	Upper Bound
	49.67
	49.20
	46.36
	47.74

	p=.002

	PPT
kPa
	Mean
	303.77
	308.53
	293.56
	321.49

	
	95% Confidence Interval for Mean
	Lower Bound
	231.97
	256.11
	255.79
	263.29

	
	
	Upper Bound
	375.56
	360.94
	331.33
	379.69

	p=.931

	MPT
mN
	Mean
	301.41
	231.15
	36.60
	45.10

	
	95% Confidence Interval for Mean
	Lower Bound
	166.61
	119.59
	19.80
	33.11

	
	
	Upper Bound
	436.20
	342.72
	53.41
	57.09

	p<.001

	MPS
pain scale
	Mean
	.53
	1.09
	2.40
	1.54

	
	95% Confidence Interval for Mean
	Lower Bound
	.22
	.32
	-.06
	.67

	
	
	Upper Bound
	.84
	1.85
	4.86
	2.42

	p=.118

	WUR
ratio series to single pain rating
	Mean
	1.69
	3.28
	2.53
	2.17

	
	95% Confidence Interval for Mean
	Lower Bound
	.88
	1.75
	1.72
	1.67

	
	
	Upper Bound
	2.51
	4.81
	3.33
	2.67

	p=.155

	MDT
mN
	Mean
	192.88
	113.23
	5.70
	8.28

	
	95% Confidence Interval for Mean
	Lower Bound
	66.79
	23.01
	3.95
	4.58

	
	
	Upper Bound
	318.97
	203.46
	7.46
	11.99

	P=.005

	VDT
threshold/8
	Mean
	3.57
	3.45
	6.76
	7.18

	
	95% Confidence Interval for Mean
	Lower Bound
	2.02
	2.19
	5.41
	6.57

	
	
	Upper Bound
	5.13
	4.71
	8.11
	7.80

	P<.001

	DMA
pain rating
	Mean
	.42
	.06
	.03
	.01

	
	95% Confidence Interval for Mean
	Lower Bound
	-.15
	-.01
	-.01
	.00

	
	
	Upper Bound
	.98
	.12
	.06
	.02

	p=.128

	PHS
number/3
	Mean
	.63
	1.13
	.85
	.58

	
	95% Confidence Interval for Mean
	Lower Bound
	.07
	.60
	.03
	.09

	
	
	Upper Bound
	1.19
	1.66
	1.66
	1.07

	p=.417


CDT- cold detection threshold, WDT- warm detection threshold, TSL- thermal sensory limen, CPT-cold pain threshold, HPT-heat pain threshold, PPT- pressure pain threshold, MPT- mechanical pain threshold, MPS-Mechanical Pain sensation, WUR- wind up ratio- (ratio of the series of pain ratings to a single pain rating), MDT-mechanical detection threshold, VDT-vibration detection threshold, DMA-dynamic mechanical allodynia, PHS- paradoxical heat sensation. 
[bookmark: _Toc48540077][bookmark: _Toc49272022]

[bookmark: _Toc64723980]Appendix B: Supplementary Results Tables for Chapter 3 

[bookmark: _Toc48406136][bookmark: _Toc49273247]Figure B.1. Settings for Philips Ingenia 3T MRI for DSC protocol

Nucleus =			"H1";
SmartSelect =			"yes";
Coil 1  (exclude) =		"None";
Uniformity =			"CLEAR";
FOV          RL (mm) =		224;
             AP (mm) =		224;
             FH (mm) =		99;
Voxel size   RL (mm) =		2.32999992;
             AP (mm) =		2.32999992;
Slice thickness (mm) =		4;
Recon voxel size (mm) =		1.75;
Fold-over suppression =		"no";
Reconstruction matrix =		128;
SENSE =				"yes";
    P reduction (AP) =		2.0999999;
k-t BLAST =			"no";
Stacks =			1;
    type =			"parallel";
    slices =			20;
    slice gap =			"user defined";
          gap (mm) =		1;
    slice orientation =		"transverse";
    fold-over direction =	"AP";
    fat shift direction =	"P";
Stack Offc. AP (P=+mm) =	3.33654881;
            RL (L=+mm) =	-1.20742595;
            FH (H=+mm) =	40.9308586;
      Ang.  AP (deg) =		2.41751242;
            RL (deg) =		-10.9253206;
            FH (deg) =		2.29192114;
      Free rotatable =		"no";
Minimum number of packages =	1;
Slice scan order =		"interleaved";
Large table movement =		"no";
PlanAlign =			"no";
REST slabs =			0;
Shim  Size  AP (mm) =		118.963959;
            RL (mm) =		92.1667633;
            FH (mm) =		58.7610779;
      Offc. AP (P=+mm) =	8.84815216;
            RL (L=+mm) =	-0.713706434;
            FH (H=+mm) =	35.2560463;
      Ang.  AP (deg) =		1.83766496;
            RL (deg) =		-15.5034018;
            FH (deg) =		1.80611312;
Interactive positioning =	"no";
Patient position =		"head first";
        orientation =		"supine";
Scan type =			"Imaging";
Scan mode =			"MS";
    technique =			"FFE";
Contrast enhancement =		"no";
Acquisition mode =		"cartesian";
Fast Imaging mode =		"EPI";
    shot mode =			"single-shot";
Echoes =			1;
    partial echo =		"no";
    shifted echo =		"no";
TE =				"user defined";
    (ms) =			35;
Flip angle (deg) =		60;
TR =				"user defined";
    (ms) =			1250;
Halfscan =			"no";
Water-fat shift =		"minimum";
RF Shims =			"adaptive";
Shim =				"PB-volume";
ShimAlign =			"no";
mDIXON =			"no";
Fat suppression =		"SPIR";
   strength =			"strong";
   frequency offset =		"default";
Water suppression =		"no";
MTC =				"no";
Research prepulse =		"no";
Diffusion mode =		"no";
SAR mode =			"high";
B1 mode =			"default";
PNS mode =			"high";
Gradient mode =			"maximum";
SofTone mode =			"no";
Cardiac synchronization =	"no";
Heart rate > 250 bpm =		"no";
Respiratory compensation =	"no";
Navigator respiratory comp =	"no";
Flow compensation =		"no";
Temporal slice spacing =	"default";
fMRI echo stabilisation =	"no";
NSA =				1;
Angio / Contrast enh. =		"no";
Quantitative flow =		"no";
Manual start =			"yes";
Dynamic study =			"individual";
    dyn scans =			72;
    recon multiplier =		1;
    dyn scan times =		"shortest";
    fov time mode =		"default";
    dummy scans =		0;
    immediate subtraction =	"no";
    fast next scan =		"no";
    synch. ext. device =	"no";
    dyn stabilization =		"no";
    prospect. motion corr. =	"no";
Keyhole =			"no";
Arterial Spin labeling =	"no";
Preparation phases =		"auto";
Interactive F0 =		"no";
B0 field map =			"no";
MIP/MPR =			"no";
Images =			"M", (3) "no";
Autoview image =		"M";
Calculated images =		(4) "no";
Reference tissue =		"Grey matter";
Recon compression =		"No";
Preset window contrast =	"soft";
Reconstruction mode =		"real time";
    reuse memory =		"no";
Save raw data =			"no";
Hardcopy protocol =		"no";
Image filter =			"system default";
Geometry correction =		"default";
IF_info_seperator =		1634755923;
Total scan duration =		"01:33.7";
Rel. SNR =			1.000723;
Act. TR/TE (ms) =		"1250 / 35";
Dyn. scan time =		"00:01.2";
Time to k0 =			"0.625";
ACQ matrix M x P =		"96 x 93";
ACQ voxel MPS (mm) =		"2.33 / 2.39 / 4.00";
REC voxel MPS (mm) =		"1.75 / 1.75 / 4.00";
Scan percentage (%) =		97.826088;
Packages =			1;
Min. slice gap (mm) =		-0;
EPI factor =			45;
Act. WFS (pix) / BW (Hz) =	"12.164 / 35.7";
BW in EPI freq. dir. (Hz) =	"2039.9";
Min. WFS (pix) / Max. BW (Hz) =	"11.365 / 38.2";
Min. TR/TE (ms) =		"1217 / 15";
SAR / head =			"<  24 %";
Whole body / level =		"< 0.1 W/kg / normal";
SED =				"  0.0 kJ/kg";
B1+rms / Coil Power =		"1.16 uT / 24 %";
Max B1+rms =			"1.16 uT";
PNS / level =			"78 % / normal";
dB/dt =				"101.6 T/s";
Sound Pressure Level (dB) =	20.5559311;
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[bookmark: _Toc64723981]Appendix C: Supplementary Results Tables for Chapter 4

[bookmark: _Toc48406137][bookmark: _Toc49273346][bookmark: _Toc64724099]Table C.1 Age as a Covariant for Perfusion Factors by linear regression
	ROI
	SIGNIFICANCE

	RBV-LThal2
	0.15

	RBV-RThal2
	0.14

	RBV-LINS2
	0.35

	RBV-RINS2
	0.39

	RBV-ACC2
	0.16

	RBV-POWM2
	0.10

	RBV_LPSC2
	0.82

	RBV-RPSC2
	0.91

	RBF- LThal2
	0.43

	RBF- RThal2
	0.33

	RBF- LINS2
	0.18

	RBF- RINS2
	0.35

	RBF- ACC2
	0.09

	RBF- POWM2
	0.14

	RBF- LPSC2
	0.98

	RBF- RPSC2
	0.77

	MTT-LThal2
	0.52

	MTT- RThal2
	0.68

	MTT- LINS2
	0.67

	MTT- RINS2
	0.90

	MTT- ACC2
	0.69

	MTT- POWM2
	0.68

	MTT- LPSC2
	0.83

	MTT- RPSC2
	0.84

	TTP- LThal2
	0.24

	TTP- RThal2
	0.53

	TTP- LINS2
	0.77

	TTP- RINS2
	0.56

	TTP- ACC2
	0.73

	TTP- POWM2
	0.31

	TTP- LPSC2
	0.82

	TTP- RPSC2
	0.86



[bookmark: _Toc48406138][bookmark: _Toc49273347][bookmark: _Toc64724100]Table C.2. Univariate ANOVA for RBV Visit 2
	 
	P-DPN
	DPN
	DM-NN
	HV

	RBV-LThal2
	N
	19
	23
	13
	19

	
	Mean
	11.111
	11.657
	10.192
	10.695

	
	95% Confidence Interval for Mean
	Lower Bound
	9.739
	9.733
	8.449
	9.471

	
	
	Upper Bound
	12.482
	13.580
	11.936
	11.918

	p=0.619

	RBV-RThal2
	N
	19
	23
	13
	19

	
	Mean
	11.105
	10.991
	10.162
	10.574

	
	95% Confidence Interval for Mean
	Lower Bound
	9.636
	9.467
	7.882
	9.459

	
	
	Upper Bound
	12.575
	12.516
	12.441
	11.689

	p=0.832

	RBV-LINS2
	N
	19
	23
	13
	19

	
	Mean
	17.847
	16.996
	15.085
	18.132

	
	95% Confidence Interval for Mean
	Lower Bound
	15.832
	14.541
	12.554
	16.077

	
	
	Upper Bound
	19.863
	19.450
	17.615
	20.186

	p=0.299

	RBV-RINS2
	N
	19
	23
	13
	19

	
	Mean
	19.037
	17.022
	17.192
	19.526

	
	95% Confidence Interval for Mean
	Lower Bound
	16.888
	14.730
	13.651
	15.802

	
	
	Upper Bound
	21.186
	19.313
	20.733
	23.251

	p=0.461

	RBV-ACC2
	N
	19
	23
	13
	19

	
	Mean
	15.311
	14.930
	12.885
	14.342

	
	95% Confidence Interval for Mean
	Lower Bound
	13.471
	12.963
	10.443
	12.211

	
	
	Upper Bound
	17.150
	16.898
	15.326
	16.474

	p=0.425

	RBV-POWM2
	N
	19
	23
	13
	19

	
	Mean
	5.226
	5.835
	5.446
	5.321

	
	95% Confidence Interval for Mean
	Lower Bound
	4.606
	5.095
	4.134
	4.487

	
	
	Upper Bound
	5.847
	6.574
	6.758
	6.156

	p=0.666

	RBV-LPSC2
	N
	19
	23
	13
	19

	
	Mean
	9.847
	9.204
	7.931
	8.832

	
	95% Confidence Interval for Mean
	Lower Bound
	8.721
	8.083
	6.419
	7.875

	
	
	Upper Bound
	10.973
	10.326
	9.443
	9.788

	p=0.160

	RBV-RPSC2
	N
	19
	23
	13
	19

	
	Mean
	10.037
	8.887
	7.785
	8.989

	
	95% Confidence Interval for Mean
	Lower Bound
	9.125
	7.793
	6.108
	7.750

	
	
	Upper Bound
	10.949
	9.980
	9.461
	10.229

	p=0.092


RBV=Regional Blood volume, 2=second visit, L=left, R=right, thal= thalamus, INS=Insula, ACC= anterior cingulate gyrus, POWM=parieto-occiptal white matter, PSC=primary sensory cortex, N=number in group


	[bookmark: _Toc48406139][bookmark: _Toc49273348][bookmark: _Toc64724101]Table C.3. Univariate ANOVA for RBF Visit 2


	 
	P-DPN
	DPN
	DM-NN
	HV

	RBF-LThal2
	N
	19
	23
	13
	19

	
	Mean
	125.54
	122.87
	124.45
	111.26

	
	95% Confidence Interval for Mean
	Lower Bound
	105.72
	106.36
	91.16
	91.65

	
	
	Upper Bound
	145.35
	139.39
	157.73
	130.87

	p=0.725

	RBF-RThal2
	N
	19
	23
	13
	19

	
	Mean
	126.26
	119.02
	121.21
	108.81

	
	95% Confidence Interval for Mean
	Lower Bound
	103.94
	103.46
	83.24
	89.80

	
	
	Upper Bound
	148.59
	134.57
	159.17
	127.81

	p=0.686

	RBF-LINS2
	N
	19
	23
	13
	19

	
	Mean
	234.23
	234.96
	216.89
	214.74

	
	95% Confidence Interval for Mean
	Lower Bound
	204.07
	200.39
	174.62
	183.33

	
	
	Upper Bound
	264.39
	269.53
	259.16
	246.15

	p=0.721

	RBF-RINS2
	N
	19
	23
	13
	19

	
	Mean
	248.22
	227.88
	244.51
	209.26

	
	95% Confidence Interval for Mean
	Lower Bound
	212.11
	188.18
	186.09
	177.04

	
	
	Upper Bound
	284.32
	267.57
	302.92
	241.48

	p=0.477

	RBF-ACC2
	N
	19
	23
	13
	19

	
	Mean
	186.17
	201.11
	176.49
	158.05

	
	95% Confidence Interval for Mean
	Lower Bound
	163.52
	170.74
	127.68
	133.53

	
	
	Upper Bound
	208.81
	231.47
	225.30
	182.58

	p=0.173

	RBF-POWM2
	N
	19
	23
	13
	19

	
	Mean
	44.22
	48.61
	44.45
	42.77

	
	95% Confidence Interval for Mean
	Lower Bound
	38.11
	40.89
	29.01
	33.48

	
	
	Upper Bound
	50.33
	56.33
	59.89
	52.06

	p=0.762

	RBF-LPSC2
	N
	19
	23
	13
	19

	
	Mean
	109.99
	102.40
	98.83
	89.95

	
	95% Confidence Interval for Mean
	Lower Bound
	96.23
	90.36
	72.92
	78.04

	
	
	Upper Bound
	123.75
	114.43
	124.74
	101.87

	p=0.244

	RBF-RPSC2
	N
	19
	23
	13
	19

	
	Mean
	109.84
	99.98
	95.18
	90.19

	
	95% Confidence Interval for Mean
	Lower Bound
	95.54
	87.63
	70.30
	78.20

	
	
	Upper Bound
	124.14
	112.34
	120.07
	102.19

	p=0.250


RBF=Regional Blood flow, 2=second visit, L=left, R=right, thal= thalamus, Ins=Insula, ACC= anterior cingulate gyrus, PO=parieto-occiptal white matter, PS=primary sensory cortex, N=number in group

	[bookmark: _Toc48406140][bookmark: _Toc49273349][bookmark: _Toc64724102]Table C.4. Univariate ANOVA for MTT Visit 2 

	 
	P-DPN
	DPN
	DM-NN
	HV

	MTT-LThal2
	N
	19
	23
	13
	19

	
	Mean
	5.44
	5.57
	5.17
	6.13

	
	95% Confidence Interval for Mean
	Lower Bound
	4.93
	5.15
	4.40
	5.38

	
	
	Upper Bound
	5.95
	5.99
	5.94
	6.88

	p=0.147

	MTT-RThal2
	N
	19
	23
	13
	19

	
	Mean
	5.54
	5.57
	5.22
	6.21

	
	95% Confidence Interval for Mean
	Lower Bound
	4.91
	5.08
	4.62
	5.46

	
	
	Upper Bound
	6.17
	6.05
	5.82
	6.96

	 
	p=0.153

	MTT-LINS22
	N
	19
	23
	13
	19

	
	Mean
	4.82
	4.53
	4.32
	5.35

	
	95% Confidence Interval for Mean
	Lower Bound
	4.36
	4.20
	3.76
	4.77

	
	
	Upper Bound
	5.29
	4.86
	4.89
	5.94

	p=0.017a

	MTT-RINS2
	N
	19
	23
	13
	19

	
	Mean
	4.88
	4.73
	4.45
	5.46

	
	95% Confidence Interval for Mean
	Lower Bound
	4.35
	4.30
	3.88
	4.95

	
	
	Upper Bound
	5.41
	5.16
	5.02
	5.97

	p=0.039b
	 

	MTT-ACC2
	N
	19
	23
	13
	19

	
	Mean
	4.95
	4.76
	4.64
	5.61

	
	95% Confidence Interval for Mean
	Lower Bound
	4.40
	4.27
	3.98
	4.93

	
	
	Upper Bound
	5.51
	5.26
	5.30
	6.29

	p=0.084

	MTT-POWM2
	N
	19
	23
	13
	19

	
	Mean
	7.49
	7.47
	7.85
	8.33

	
	95% Confidence Interval for Mean
	Lower Bound
	6.60
	6.82
	6.73
	7.42

	
	
	Upper Bound
	8.39
	8.12
	8.96
	9.24

	p=0.388

	MTT-LPSC2
	N
	19
	23
	13
	19

	
	Mean
	5.64
	5.36
	5.12
	6.33

	
	95% Confidence Interval for Mean
	Lower Bound
	5.18
	4.92
	4.49
	5.53

	
	
	Upper Bound
	6.09
	5.80
	5.76
	7.12

	p=0.026c

	MTT-RPSC2
	N
	19
	23
	13
	19

	
	Mean
	5.82
	5.43
	5.25
	6.32

	
	95% Confidence Interval for Mean
	Lower Bound
	5.25
	4.97
	4.51
	5.68

	
	
	Upper Bound
	6.39
	5.88
	5.99
	6.95

	p=0.047d


MTT=Mean transit time, 2=second visit, L=left, R=right, thal= thalamus, INS=Insula, ACC= anterior cingulate gyrus, POWM=parieto-occiptal white matter, PSC=primary sensory cortex, N=number in group
(a) MTT_LIns2-: HV vs DM-NN p=0.027, HV vs DPN p=0.049. 
(b) MTT_RIns2-: HV vs DM-NN p=0.046. 
(c) MTT_LPS2-: HV vs DM-NN p=0.041. 
(d) MTT_RPS2-: nil significant.

[bookmark: _Toc49273350][bookmark: _Toc64724103]Table C.5 Possible contributors to baseline differences in MTT at the LINS linear modelling

	Linear model of predictors of MTT-LINS Baseline

	Model
	Standardized Coefficients
	Sig.

	
	Beta
	

	
	age
	-.057
	.628

	 
	BMI
	.040
	.736

	 
	eGFR
	.201
	.083

	 
	Hba1c
	.152
	.264

	 
	pulse
	.026
	.825

	 
	blood pressure systolic
	-.189
	.104

	 
	blood pressure diastolic
	.239
	.039a

	 
	blood glucose arrivalb
	0.075
	.584

	
	blood glucose departure
	.118
	.418

			
	blood_glucose_delta
	-.039
	.792

	a .R= -.239 R2=.057 
b. comparisons for blood glucose were between the groups with subjects with diabetes only




	[bookmark: _Toc49273351][bookmark: _Toc64724104]Table C.6 Tests of Between-Subjects Effects-ANCOVA with Diastolic BP as the covariate

	Dependent Variable
	Type III Sum of Squares
	df
	Mean Square
	F
	Sig.

	MTT-LINS2
	Corrected Model
	12.226a
	4
	3.057
	3.251
	.017

	
	Intercept
	17.610
	1
	17.610
	18.730
	.000

	
	GROUP
	7.771
	3
	2.590
	2.755
	.049

	
	BP_diastolic
	1.817
	1
	1.817
	1.933
	.169a

	MTT-RINS2
	Corrected Model
	9.476b
	4
	2.369
	2.199
	.078

	
	Intercept
	28.642
	1
	28.642
	26.581
	.000

	
	GROUP
	8.253
	3
	2.751
	2.553
	.063

	
	BP_diastolic
	.106
	1
	.106
	.099
	.755a

	MTT-LPSC2
	Corrected Model
	15.881c
	4
	3.970
	2.751
	.035

	
	Intercept
	27.750
	1
	27.750
	19.230
	.000

	
	GROUP
	11.017
	3
	3.672
	2.545
	.063

	
	BP_diastolic
	1.610
	1
	1.610
	1.116
	.294a

	MTT-RPSC2
	Corrected Model
	11.939d
	4
	2.985
	2.080
	.093

	
	Intercept
	39.988
	1
	39.988
	27.871
	.000

	
	GROUP
	10.627
	3
	3.542
	2.469
	.069

	
	BP_diastolic
	.096
	1
	.096
	.067
	.796a


a. Values do not reach threshold for significance therefore do not contribute significantly to the model.
b. MTT=Mean transit time, 2=second visit, L=left, R=right, thal= thalamus, Ins=Insula, ACC= anterior cingulate gyrus, PO=parieto-occiptal white matter, PS=primary sensory cortex, N=number in group

[bookmark: _Toc48540080][bookmark: _Toc49272025][bookmark: _Toc64723982]Polynomial Contrasts Examining the Effect of Diabetes on MTT
Polynomial contrasts were performed on the ROI that were statistically significant between groups to examine hierarchical relationships. At the left insula (LINS) MTT mean values were compared by polynomial contrast: HV vs AllDM p=0.003, DM-NN vs DM-NEUR p=0.217, P-DPN vs DPN p=0.340. The HV group mean was significantly different from the AllDM group mean. At the right insula polynomial contrasts revealed a difference between diabetes and healthy volunteers: HV vs AllDM: p=0.009, DM-NN vs DM-NEUR p=0.258, P-DPN vs DPN p=0.652. Comparing MTT at the left primary sensory cortex using polynomial contrasts showed a difference between HV and AllDM: HV vs AllDM: p=0.004, DM-NN vs DM-NEUR p=0.331, P-DPN vs DPN p=0.445.  At the right primary sensory cortex (RPS) polynomial contrasts showed that there was a difference between HV and AllDM: HV vs AllDM: p=0.012, DM-NN vs DM-NEUR p=0.322, P-DPN vs DPN p=0.288.   

[bookmark: _Toc48406143][bookmark: _Toc49273352][bookmark: _Toc64724105]Table C.7 Univariate ANOVA for MTT Visit 2- Female only participants

	 
	P-DPN
	DPN
	DM-NN
	HV

	MTT-Lth2
	N
	8
	9
	10
	10

	
	Mean
	5.025
	6.000
	4.910
	5.780

	
	95% Confidence Interval for Mean
	Lower Bound
	4.335
	5.322
	4.054
	4.434

	
	
	Upper Bound
	5.715
	6.678
	5.766
	7.126

	p=0.205

	MTT-Rth2
	N
	8
	9
	10
	10

	
	Mean
	4.938
	6.033
	5.030
	5.780

	
	95% Confidence Interval for Mean
	Lower Bound
	4.203
	5.142
	4.402
	4.450

	
	
	Upper Bound
	5.672
	6.925
	5.658
	7.110

	p=0.202

	MTT-Lin2
	N
	8
	9
	10
	10

	
	Mean
	4.425
	4.889
	4.150
	5.090

	
	95% Confidence Interval for Mean
	Lower Bound
	3.719
	4.269
	3.543
	4.194

	
	
	Upper Bound
	5.131
	5.509
	4.757
	5.986

	p=0.147

	MTT-Rin2
	N
	8
	9
	10
	10

	
	Mean
	4.575
	5.022
	4.270
	5.210

	
	95% Confidence Interval for Mean
	Lower Bound
	3.867
	4.427
	3.663
	4.382

	
	
	Upper Bound
	5.283
	5.617
	4.877
	6.038

	p=0.124

	MTT-AC2
	N
	8
	9
	10
	10

	
	Mean
	4.925
	5.067
	4.500
	5.560

	
	95% Confidence Interval for Mean
	Lower Bound
	3.888
	4.111
	3.719
	4.300

	
	
	Upper Bound
	5.962
	6.022
	5.281
	6.820

	p=0.398

	MTT-PO2
	N
	8
	9
	10
	10

	
	Mean
	7.350
	7.778
	7.350
	8.060

	
	95% Confidence Interval for Mean
	Lower Bound
	5.964
	6.531
	6.259
	6.244

	
	
	Upper Bound
	8.736
	9.025
	8.441
	9.876

	p=0.812

	MTT-LPS2
	N
	8
	9
	10
	10

	
	Mean
	5.263
	5.622
	4.880
	6.170

	
	95% Confidence Interval for Mean
	Lower Bound
	4.777
	5.006
	4.205
	4.726

	
	
	Upper Bound
	5.748
	6.238
	5.555
	7.614

	p=0.152

	MTT-Rps2
	N
	8
	9
	10
	10

	
	Mean
	5.550
	5.600
	4.960
	6.000

	
	95% Confidence Interval for Mean
	Lower Bound
	4.696
	4.854
	4.221
	4.859

	
	
	Upper Bound
	6.404
	6.346
	5.699
	7.141

	p=0.298




[bookmark: _Toc48406141][bookmark: _Toc49273353][bookmark: _Toc64724106]Table C.8 Univariate ANOVA for TTP Visit 2
	 
	P-DPN
	DPN
	DM-NN
	HV

	TTP-LThal2
	N
	19
	23
	13
	19

	
	Mean
	9.22
	9.94
	9.58
	9.83

	
	95% Confidence Interval for Mean
	Lower Bound
	8.67
	9.62
	9.04
	9.35

	
	
	Upper Bound
	9.76
	10.25
	10.13
	10.30

	p=.084

	TTP-RThal2
	N
	19
	23
	13
	19

	
	Mean
	9.18
	9.89
	9.53
	9.85

	
	95% Confidence Interval for Mean
	Lower Bound
	8.61
	9.58
	9.11
	9.41

	
	
	Upper Bound
	9.75
	10.20
	9.95
	10.29

	p=.058

	TTP-LINS2
	N
	19
	23
	13
	19

	
	Mean
	8.39
	8.78
	8.44
	8.90

	
	95% Confidence Interval for Mean
	Lower Bound
	7.93
	8.45
	8.02
	8.48

	
	
	Upper Bound
	8.86
	9.11
	8.85
	9.32

	p=0.193

	TTP-RINS2
	N
	19
	23
	13
	19

	
	Mean
	8.52
	8.97
	8.60
	9.06

	
	95% Confidence Interval for Mean
	Lower Bound
	7.98
	8.65
	8.16
	8.71

	
	
	Upper Bound
	9.06
	9.30
	9.04
	9.41

	p=0.149

	TTP-ACC2
	N
	19
	23
	13
	19

	
	Mean
	8.44
	8.80
	8.49
	9.09

	
	95% Confidence Interval for Mean
	Lower Bound
	7.98
	8.29
	8.11
	8.68

	
	
	Upper Bound
	8.90
	9.32
	8.88
	9.50

	p=0.169

	TTP-POWM2
	N
	19
	23
	13
	19

	
	Mean
	10.90
	11.37
	11.22
	11.58

	
	95% Confidence Interval for Mean
	Lower Bound
	10.18
	10.88
	10.53
	10.92

	
	
	Upper Bound
	11.62
	11.85
	11.90
	12.25

	p=0.424

	TTP-LPSC2
	N
	19
	23
	13
	19

	
	Mean
	9.38
	9.63
	9.66
	10.04

	
	95% Confidence Interval for Mean
	Lower Bound
	8.97
	9.32
	9.10
	9.59

	
	
	Upper Bound
	9.79
	9.94
	10.22
	10.50

	p=0.129

	TTP-RPSC2
	N
	19
	23
	13
	19

	
	Mean
	9.48
	9.83
	9.68
	10.10

	
	95% Confidence Interval for Mean
	Lower Bound
	9.02
	9.47
	9.22
	9.67

	
	
	Upper Bound
	9.94
	10.18
	10.13
	10.53

	p=0.169


TTP=Time to Peak, 2=second visit, L=left, R=right, thal= thalamus, INS=Insula, ACC= anterior cingulate gyrus, POWM=parieto-occiptal white matter, PSC=primary sensory cortex, N=number in group
[bookmark: _Toc48406144]
[bookmark: _Toc49273354][bookmark: _Toc64724107]Table C.9 Baseline demographic statistics, measurements comparing the groups P+ and P-,  DPN, DM-NN and HV by ANOVA  

	
	
	
	P+
	P-
	DPN
	DM-NN
	HV

	Age 
(yrs)
	N
	
	10
	9
	23
	13
	19

	
	Mean
	
	52.2
	50.4
	60.8
	52.9
	54.3

	
	95% CI 
for Mean
	Lower Bound
	45.5
	43.6
	57.2
	45
	49.7

	
	
	Upper Bound
	58.9
	57.2
	64.3
	60.9
	58.9

	p=.031a

	BMI 
(kg/m2)
	N
	
	10
	9
	23
	13
	19

	
	Mean
	
	26.8
	26.7
	27
	23.7
	27

	
	95% CI 
for Mean
	Lower Bound
	24.3
	22.4
	24.5
	21.1
	24.9

	
	
	Upper Bound
	29.3
	31.1
	29.4
	26.3
	29.1

	p=.324

	eGFR
 (ml/min/1.73m2)
	N
	
	10
	9
	23
	13
	19

	
	Mean
	
	80.2
	84.6
	84.2
	84.6
	84.1

	
	95% CI
 for Mean
	Lower Bound
	69.9
	78.4
	80.1
	79.5
	80

	
	
	Upper Bound
	90.5
	90.7
	88.3
	89.8
	88.2

	p=.814

	Hba1c 
(mmol/mol)
	N
	
	10
	9
	23
	13
	0

	
	Mean
	
	79.9
	75.1
	67
	58.7
	.

	
	95% CI
 for Mean
	Lower Bound
	65
	56.4
	61.8
	53.2
	.

	
	
	Upper Bound
	94.8
	93.8
	72.3
	64.2
	.

	p=.020b

	DN4
	N
	
	10
	9
	23
	13
	19

	
	Mean
	
	6.2
	6.7
	0.3
	0
	0

	
	95% CI 
for Mean
	Lower Bound
	5.3
	5.5
	0
	0
	0

	
	
	Upper Bound
	7.1
	7.9
	0.7
	0
	0

	p<.001c

	NISLL+7
	N
	
	10
	9
	23
	13
	19

	
	Mean
	
	36.7
	38.1
	25.9
	1.5
	1

	
	95% CI 
for Mean
	Lower Bound
	20.7
	24.1
	18.2
	0.5
	0.3

	
	
	Upper Bound
	52.7
	52
	33.6
	2.6
	1.7

	p<.001d

	Diabetes duration 
(yrs)
	N
	
	10
	9
	23
	13
	

	
	Mean
	
	25.8
	25.1
	35.7
	29.3
	

	
	95% CI 
for Mean
	Lower Bound
	17.4
	16.5
	31.2
	18.6
	

	
	
	Upper Bound
	34.2
	33.8
	40.2
	39.9
	

	p=.124

	V2 Pulse 
(beats/min)
	N
	
	10
	9
	23
	13
	18

	
	Mean
	
	78.5
	74.8
	74.5
	67.7
	73.2

	
	95% CI 
for Mean
	Lower Bound
	68.3
	65.8
	68.5
	63.3
	68.5

	
	
	Upper Bound
	88.7
	83.8
	80.6
	72.1
	77.8

	p=.271

	V2 Blood pressure 
systolic (mmHg)
	N
	
	10
	9
	23
	13
	19

	
	Mean
	
	129.2
	121.6
	137.3
	137.5
	131.7

	
	95% CI 
for Mean
	Lower Bound
	117.6
	107.4
	130.4
	123.2
	124.5

	
	
	Upper Bound
	140.8
	135.7
	144.3
	151.9
	138.8

	p=.171

	V2 blood pressure 
diastolic (mmHg)
	N
	
	10
	9
	23
	13
	19

	
	Mean
	
	84.8
	79.4
	82.1
	83
	90.4

	
	95% CI 
for Mean
	Lower Bound
	77.3
	72.2
	77.8
	77.2
	82.7

	
	
	Upper Bound
	92.3
	86.7
	86.5
	88.8
	98.2

	p=.124

	V2 blood glucose arrival
(mmol)
	N
	
	10
	9
	23
	13
	.

	
	Mean
	
	13.1
	13.4
	13.2
	13.3
	.

	
	95% CI 
for Mean
	Lower Bound
	10.2
	10.3
	10.7
	9.7
	.

	
	
	Upper Bound
	16.1
	16.4
	15.6
	16.9
	.

	p=.999

	V2 blood glucose 
departure (mmol)
	N
	
	9
	8
	20
	12
	.

	
	Mean
	
	12.7
	12
	11.3
	10.2
	.

	
	95% CI 
for Mean
	Lower Bound
	8.5
	8.3
	9
	7.3
	.

	
	
	Upper Bound
	16.9
	15.8
	13.5
	13
	.

	p=.662


a. Age No post hoc significance, 
b. b. P+ vs DM-NN p=.003, P- vs DM-NN p=.037
c. , c. P+ and P- vs DPN, DM-NN, HV p<.001,
d. d. P+, P-, and DPN were significantly different from HV and DM-NN p<.001 but not different from each other, 
eGFR- estimated glomerular filtration rate by MDRD (reported at values < 90), V2-Visit 2, DN4- Douleur Neuropathique 4, NISLL+7= Neuropathy Impairment Score of the Lower Limbs Plus Seven Tests,. 


[bookmark: _Toc49273355][bookmark: _Toc64724108]Table C.10 Baseline demographic statistics, measurements comparing the groups P+ and P- by Students T test  
	
	P+
	P-
	

	
	N
	Mean
	Std. D
	N
	Mean
	Std. D
	Sig p=

	Age (yrs)
	10
	52.2
	9.4
	9
	50.4
	8.9
	.68

	BMI
	10
	26.8
	3.5
	9
	26.7
	5.7
	.98

	pain duration (yrs)
	10
	12.4
	7.5
	9
	9.8
	7.2
	.46

	eGFR (ml/min/1.73m2)
	10
	80.2
	14.3
	9
	84.6
	8.0
	.43

	Urinary Microalbumin ratio (mg/min)
	10
	1.3
	1.4
	7
	1.0
	0.8
	.58

	Hba1c (mmol/mol)
	10
	79.9
	20.9
	9
	75.1
	24.3
	.65

	DN4
	10
	6.2
	1.3
	9
	6.7
	1.6
	.50

	NISLL+7
	10
	36.7
	22.4
	9
	38.1
	18.1
	.89

	V2 spontaneous pain score/10
	10
	7.2
	1.8
	9
	0.6
	1.2
	<.0001

	V2 pulse (beats/min)
	10
	78.5
	14.3
	9
	74.8
	11.7
	.55

	V2 Systolic BP (mmHg)
	10
	129.2
	16.2
	9
	121.6
	18.4
	.35

	V2 Diastolic BP (mmHg)
	10
	84.8
	10.6
	9
	79.4
	9.4
	.26

	V2 BG-A (mmol)
	10
	13.1
	4.1
	9
	13.4
	4.0
	.90

	V2 BG-D(mmol)
	9
	12.7
	5.5
	8
	12.0
	4.5
	.78

	AFT- Obrien
	N
	N
	
	N
	N
	
	

	0
	
	6
	
	
	4
	
	

	1
	
	1
	
	
	1
	
	

	2
	
	3
	
	
	1
	
	

	3
	
	1
	
	
	0
	
	

	4
	
	0
	
	
	0
	
	

	5
	
	0
	
	
	1
	
	

	total
	
	9
	
	
	7
	
	.73


eGFR- estimated glomerular filtration rate by MDRD (reported at values < 90), V2-Visit 2, V3- visit 3, DN4- Douleur Neuropathique 4, NISLL+7= Neuropathy Impairment Score of the Lower Limbs Plus Seven Tests, BP= Blood pressure, BG= Blood glucose. 

[bookmark: _Toc49273248][bookmark: _Toc64724237]Figure C.11  95% Confidence intervals for the Group means and Regions of Interest for TTP at visit 2 stratified for presence of spontaneous neuropathic pain. 
[image: ]
Y axis shows TTP in seconds (s).  X axis shows the ROI and groups are represented by colour. * = p<.05, white significance bars indicate the groups which are significantly different in post HOC testing.  ANOVA showed a difference for the RThal: P+ vs DPN p=.017, P+ vs HV p=.033; the RINS: P+ vs DPN p=.048; and at the parieto-occipital white matter (POWM): P+ vs P- p=.009, P+ vs DPN p=.034, P+ vs HV p=0.011 . 
[bookmark: _Toc48540083][bookmark: _Toc49272026]

[bookmark: _Toc64723983]Appendix D: Supplementary Results Tables for Chapter 5

[bookmark: _Toc48406145][bookmark: _Toc49273356][bookmark: _Toc64724109]Table D.1 Age as a Covariant for Perfusion Factors
	

	ROI V3
	Sig.
	ROI Delta 
	Sig.

	RBV-LThal3
	0.91
	Δ_RBV_ LThal
	0.37

	RBV-RThal3
	0.88
	Δ_RBV_RThal
	0.40

	RBV-LINS3
	0.57
	Δ_RBV_LINS
	0.24

	RBV-RINS3
	0.49
	Δ_RBV_RINS
	0.23

	RBV-ACC3
	0.87
	Δ_RBV_ACC
	0.43

	RBV-POWM3
	0.45
	Δ_RBV_POWM
	0.48

	RBV_LPSC3
	0.66
	Δ_RBV_LPSC
	0.63

	RBV-RPSC3
	0.37
	Δ_RBV_RPSC
	0.35

	RBF- LThal3
	0.78
	Δ_RBf_LThal
	0.34

	RBF-RThal3
	0.99
	Δ_RBf_RThal
	0.44

	RBF-LINS3
	0.49
	Δ_RBf_LINS
	0.11

	RBF-RINS3
	0.48
	Δ_RBf_RINS
	0.14

	RBF-ACC3
	0.70
	Δ_RBf_ACC
	0.43

	RBF-POWM3
	0.47
	Δ_RBf_POWM
	0.55

	RBF-LPSC3
	0.49
	Δ_RBf_LPSC
	0.53

	RBF-RPS3
	0.18
	Δ_RBf_RPSC
	0.26

	MTT- LThal3
	0.42
	Δ_MTT_LThal
	0.97

	MTT-RThal3
	0.48
	Δ_MTT_RThal
	0.89

	MTT-LINS3
	0.70
	Δ_MTT_LINS
	0.55

	MTT-RINS3
	0.40
	Δ_MTT_RINS
	0.65

	MTT-ACC3
	0.39
	Δ_MTT_ACC
	0.56

	MTT-POWM3
	0.23
	Δ_MTT_POWM
	0.48

	MTT-LPS3
	0.71
	Δ_MTT_LPSC
	0.64

	MTT-RPSC3
	0.63
	Δ_MTT_RPSC
	0.71

	TTP- LThal3
	0.28
	Δ_TTP_LThal
	0.84

	TTP-RThal3
	0.39
	Δ_TTP_RThal
	0.85

	TTP-LINS3
	0.38
	Δ_TTP_LINS
	0.72

	TTP-RINS3
	0.24
	Δ_TTP_RINS
	0.69

	TTP-ACC3
	0.61
	Δ_TTP_ACC
	0.64

	TTP-POWM3
	0.45
	Δ_TTP_POWM
	0.97

	TTP-LPSC3
	0.55
	Δ_TTP_LPSC
	0.51

	TTP-RPSC3
	0.27
	Δ_TTP_RPSC
	0.32






[bookmark: _Toc48406146][bookmark: _Toc49273357][bookmark: _Toc64724110]Table D.2 differences between metabolic and cardiovascular parameters between groups
	
	
	N
	Mean
	95% Confidence Interval for Mean

	
	
	
	
	Lower Bound
	Upper Bound

	V2 blood glucose arrival
	P-DPN
	19
	13.25
	11.35
	15.15

	
	DPN
	23
	13.16
	10.73
	15.6

	
	DM-NN
	13
	13.32
	9.74
	16.89

	
	HV
	0
	.
	.
	.

	V2 blood glucose departure
	P-DPN
	17
	12.4
	9.89
	14.91

	
	DPN
	20
	11.27
	9.02
	13.52

	
	DM-NN
	12
	10.19
	7.35
	13.04

	
	HV
	0
	.
	.
	.

	V2 Blood glucose delta
	P-DPN
	17
	1.3294
	0.2394
	2.4195

	
	DPN
	20
	1.9555
	0.4004
	3.5106

	
	DM-NN
	12
	3.6917
	0.9355
	6.4478

	
	HV
	0
	.
	.
	.

	V3 blood glucose arrival
	P-DPN
	19
	12.79
	10.71
	14.88

	
	DPN
	23
	11.36
	9.56
	13.16

	
	DM-NN
	13
	13.62
	10.82
	16.43

	
	HV
	0
	.
	.
	.

	blood glucose departure
	P-DPN
	15
	10.32
	8.07
	12.57

	
	DPN
	19
	9.37
	7.05
	11.69

	
	DM-NN
	9
	10.28
	8.19
	12.36

	
	HV
	0
	.
	.
	.

	V3 blood glucose delta
	P-DPN
	15
	2.6
	0.1755
	5.0245

	
	DPN
	19
	2.0437
	0.4268
	3.6606

	
	DM-NN
	9
	3.7244
	1.3918
	6.0571

	
	HV
	0
	.
	.
	.

	V2 vs V3 blood glucose delta 
	P-DPN
	13
	-0.4769
	-3.373
	2.4192

	
	DPN
	16
	-0.1706
	-2.1096
	1.7684

	
	DM-NN
	8
	-0.6025
	-4.4471
	3.2421

	
	HV
	0
	.
	.
	.

	V2 vs V3 BP systolic delta
	P-DPN
	19
	-1.1579
	-8.9533
	6.6375

	
	DPN
	23
	3.1304
	-5.15
	11.4109

	
	DM-NN
	13
	0.2308
	-9.2155
	9.6771

	
	HV
	19
	4.7368
	-2.4461
	11.9198

	V2 vs V3 BP diastolic delta
	P-DPN
	19
	2.4211
	0.58
	4.2621

	
	DPN
	23
	1.3043
	-2.4529
	5.0616

	
	DM-NN
	13
	-4.2308
	-11.6816
	3.2201

	
	HV
	19
	2.5263
	-2.8369
	7.8895

	V2 vs V3 pulse delta
	P-DPN
	19
	-2.9474
	-7.8587
	1.9639

	
	DPN
	23
	-2.2174
	-6.3527
	1.918

	
	DM-NN
	13
	-1.3077
	-5.9058
	3.2904

	
	HV
	18
	-3.2778
	-9.1266
	2.571


As can be seen in this table none of the differences are statistically significant between groups.

[bookmark: _Toc48406147][bookmark: _Toc49273358][bookmark: _Toc64724111]Table D.3 Descriptive statistics for thermal thresholds and pain perception by group
	 
	P-DPN
	DPN
	DM-NN
	HV

	Thigh thermal pain threshold (C)
	N
	19
	23
	13
	19

	
	Mean
	43.60
	41.56
	41.81
	41.55

	
	95% Confidence Interval for Mean
	Lower Bound
	41.55
	39.50
	39.76
	39.48

	
	
	Upper Bound
	45.65
	43.63
	43.86
	43.62

	p=0.391

	thermal temp 7/10 (C)
	N
	19
	23
	13
	19

	
	Mean
	46.21
	45.10
	45.66
	46.65

	
	95% Confidence Interval for Mean
	Lower Bound
	45.52
	44.12
	44.73
	46.08

	
	
	Upper Bound
	46.90
	46.08
	46.60
	47.23

	p=0.028b

	Scan thermal temperature (C)
	N
	19
	23
	13
	13

	
	Mean
	45.76
	45.41
	45.50
	46.03

	
	95% Confidence Interval for Mean
	Lower Bound
	45.29
	44.83
	44.78
	45.66

	
	
	Upper Bound
	46.23
	46.00
	46.22
	46.39

	p=0.305

	Likert scale scores reported during scan
	N
	19
	23
	13
	19

	
	Mean
	7.11
	7.11
	7.50
	6.84

	
	95% Confidence Interval for Mean
	Lower Bound
	6.24
	6.44
	6.95
	6.25

	
	
	Upper Bound
	7.97
	7.78
	8.05
	7.43

	
	
	 
	 
	 
	
	 

	p=0.665


Level of significance p<0.05.  Difference in post hoc Multiple Comparisons by Šidak method a. Hand thermal pain threshold: DM-NN vs HV p=0.026, DM-NN vs P-DPN 0.002, DM-NN vs DPN p=0.005, b. Thermal temp 7/10 DPN vs HV p=0.026


[bookmark: _Toc48406101][bookmark: _Toc49273249][bookmark: _Toc64724238]Figure D.1. Discriminant Function RBV ROI and LIKERT as predictors of group at visit 3
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Figure shows Function 1 and 2 of the discriminant function.  The first function explains 57.5% of the variance, canonical R2 = 0.22, the second 30.3% of the variance R2=0.16, the third explained 12.1% of the variance, R2 =0.06.  These functions did not significantly differentiate between the groups Wilks Λ= 0.584, Χ2 =35.2; p=0.132

	[bookmark: _Toc48406148][bookmark: _Toc49273359][bookmark: _Toc64724112]Table D.4 Multivariate ANCOVA comparing group RBV during a pain condition adjusted by pain perceptiona by region of interest.
	

	Dependent Variable
	GROUP

	
	P-DPN
	DPN
	DM-NN
	HV

	RBV-LThal3

	Mean
	11.55
	11.42
	9.31
	11.33

	
	95% Confidence Interval
	Lower Bound
	9.72
	9.81
	7.02
	9.49

	
	
	Upper Bound
	13.38
	13.03
	11.61
	13.16

	p=0.45

	RBV-RThal3
	Mean
	11.40
	11.13
	9.20
	10.89

	
	95% Confidence Interval
	Lower Bound
	9.48
	9.45
	6.80
	8.97

	
	
	Upper Bound
	13.31
	12.81
	11.60
	12.81

	p=0.51

	RBV-LINS3
	Mean
	19.55
	14.90
	14.76
	18.90

	
	95% Confidence Interval
	Lower Bound
	16.80
	12.47
	11.31
	16.14

	
	
	Upper Bound
	22.31
	17.32
	18.21
	21.66

	p=0.04*

	RBV-RINS3
	Mean
	20.35
	15.71
	17.05
	18.49

	
	95% Confidence Interval
	Lower Bound
	17.30
	13.02
	13.24
	15.44

	
	
	Upper Bound
	23.40
	18.39
	20.87
	21.55

	p=0.07

	RBV-ACC3
	Mean
	15.72
	14.29
	12.21
	13.95

	
	95% Confidence Interval
	Lower Bound
	13.28
	12.14
	9.16
	11.51

	
	
	Upper Bound
	18.16
	16.44
	15.27
	16.4

	p=0.67

	RBV-POWM3
	Mean
	5.68
	5.09
	5.21
	5.41

	
	95% Confidence Interval
	Lower Bound
	4.93
	4.43
	4.27
	4.66

	
	
	Upper Bound
	6.43
	5.75
	6.15
	6.16

	p=0.35

	RBV-LPSC3
	Mean
	10.40
	8.33
	8.09
	9.15

	
	95% Confidence Interval
	Lower Bound
	8.97
	7.08
	6.31
	7.72

	
	
	Upper Bound
	11.82
	9.58
	9.87
	10.57

	p=0.16

	RBV-RPSC3
	Mean
	10.29
	8.62
	7.54
	9.19

	
	95% Confidence Interval
	Lower Bound
	8.91
	7.41
	5.82
	7.81

	
	
	Upper Bound
	11.67
	9.83
	9.27
	10.57

	p=0.014*

	a. Covariates appearing in the model are evaluated at the following values: likertscale_gad = 7.16. Significance at p<0.05.  There was no post Hoc significance at the LINS or RPSC



	

	[bookmark: _Toc48406149][bookmark: _Toc49273360][bookmark: _Toc64724113]Table D.5: Univariate ANCOVA comparing group RBF during a pain condition adjusted by LIKERT by ROI.
	

	Dependent Variable
	GROUP

	
	P-DPN
	DPN
	DM-NN
	HV

	RBF-Lth3
	Mean
	132.62
	125.77
	99.43
	123.12

	
	95% Confidence Interval
	Upper Bound
	155.47
	145.87
	128.04
	146.01

	
	
	Lower Bound
	109.76
	105.67
	70.82
	100.22

	p=0.65

	RBF-RThal3
	Mean
	130.03
	123.75
	96.10
	120.60

	
	95% Confidence Interval
	Upper Bound
	154.07
	144.90
	126.20
	144.69

	
	
	Lower Bound
	105.99
	102.60
	66.00
	96.52

	p=0.69

	RBF-LINS3
	Mean
	259.62
	198.29
	193.12
	244.06

	
	95% Confidence Interval
	Upper Bound
	304.91
	238.13
	249.82
	289.43

	
	
	Lower Bound
	214.33
	158.46
	136.43
	198.69

	p=0.45

	RBF-RINS3
	Mean
	265.05
	215.01
	204.14
	226.69

	
	95% Confidence Interval
	Upper Bound
	310.02
	254.56
	260.43
	271.74

	
	
	Lower Bound
	220.08
	175.45
	147.85
	181.64

	p=0.39

	RBF-ACC3
	Mean
	195.81
	184.80
	152.93
	161.58

	
	95% Confidence Interval
	Upper Bound
	232.97
	217.49
	199.44
	198.81

	
	
	Lower Bound
	158.65
	152.12
	106.41
	124.35

	p=0.56

	RBF-POWM3
	Mean
	46.12
	45.32
	36.45
	43.29

	
	95% Confidence Interval
	Upper Bound
	53.90
	52.16
	46.19
	51.08

	
	
	Lower Bound
	38.34
	38.47
	26.71
	35.50

	p=0.65

	RBF-LPSC3
	Mean
	112.99
	97.36
	86.92
	96.69

	
	95% Confidence Interval
	Upper Bound
	130.54
	112.79
	108.88
	114.27

	
	
	Lower Bound
	95.45
	81.93
	64.96
	79.11

	p=0.71

	RBF-RPSC3
	Mean
	109.84
	97.78
	81.22
	96.33

	
	95% Confidence Interval
	Upper Bound
	126.74
	112.65
	102.38
	113.27

	
	
	Lower Bound
	92.93
	82.90
	60.05
	79.39

	p=0.45


a. Covariates appearing in the model are evaluated at the following values: likertscale_gad = 7.16. Significance at p<0.05. No significance demonstrated
	[bookmark: _Toc48406150][bookmark: _Toc49273361][bookmark: _Toc64724114]Table D.6. Multivariate ANCOVA comparing group MTT during a pain condition adjusted by pain perception by region of interest.



	Dependent Variable
	GROUP

	
	P-DPN
	DPN
	DM-NN
	HV

	MTT-LThal3
	Mean
	5.40
	5.34
	5.63
	5.69

	
	95% Confidence Interval
	Lower Bound
	4.85
	4.85
	4.94
	5.14

	
	
	Upper Bound
	5.96
	5.82
	6.32
	6.24

	p=0.77

	MTT-RThal3
	Mean
	5.57
	5.41
	5.76
	5.69

	
	95% Confidence Interval
	Lower Bound
	4.96
	4.88
	4.99
	5.08

	
	
	Upper Bound
	6.18
	5.94
	6.52
	6.30

	p=0.68

	MTT-LINS3
	Mean
	4.95
	4.56
	4.82
	4.94

	
	95% Confidence Interval
	Lower Bound
	4.45
	4.13
	4.20
	4.45

	
	
	Upper Bound
	5.44
	5.00
	5.44
	5.44

	p=0.22

	MTT-RINS3
	Mean
	4.99
	4.60
	5.22
	5.22

	
	95% Confidence Interval
	Lower Bound
	4.49
	4.16
	4.60
	4.72

	
	
	Upper Bound
	5.49
	5.04
	5.85
	5.72

	p=0.20

	MTT-ACC3
	Mean
	5.25
	4.72
	5.16
	5.24

	
	95% Confidence Interval
	Lower Bound
	4.71
	4.26
	4.50
	4.70

	
	
	Upper Bound
	5.78
	5.19
	5.83
	5.77

	p=0.40

	MTT-POWM3
	Mean
	7.96
	7.40
	8.76
	8.02

	
	95% Confidence Interval
	Lower Bound
	7.07
	6.61
	7.64
	7.12

	
	
	Upper Bound
	8.86
	8.19
	9.89
	8.92

	p=0.68

	MTT-LPSC3
	Mean
	5.78
	5.24
	5.80
	6.04

	
	95% Confidence Interval
	Lower Bound
	5.24
	4.77
	5.13
	5.51

	
	
	Upper Bound
	6.31
	5.71
	6.47
	6.58

	p=0.21

	MTT-RPSC3
	Mean
	5.93
	5.40
	5.99
	6.25

	
	95% Confidence Interval
	Lower Bound
	5.34
	4.87
	5.24
	5.66

	
	 
	Upper Bound
	6.53
	5.92
	6.74
	6.85

	p=0.33


a. Covariates appearing in the model are evaluated at the following values: likertscale_gad = 7.16. Significance at p<0.05. No significance demonstrated

	[bookmark: _Toc48406151][bookmark: _Toc49273362][bookmark: _Toc64724115]Table D.7: Multivariate ANCOVA comparing TTP by group and ROI adjusted by LIKERT.



	Dependent Variable
	GROUP

	
	P-DPN
	DPN
	DM-NN
	HV

	TTP LThal3
	Mean
	9.68
	9.76
	9.47
	9.43

	
	95% Confidence Interval
	Lower Bound
	9.18
	9.33
	8.85
	8.94

	
	
	Upper Bound
	10.17
	10.20
	10.09
	9.93

	p=0.32

	TTP RThal3
	Mean
	9.74
	9.73
	9.49
	9.38

	
	95% Confidence Interval
	Lower Bound
	9.22
	9.26
	8.83
	8.85

	
	
	Upper Bound
	10.27
	10.19
	10.15
	9.91

	p=0.17

	TTP LINS3
	Mean
	8.80
	8.70
	8.48
	8.50

	
	95% Confidence Interval
	Lower Bound
	8.34
	8.29
	7.90
	8.03

	
	
	Upper Bound
	9.26
	9.11
	9.06
	8.96

	p=0.31

	TTP RINS3
	Mean
	8.99
	8.89
	8.67
	8.74

	
	95% Confidence Interval
	Lower Bound
	8.52
	8.48
	8.08
	8.27

	
	
	Upper Bound
	9.46
	9.30
	9.26
	9.21

	p=0.47

	TTP ACC3
	Mean
	8.86
	8.52
	8.48
	8.60

	
	95% Confidence Interval
	Lower Bound
	8.31
	8.04
	8.06
	8.06

	
	
	Upper Bound
	9.40
	8.99
	9.14
	9.14

	p=0.19

	TTP POWM3
	Mean
	11.49
	11.29
	11.58
	11.11

	
	95% Confidence Interval
	Lower Bound
	10.88
	10.75
	10.81
	10.50

	
	
	Upper Bound
	12.11
	11.84
	12.35
	11.73

	p=0.84

	TTP LPSC3
	Mean
	9.91
	9.69
	9.80
	9.58

	
	95% Confidence Interval
	Lower Bound
	9.35
	9.20
	9.10
	9.02

	
	
	Upper Bound
	10.46
	10.18
	10.49
	10.14

	p=0.53

	TTP RPSC3
	Mean
	10.08
	9.92
	9.85
	9.69

	
	95% Confidence Interval
	Lower Bound
	9.54
	9.44
	9.16
	9.14

	
	
	Upper Bound
	10.63
	10.40
	10.53
	10.23

	p=0.8


a. Covariates appearing in the model are evaluated at the following values: likertscale_gad = 7.16. Significance at p<0.05. No significance demonstrated

[bookmark: _Toc48406152][bookmark: _Toc49273363][bookmark: _Toc64724116]Table D.8: -Multivariate Tests for Delta RBV
	

	Effect
	Value
	F
	Hypothesis df
	Error df
	Sig.

	Model 1
	Intercept
	.967
	0.25
	8.000
	58.000
	.979

	
	group 
	.508
	1.851
	24.000
	168.819
	.013

	
	LIKERT
	.966
	0.257
	8.000
	58.000
	.977

	
	group*LIKERT
	.531
	1.717
	24.000
	168.819
	.026

	Model 2
	intercept
	.868
	1.164
	8.000
	61.000
	.335

	
	group 
	.661
	1.135
	24.000
	177.520
	.311

	
	LIKERT
	.869
	1.15
	8.000
	61.000
	.344

	Model 3
	intercept
	.969
	0.248
	8.000
	62.000
	.980

	
	group
	.667
	1.128
	24.000
	180.420
	.317

	Model 4
	intercept
	.870
	1.200
	8.000
	64.000
	.314

	
	LIKERT
	.876
	1.131
	8.000
	64.000
	.355

	
	 
	 
	 
	 
	 
	 


[bookmark: _Toc48406153][bookmark: _Toc49273364]


[bookmark: _Toc64724117]Table D.9 Delta RBV:  Univariate ANCOVA tests with group as the fixed factor and Likert as the covariant reported by region of interest- Model 1.
	Dependent Variable
	GROUP

	
	P-DPN
	DPN
	DM-NN
	HV

	Delta RBV
 LThal
	Mean
	0.38
	-0.23
	-0.63
	0.52

	
	95% Confidence Interval
	Lower Bound
	-1.66
	-2.03
	-3.18
	-1.53

	
	
	Upper Bound
	2.43
	1.56
	1.93
	2.56

	p=0.49

	Delta RBV 
RThal
	Mean
	0.17
	0.14
	-0.68
	0.22

	
	95% Confidence Interval
	Lower Bound
	-1.84
	-1.63
	-3.19
	-1.79

	
	
	Upper Bound
	2.18
	1.91
	1.84
	2.23

	p=0.60

	Delta RBV
 LINS
	Mean
	1.18
	-2.03
	-0.42
	1.24

	
	95% Confidence Interval
	Lower Bound
	-1.46
	-4.35
	-3.73
	-1.40

	
	
	Upper Bound
	3.82
	0.29
	2.89
	3.89

	p=0.27

	Delta RBV
 RINS
	Mean
	0.99
	-1.26
	0.58
	-0.81

	
	95% Confidence Interval
	Lower Bound
	-2.40
	-4.24
	-3.66
	-4.21

	
	
	Upper Bound
	4.38
	1.72
	4.83
	2.59

	p=0.15

	Delta RBV 
ACC
	Mean
	0.23
	-0.63
	-0.09
	-0.18

	
	95% Confidence Interval
	Lower Bound
	-2.31
	-2.87
	-3.27
	-2.72

	
	
	Upper Bound
	2.77
	1.60
	3.08
	2.37

	p=0.60

	Delta RBV POWM
	Mean
	0.36
	-0.71
	-0.12
	0.20

	
	95% Confidence Interval
	Lower Bound
	-0.47
	-1.45
	-1.16
	-0.63

	
	
	Upper Bound
	1.19
	0.02
	0.92
	1.04

	p=0.04*

	Delta RBV
 LPSC
	Mean
	0.29
	-0.86
	0.35
	0.51

	
	95% Confidence Interval
	Lower Bound
	-0.97
	-1.96
	-1.23
	-0.75

	
	
	Upper Bound
	1.55
	0.25
	1.93
	1.78

	p=0.22

	Delta RBV
 RPSC
 
 
	Mean
	0.29
	-0.25
	0.14
	0.39

	
	95% Confidence Interval
	Lower Bound
	-1.04
	-1.42
	-1.53
	-0.95

	
	 
	Upper Bound
	1.62
	0.92
	1.80
	1.72

	p=0.01*


*significance p<0.05, no post Hoc significance. Model contains the following factors group, LIKERT and group vs LIKERT, Covariates appearing in the model are evaluated at the following values: likertscale_gad = 7.16.

	[bookmark: _Toc48406154][bookmark: _Toc49273365][bookmark: _Toc64724118]Table D.10 Delta RBV:  Linear regression of LIKERT for GROUP at POWM

	GROUP
	Unstandardized Coefficients
	R2

	F
	Sig.

	
	B
	Std. Error
	
	
	

	P-DPN
	
	(Constant)
	4.627
	1.859
	 
	
	.024

	
	
	LIKERT
	-.595
	.248
	.264
	5.744
	.029*

	DPN
	
	(Constant)
	-4.855
	2.018
	
	
	.025

	
	
	LIKERT
	.578
	.278
	.171
	4.335
	.050

	DM-NN
	
	(Constant)
	1.525
	2.948
	
	
	.615

	
	
	LIKERT
	-.230
	.390
	.031
	.347
	.568

	HV
	
	(Constant)
	-2.473
	2.478
	
	
	.332

	
	
	LIKERT
	.374
	.357
	.061
	1.098
	.309


[bookmark: _Toc431375336]*significance p<0.05
The regression slopes and their intercepts were compared by ANOVA for statistical significance. 

	[bookmark: _Toc48406155][bookmark: _Toc49273366][bookmark: _Toc64724119]Table D.11: ANOVA comparing regression slopes and intercepts for statistical significance for delta RBV-POWM and LIKERT by group

	Model
	 
	df
	F
	Sig.
	R Square Change

	 
	LIKERT_centred
	1
	4.597
	.036
	.057

	 
	Intercept_P-DPN_vs_DPN, Intercept_P-DPN_vs_DM_NN, Intercept_P-DPN_vs_HV
	3
	1.660
	.184
	.062

	 
	Slope_P-DPN_vs_DPN,
Slope_P-DPN_vs_DM_NN
Slope_P-DPN_vs_HV
	3
	3.733
	.015*
	.139

	*significance p<0.05



Then the regression slopes were compared individually to understand which interactions were of interest.

	[bookmark: _Toc48406156][bookmark: _Toc49273367][bookmark: _Toc64724120]Table D.12 Post Hoc T-tests comparing Intercepts and Slopes of regression of RBV-POWM and pain perception as measured by LIKERT for groups

	Model
	Unstandardized Coefficients
	Standardized Coefficients
	t
	Sig.

	
	B
	Std. Error
	Beta
	
	

	1
	(Constant)
	-.191
	.219
	
	-.872
	.386

	
	likert_centred
	.112
	.161
	.082
	.693
	.491

	2
	(Constant)
	.395
	.419
	
	.944
	.349

	
	likert_centred
	-.595
	.278
	-.437
	-2.144
	.036

	
	Intercept_P-DPN_vs_DPN
	-1.142
	.556
	-.287
	-2.052
	.044

	
	Intercept_P-DPN_vs_DM_NN
	-.505
	.678
	-.105
	-.745
	.459

	
	Intercept_P-DPN_vs_HV
	-.212
	.588
	-.050
	-.360
	.720

	
	Slope_P-DPN_vs_DPN
	1.173
	.368
	.541
	3.190
	.002*

	
	Slope_P-DPN_vs_DM_NN
	.365
	.621
	.079
	.588
	.558

	
	Slope_P-DPN_vs_HV
	.969
	.437
	.325
	2.216
	.030*

	*significance p<0.05



	[bookmark: _Toc48406157][bookmark: _Toc49273368]Table D.13. Regression- Dependent Variable: Delta RBV RPSC

	GROUP
	Unstandardized Coefficients
	R2
	F
	Sig.

	
	B
	Std. Error
	
	
	

	P-DPN
	
	(Constant)
	10.662
	3.999
	 
	
	.017

	
	
	LIKERT
	-1.448
	.534
	.308
	7.340
	.015*

	DPN
	
	(Constant)
	-7.470
	2.768
	
	
	.013

	
	
	LIKERT
	1.007
	.381
	.268
	7.000
	.015*

	DM-NN
	
	(Constant)
	2.533
	5.987
	
	
	.680

	
	
	LIKERT
	-.334
	.793
	.018
	0.178
	.681

	HV
	
	(Constant)
	-5.566
	3.251
	
	
	.105

	
	
	LIKERT
	.831
	.468
	.148
	3.153
	.094


*significance p<0.05

	[bookmark: _Toc48406158][bookmark: _Toc49273369][bookmark: _Toc64724121]Table D.14: ANOVA comparing regression slopes and intercepts for statistical significance for delta RBV-RPSC

	Model
	df
	F
	Sig.
	R Square Change

	likert_centred
	1
	10.606
	.002
	.124

	Intercept_P-DPN_vs_DPN, Intercept_P-DPN_vs_DM_NN, Intercept_P-DPN_vs_HV
	3
	.263
	.852
	.009

	Slope_P-DPN_vs_DPN, Slope_P-DPN_vs_DM_NN, Slope_P-DPN_vs_HV
	3
	6.567
	.001*
	.231

	*significance p<0.05



	[bookmark: _Toc48406159][bookmark: _Toc49273370][bookmark: _Toc64724122]Table D.15: Post Hoc T-Test Comparisons of Regression Intercepts and slopes for Delta RBV-RPSC

	Model
	Unstandardized Coefficients
	Standardized Coefficients
	t
	Sig.

	
	B
	Std. Error
	Beta
	
	

	1
	(Constant)
	-.057
	.360
	 
	-.157
	.876

	
	likert_centred
	.108
	.266
	.048
	.406
	.686

	2
	(Constant)
	.371
	.670
	 
	.553
	.582

	
	likert_centred
	-1.448
	.445
	-.646
	-3.257
	.002

	
	Intercept_P-DPN_vs_DPN
	-.680
	.891
	-.104
	-.763
	.448

	
	Intercept_P-DPN_vs_DM_NN
	-.216
	1.086
	-.027
	-.199
	.843

	
	Intercept_P-DPN_vs_HV
	-.028
	.941
	-.004
	-.030
	.976

	
	Slope_P-DPN_vs_DPN
	2.455
	.589
	.689
	4.169
	.000*

	
	Slope_P-DPN_vs_DM_NN
	1.113
	.994
	.146
	1.120
	.267

	
	Slope_P-DPN_vs_HV
	2.279
	.700
	.465
	3.255
	.002*

	*significance p<0.05



	[bookmark: _Toc48406160][bookmark: _Toc49273371][bookmark: _Toc64724123]Table D.16: -Multivariate Tests for Delta RBF  and Region of Interest Model 1-4

	Statistic Wilks lambda
	Value
	F
	Hypothesis df
	Error df
	Sig.

	Model 1
	Intercept
	.885
	0.938
	8.000
	58.000
	.493

	
	group 
	.628
	1.223
	24.000
	168.819
	.229

	
	Likert
	.884
	0.952
	8.000
	58.000
	.482

	
	group*Likert
	.667
	1.055
	24.000
	168.819
	.401

	Model 2
	intercept
	.755
	2.474
	8.000
	61.000
	.022

	
	group 
	.676
	1.07
	24.000
	177.520
	.383

	
	Likert
	.758
	2.43
	8.000
	61.000
	.024

	Model 3
	intercept
	.971
	0.231
	8.000
	62.000
	.984

	
	group
	.679
	1.072
	24.000
	180.420
	.380

	Model 4
	intercept
	.752
	2.634
	8.000
	64.000
	.015

	
	Likert
	.762
	2.496
	8.000
	64.000
	.020

	
	 
	 
	 
	 
	 
	 


[bookmark: _Toc48406161]
[bookmark: _Toc49273372][bookmark: _Toc64724124]Table D.17: Univariate ANCOVA comparing delta-RBF - reported by region of interest- Model 1
	Dependent Variable
	GROUP

	
	P-DPN
	DPN
	DM-NN
	HV

	Delta RBF LThal
	Mean
	5.90
	3.00
	-20.79
	10.32

	
	95% Confidence Interval
	Lower Bound
	-12.76
	-13.42
	-44.15
	-8.37

	
	
	Upper Bound
	24.56
	19.41
	2.57
	29.02

	p=0.3

	Delta RBF RThal
	Mean
	2.40
	4.85
	-21.29
	10.46

	
	95% Confidence Interval
	Lower Bound
	-17.98
	-13.08
	-46.80
	-9.96

	
	
	Upper Bound
	22.78
	22.78
	4.23
	30.88

	p=0.53

	Delta RBF LINS
	Mean
	18.85
	-35.74
	-26.40
	32.60

	
	95% Confidence Interval
	Lower Bound
	-19.69
	-69.64
	-74.65
	-6.01

	
	
	Upper Bound
	57.40
	-1.84
	21.86
	71.21

	p=0.04b

	Delta RBF RINS
	Mean
	11.26
	-12.32
	-32.73
	21.78

	
	95% Confidence Interval
	Lower Bound
	-27.38
	-46.31
	-81.10
	-16.93

	
	
	Upper Bound
	49.90
	21.67
	15.64
	60.49

	p=0.05

	Delta RBF ACC
	Mean
	5.25
	-15.51
	-17.06
	3.02

	
	95% Confidence Interval
	Lower Bound
	-30.99
	-47.40
	-62.44
	-33.29

	
	
	Upper Bound
	41.50
	16.37
	28.31
	39.34

	p=0.78

	Delta RBF POWM
	Mean
	0.54
	-3.02
	-5.47
	1.98

	
	95% Confidence Interval
	Lower Bound
	-7.93
	-10.48
	-16.08
	-6.51

	
	
	Upper Bound
	9.01
	4.43
	5.13
	10.47

	p=0.30

	Delta RBF LPSC
	Mean
	0.17
	-4.80
	-10.00
	7.45

	
	95% Confidence Interval
	Lower Bound
	-13.28
	-16.64
	-26.84
	-6.03

	
	
	Upper Bound
	13.62
	7.03
	6.84
	20.92

	p=0.49

	Delta RBF RPSC
	Mean
	-1.18
	-2.02
	-10.77
	7.28

	
	95% Confidence Interval
	Lower Bound
	-15.47
	-14.59
	-28.66
	-7.04

	
	
	Upper Bound
	13.11
	10.54
	7.11
	21.59

	p=0.19


a. Covariates appearing in the model are evaluated at the following values: likertscale_gad = 7.16. Post hoc Multiple Comparisons by Šidak method: b. no significant difference in post hoc multiple comparisons. aModel contains the following factors group, LIKERT and group vs LIKERT
[bookmark: _Toc48406102][bookmark: _Toc49273250]

[bookmark: _Toc64724239]Figure D.2. 95% Confidence intervals for the Group means and Regions of Interest for Delta RBF (ml/min) Adjusted for LIKERT

[image: ]	Comment by Tesfaye, Solomon (Diabetes): Send to the appendix

*p<0.05, Delta RBF is zero or positive for P-DPN across the ROI, indicating that where positive- the experimental stimulus may be stimulating a measurable neurovascular coupling response.  The figure shows a significant difference for Delta RBF at the LINS but there is no difference in post Hoc comparisons.  There is no overall group effect, but there is an effect of LIKERT- indicating that a greater value of RBF correlates with a greater value of LIKERT across all groups.  

[bookmark: _Toc48406162][bookmark: _Toc49273373][bookmark: _Toc64724125]Table D.18: -Multivariate Tests for Delta MTT and Region of Interest Model 1-4
	

	Statistic: Wilks lambda
	Value
	F
	Hypothesis df
	Error df
	Sig.

	Model 1
	Intercept
	.883
	0.964
	8.000
	58.000
	.473

	
	group 
	.658
	1.092
	24.000
	168.819
	.358

	
	Likert
	.901
	0.794
	8.000
	58.000
	.610

	
	group*Likert
	.690
	0.961
	24.000
	168.819
	.520

	Model 2
	intercept
	.912
	0.733
	8.000
	61.000
	.662

	
	group 
	.728
	0.857
	24.000
	177.520
	.660

	
	Likert
	.919
	0.67
	8.000
	61.000
	.716

	Model 3
	intercept
	.859
	1.273
	8.000
	62.000
	.274

	
	group
	.747
	0.796
	24.000
	180.420
	.738

	Model 4
	intercept
	.936
	0.543
	8.000
	64.000
	.820

	
	Likert
	.943
	0.480
	8.000
	64.000
	.866

	
	 
	 
	 
	 
	 
	 



[bookmark: _Toc49273374][bookmark: _Toc64724126]Table D.19: Univariate ANCOVA comparing delta-MTT - reported by region of interest- Model 1
	Dependent Variable
	GROUP

	
	P-DPN
	DPN
	DM-NN
	HV

	Delta MTT LThal
	Mean
	0.00
	-0.23
	-0.39
	-0.39

	
	95% Confidence Interval
	Lower Bound
	-0.67
	-1.06
	-0.37
	-1.06

	
	
	Upper Bound
	0.67
	0.28
	1.31
	0.28

	p=0.86

	Delta MTT RThal
	Mean
	0.05
	-0.16
	0.59
	-0.48

	
	95% Confidence Interval
	Lower Bound
	-0.62
	-0.74
	-1.15
	-1.15

	
	
	Upper Bound
	0.72
	0.43
	0.19
	0.19

	p=0.59

	Delta MTT LINS
	Mean
	0.15
	0.03
	0.58
	-0.35

	
	95% Confidence Interval
	Lower Bound
	-0.34
	-0.40
	-0.03
	-0.85

	
	
	Upper Bound
	0.65
	0.47
	1.20
	0.14

	p=0.27

	Delta MTT RINS
	Mean
	0.16
	-0.13
	0.87
	-0.21

	
	95% Confidence Interval
	Lower Bound
	-0.35
	-0.57
	0.24
	-0.72

	
	
	Upper Bound
	0.67
	0.32
	1.51
	0.30

	p=0.19

	Delta MTT ACC

	Mean
	0.39
	-0.05
	0.66
	-0.27

	
	95% Confidence Interval
	Lower Bound
	-0.30
	-0.66
	-0.22
	-0.97

	
	
	Upper Bound
	1.09
	0.56
	1.53
	0.42

	p=0.33

	Delta MTT POWM
	Mean
	0.36
	-0.71
	-0.12
	0.20

	
	95% Confidence Interval
	Lower Bound
	-0.47
	-1.45
	-1.16
	-0.63

	
	
	Upper Bound
	1.19
	0.02
	0.92
	1.04

	p=0.04*

	Delta MTT LPSC
	Mean
	0.16
	-0.11
	0.76
	-0.22

	
	95% Confidence Interval
	Lower Bound
	-0.48
	-0.67
	-0.04
	-0.86

	
	
	Upper Bound
	0.79
	0.45
	1.55
	0.41

	p=0.51

	Delta MTT RPSC
	Mean
	0.19
	-0.03
	0.82
	-0.04

	
	95% Confidence Interval
	Lower Bound
	-0.45
	-0.59
	0.03
	-0.68

	
	
	Upper Bound
	0.83
	0.53
	1.62
	0.60

	p=0.57


*no post Hoc significance.  Model contains the following factors group, LIKERT and group vs LIKERT, Covariates appearing in the model are evaluated at the following values: likertscale_gad = 7.16.
[bookmark: _Toc48406103][bookmark: _Toc49273251]
[bookmark: _Toc64724240]Figure D.3. 95% Confidence intervals for the Group means and Regions of Interest for Delta MTT(s) Adjusted for LIKERT
[image: ]	Comment by Tesfaye, Solomon (Diabetes): To the appendix
Figure shows that Delta MTT trend for the P-DPN group is zero or longer across the regions of interest- indicating that perhaps RBV has increased disproportionately to the RBF, and caused a slower MTT. There is a significant difference between groups at the POWM but there is no post hoc significance. There is no overall group difference by multivariate ANOVA.

[bookmark: _Toc48406163][bookmark: _Toc49273375][bookmark: _Toc64724127]Table D.20: Multivariate Tests for Delta TTP and Region of Interest Model 1-4
	

	Effect
	Value
	F
	Hypothesis df
	Error df
	Sig.

	Model 1
	Intercept
	.776
	2.091
	8.000
	58.000
	.051

	
	group
	.673
	1.028
	24.000
	168.819
	.433

	
	Likert
	.756
	2.337
	8.000
	58.000
	.030

	
	group*Likert
	.635
	1.19
	24.000
	168.819
	.257

	Model 2
	intercept
	.730
	2.825
	8.000
	61.000
	.010

	
	group
	.763
	0.724
	24.000
	177.520
	.823

	
	Likert
	.716
	3.025
	8.000
	61.000
	.006

	Model 3
	intercept
	.900
	0.862
	8.000
	62.000
	.553

	
	group
	.778
	0.678
	24.000
	180.420
	.869

	Model 4
	intercept
	.746
	2.725
	8.000
	64.000
	.012

	
	Likert
	.731
	2.948
	8.000
	64.000
	.007

	
	
	 
	 
	 
	 
	 



[bookmark: _Toc48406164][bookmark: _Toc49273376][bookmark: _Toc64724128]Table D.21 Delta TTP:  Linear regression of pain perception as measured by Likert scale for Left Thalamus reporting coefficientsa.
	Group
	Unstandardized Coefficients
	Standardized Coefficients
	t
	Sig.

	
	B
	Std. Error
	Beta
	
	

	P-DPN
	1
	(Constant)
	-.672
	1.051
	 
	-.640
	.531

	
	
	likertscale_gad
	.163
	.140
	.278
	1.160
	.263

	DPN
	1
	(Constant)
	.397
	.988
	 
	.402
	.692

	
	
	likertscale_gad
	-.080
	.136
	-.127
	-.587
	.564

	DM-NN
	1
	(Constant)
	.254
	1.923
	 
	.132
	.897

	
	
	likertscale_gad
	-.040
	.255
	-.047
	-.157
	.878

	HV
	1
	(Constant)
	3.894
	1.599
	 
	2.435
	.026

	
	
	likertscale_gad
	-.603
	.230
	-.536
	-2.619
	.018

	a. Dependent Variable: Δ_TTP_LThal



[bookmark: _Toc48406165][bookmark: _Toc49273377][bookmark: _Toc64724129]Table D.22: ANOVA comparing regression slopes and intercepts for statistical significance for delta TTP_LThal
	

	Model
	df
	F
	Sig.
	R Square Change

	likert_centred
	1
	1.067
	.306a
	.013

	Intercept_P-DPN_vs_DPN, Intercept_P-DPN_vs_DM_NN, Intercept_P-DPN_vs_HV
	3
	2.508
	.067a
	.091

	Slope_P-DPN_vs_DPN, Slope_P-DPN_vs_DM_NN, Slope_P-DPN_vs_HV
	3
	3.230
	.028a
	.117

	a. Tested against the full model.



[bookmark: _Toc48406166][bookmark: _Toc49273378][bookmark: _Toc64724130]Table D.23: Post Hoc T-Test Comparisons of Regression Intercepts and slopes for Delta TTP-L-thal
	

	Model
	Unstandardized Coefficients
	Standardized Coefficients
	t
	Sig.

	
	B
	Std. Error
	Beta
	
	

	1
	(Constant)
	.012
	.126
	 
	.093
	.926

	
	likert_centred
	-.085
	.093
	-.108
	-.917
	.362

	2
	(Constant)
	.486
	.238
	 
	2.042
	.045

	
	likert_centred
	.163
	.158
	.208
	1.033
	.306

	
	Intercept_P-DPN_vs_DPN
	-.655
	.316
	-.286
	-2.073
	.042

	
	Intercept_P-DPN_vs_DM_NN
	-.516
	.385
	-.186
	-1.339
	.185

	
	Intercept_P-DPN_vs_HV
	-.877
	.334
	-.362
	-2.627
	.011

	
	Slope_P-DPN_vs_DPN
	-.243
	.209
	-.194
	-1.161
	.250

	
	Slope_P-DPN_vs_DM_NN
	-.203
	.353
	-.076
	-.575
	.567

	
	Slope_P-DPN_vs_HV
	-.766
	.248
	-.446
	-3.083
	.003



[bookmark: _Toc48406167][bookmark: _Toc49273379][bookmark: _Toc64724131]Table D.24 Delta TTP:  Linear regression of pain perception as measured by Likert scale for Right Thalamus reporting coefficients.
	GROUP
	Unstandardized Coefficients
	Standardized Coefficients
	t
	Sig.

	
	B
	Std. Error
	Beta
	
	

	P-DPN
	1
	(Constant)
	-.745
	1.091
	 
	-.683
	.504

	
	
	likertscale_gad
	.184
	.146
	.301
	1.264
	.224

	DPN
	1
	(Constant)
	1.333
	1.128
	 
	1.182
	.251

	
	
	likertscale_gad
	-.209
	.155
	-.282
	-1.346
	.193

	DM-NN
	1
	(Constant)
	.323
	2.009
	 
	.161
	.875

	
	
	likertscale_gad
	-.040
	.266
	-.045
	-.150
	.883

	HV
	1
	(Constant)
	4.449
	1.358
	 
	3.276
	.004

	
	
	likertscale_gad
	-.693
	.196
	-.652
	-3.541
	.003

	a. Dependent Variable: Δ_TTP_RThal



[bookmark: _Toc48406168][bookmark: _Toc49273380][bookmark: _Toc64724132]Table D.25: ANOVA comparing regression slopes and intercepts for statistical significance for delta TTP RThal
	Model
	df
	F
	Sig.
	R Square Change

	likert_centred
	1
	1.341
	.251a
	.015

	Intercept_P-DPN_vs_DPN, Intercept_P-DPN_vs_DM_NN, Intercept_P-DPN_vs_HV
	3
	3.350
	.024a
	.112

	Slope_P-DPN_vs_DPN, Slope_P-DPN_vs_DM_NN, Slope_P-DPN_vs_HV
	3
	4.166
	.009a
	.139

	a. Tested against the full model.
	 
	 
	 
	 



[bookmark: _Toc48406169][bookmark: _Toc49273381][bookmark: _Toc64724133]Table D.26: Post-Hoc T-Test Comparisons of Regression Intercepts and slopesa for Delta TTP-R-thal
	Model
	Unstandardized Coefficients
	Standardized Coefficients
	t
	Sig.

	
	B
	Std. Error
	Beta
	
	

	1
	(Constant)
	.038
	.131
	 
	.291
	.772

	
	likert_centred
	-.141
	.096
	-.171
	-1.464
	.148

	2
	(Constant)
	.564
	.240
	 
	2.353
	.022

	
	likert_centred
	.184
	.159
	.223
	1.158
	.251

	
	Intercept_P-DPN_vs_DPN
	-.716
	.319
	-.298
	-2.248
	.028

	
	Intercept_P-DPN_vs_DM_NN
	-.525
	.388
	-.180
	-1.353
	.181

	
	Intercept_P-DPN_vs_HV
	-1.038
	.337
	-.408
	-3.082
	.003

	
	Slope_P-DPN_vs_DPN
	-.393
	.211
	-.300
	-1.866
	.067

	
	Slope_P-DPN_vs_DM_NN
	-.224
	.356
	-.080
	-.630
	.531

	
	Slope_P-DPN_vs_HV
	-.877
	.250
	-.486
	-3.501
	.001


[bookmark: _Toc48406170][bookmark: _Toc49273382]


[bookmark: _Toc64724134]Table D.27 Delta TTP:  Linear regression of pain perception as measured by Likert scale for Left Insula reporting co-efficientsa.

	GROUP
	Unstandardized Coefficients
	Standardized Coefficients
	t
	Sig.

	
	B
	Std. Error
	Beta
	
	

	P-DPN
	1
	(Constant)
	-1.147
	1.045
	 
	-1.097
	.289

	
	
	likertscale_gad
	.220
	.140
	.366
	1.575
	.135

	DPN
	1
	(Constant)
	.022
	1.069
	 
	.021
	.984

	
	
	likertscale_gad
	-.014
	.147
	-.020
	-.092
	.928

	DM-NN
	1
	(Constant)
	.626
	1.726
	 
	.363
	.724

	
	
	likertscale_gad
	-.065
	.229
	-.085
	-.284
	.781

	HV
	1
	(Constant)
	3.941
	1.368
	 
	2.881
	.010

	
	
	likertscale_gad
	-.612
	.197
	-.602
	-3.108
	.006

	a. Dependent Variable: Δ_TTP_LINS



[bookmark: _Toc48406171][bookmark: _Toc49273383][bookmark: _Toc64724135]Table D.28: ANOVA comparing regression slopes and intercepts for statistical significance for delta TTP LINS
	Model
	df
	F
	Sig.
	R Square Change

	likert_centred
	1
	2.093
	.153a
	.025

	Intercept_P-DPN_vs_DPN, Intercept_P-DPN_vs_DM_NN, Intercept_P-DPN_vs_HV
	3
	2.351
	.080a
	.084

	Slope_P-DPN_vs_DPN, Slope_P-DPN_vs_DM_NN, Slope_P-DPN_vs_HV
	3
	4.135
	.010a
	.148

	a. Tested against the full model.



[bookmark: _Toc48406172][bookmark: _Toc49273384][bookmark: _Toc64724136]Table D.29: Post Hoc T-Test Comparisons of Regression Intercepts and slopesa for Delta TTP LINS
	Model
	Unstandardized Coefficients
	Standardized Coefficients
	t
	Sig.

	
	B
	Std. Error
	Beta
	
	

	1
	(Constant)
	.054
	.122
	 
	.445
	.658

	
	likert_centred
	-.041
	.090
	-.054
	-.453
	.652

	2
	(Constant)
	.417
	.229
	 
	1.819
	.073

	
	likert_centred
	.220
	.152
	.289
	1.447
	.153

	
	Intercept_P-DPN_vs_DPN
	-.491
	.305
	-.221
	-1.612
	.112

	
	Intercept_P-DPN_vs_DM_NN
	-.253
	.371
	-.094
	-.682
	.498

	
	Intercept_P-DPN_vs_HV
	-.827
	.322
	-.352
	-2.569
	.012

	
	Slope_P-DPN_vs_DPN
	-.234
	.201
	-.193
	-1.159
	.251

	
	Slope_P-DPN_vs_DM_NN
	-.285
	.340
	-.110
	-.838
	.405

	
	Slope_P-DPN_vs_HV
	-.832
	.239
	-.500
	-3.474
	.001

	a. Dependent Variable: Δ_TTP_LINS




[bookmark: _Toc48406173][bookmark: _Toc49273385][bookmark: _Toc64724137]Table D.30 Delta TTP:  Linear regression of pain perception as measured by Likert scale for Left Primary Sensory Cortex reporting co-efficientsa.

	GROUP
	Unstandardized Coefficients
	Standardized Coefficients
	t
	Sig.

	
	B
	Std. Error
	Beta
	
	

	P-DPN
	1
	(Constant)
	-.277
	1.120
	 
	-.247
	.808

	
	
	likertscale_gad
	.115
	.150
	.189
	.769
	.453

	DPN
	1
	(Constant)
	1.824
	1.088
	 
	1.676
	.108

	
	
	likertscale_gad
	-.247
	.150
	-.339
	-1.649
	.114

	DM-NN
	1
	(Constant)
	1.038
	2.386
	 
	.435
	.672

	
	
	likertscale_gad
	-.120
	.316
	-.114
	-.380
	.711

	HV
	1
	(Constant)
	4.405
	1.616
	 
	2.727
	.014

	
	
	likertscale_gad
	-.690
	.233
	-.584
	-2.966
	.009

	a. Dependent Variable: Δ_TTP_LPSC




[bookmark: _Toc48406174][bookmark: _Toc49273386][bookmark: _Toc64724138]Table D.31: ANOVA comparing regression slopes and intercepts for statistical significance for delta TTP_LPSC
	Model
	df
	F
	Sig.
	R Square Change

	likert_centred
	1
	.458
	.501a
	.005

	Intercept_P-DPN_vs_DPN, Intercept_P-DPN_vs_DM_NN, Intercept_P-DPN_vs_HV
	3
	2.857
	.044a
	.100

	Slope_P-DPN_vs_DPN, Slope_P-DPN_vs_DM_NN, Slope_P-DPN_vs_HV
	3
	3.057
	.034a
	.107

	a. Tested against the full model.
	 
	 
	 
	 



[bookmark: _Toc48406175][bookmark: _Toc49273387][bookmark: _Toc64724139]Table D.32: Post Hoc T-Test Comparisons of Regression Intercepts and slopesa for Delta TTP LPSC 
	Model
	Unstandardized Coefficients
	Standardized Coefficients
	t
	Sig.

	1
	(Constant)
	.114
	.135
	 
	.844
	.401

	
	likert_centred
	-.180
	.100
	-.210
	-1.806
	.075

	2
	(Constant)
	.541
	.256
	 
	2.110
	.039

	
	likert_centred
	.115
	.170
	.134
	.677
	.501

	
	Intercept_P-DPN_vs_DPN
	-.471
	.340
	-.188
	-1.384
	.171

	
	Intercept_P-DPN_vs_DM_NN
	-.355
	.415
	-.117
	-.856
	.395

	
	Intercept_P-DPN_vs_HV
	-1.040
	.360
	-.392
	-2.890
	.005

	
	Slope_P-DPN_vs_DPN
	-.362
	.225
	-.265
	-1.607
	.113

	
	Slope_P-DPN_vs_DM_NN
	-.235
	.380
	-.081
	-.618
	.538

	
	Slope_P-DPN_vs_HV
	-.805
	.268
	-.428
	-3.008
	.004



[bookmark: _Toc48406176][bookmark: _Toc49273388][bookmark: _Toc64724140]Table D.33 Delta TTP:  Linear regression of pain perception as measured by Likert scale for Right Primary Sensory Cortex reporting co-efficients
	GROUP
	Unstandardized Coefficients
	Standardized Coefficients
	t
	Sig.

	
	B
	Std. Error
	Beta
	
	

	P-DPN
	1
	(Constant)
	-.211
	1.107
	 
	-.191
	.851

	
	
	likertscale_gad
	.120
	.148
	.199
	.814
	.427

	DPN
	1
	(Constant)
	1.724
	1.158
	 
	1.488
	.152

	
	
	likertscale_gad
	-.228
	.159
	-.298
	-1.433
	.167

	DM-NN
	1
	(Constant)
	1.841
	2.338
	 
	.788
	.448

	
	
	likertscale_gad
	-.225
	.310
	-.214
	-.727
	.483

	HV
	1
	(Constant)
	4.052
	1.447
	 
	2.801
	.012

	
	
	likertscale_gad
	-.638
	.208
	-.596
	-3.061
	.007

	a. Dependent Variable: Δ_TTP_RPSC



[bookmark: _Toc48406177][bookmark: _Toc49273389][bookmark: _Toc64724141]Table D.34: ANOVA comparing regression slopes and intercepts for statistical significance for delta TTP_LPSC
	Model
	df
	F
	Sig.
	R Square Change

	likert_centred
	1
	.518
	.474a
	.006

	Intercept_P-DPN_vs_DPN, Intercept_P-DPN_vs_DM_NN, Intercept_P-DPN_vs_HV
	3
	3.436
	.022a
	.119

	Slope_P-DPN_vs_DPN, Slope_P-DPN_vs_DM_NN, Slope_P-DPN_vs_HV
	3
	2.778
	.048a
	.097

	a. Tested against the full model.
	 
	 
	 
	 



[bookmark: _Toc48406178][bookmark: _Toc49273390][bookmark: _Toc64724142]Table D.35: Post Hoc T-Test Comparisons of Regression Intercepts and slopesa for Delta TTP LPSC 
	Model
	Unstandardized Coefficients
	Standardized Coefficients
	t
	Sig.

	
	B
	Std. Error
	Beta
	
	

	1
	(Constant)
	.153
	.134
	 
	1.143
	.257

	
	likert_centred
	-.166
	.099
	-.196
	-1.683
	.097

	2
	(Constant)
	.645
	.252
	 
	2.558
	.013

	
	likert_centred
	.120
	.167
	.142
	.720
	.474

	
	Intercept_P-DPN_vs_DPN
	-.545
	.335
	-.220
	-1.627
	.109

	
	Intercept_P-DPN_vs_DM_NN
	-.403
	.408
	-.134
	-.987
	.327

	
	Intercept_P-DPN_vs_HV
	-1.125
	.354
	-.429
	-3.178
	.002

	
	Slope_P-DPN_vs_DPN
	-.349
	.222
	-.258
	-1.574
	.120

	
	Slope_P-DPN_vs_DM_NN
	-.345
	.374
	-.120
	-.924
	.359

	
	Slope_P-DPN_vs_HV
	-.758
	.263
	-.408
	-2.878
	.005


a. Dependent Variable: Δ_TTP_RPSC

[bookmark: _Toc48406104][bookmark: _Toc49273252][bookmark: _Toc64724241]Figure D.4. Scatter plot of LIKERT vs TTP LThal 
[image: A screenshot of a video game

Description automatically generated]
*Post Hoc T-Test Comparisons of Regression slopes a for Delta TTP L-thal: P-DPN vs HV .003
Figure shows that the regression slopes are significantly different for P-DPN which is positive and HV which is significantly negative

[bookmark: _Toc48406105][bookmark: _Toc49273253][bookmark: _Toc64724242]Figure D.5. Scatter plot of Likert scale vs Delta TTP LPS by group with Correlation
[image: A screenshot of a computer

Description automatically generated]
P-DPN vs HV (p=.004)

[bookmark: _Toc48406179][bookmark: _Toc49273391][bookmark: _Toc64724143]Table D.36 : Correlation between Delta TTP and RBV, RBF, MTT at the RThal
	
	Group
	Delta RBV RThal
	Delta RBF RThal
	Delta MTT RThal

	Delta TTP RThal
	
	R
	Sig
	R
	Sig
	R
	Sig

	
	P-DPN
	-0.24
	0.336
	-0.532
	0.023*
	0.333
	0.177



[bookmark: _Toc48406106][bookmark: _Toc49273254][bookmark: _Toc64724243]Figure D.6 Scatter plot of Delta RBF vs Delta TTP at the RThal for the P-DPN group
[image: A close up of a map

Description automatically generated] 

[bookmark: _Toc48406180][bookmark: _Toc49273392][bookmark: _Toc64724144]Table D.37 : Correlation between Delta TTP and RBV, RBF, MTT at the LINS
	
	Group
	Delta RBV LINS
	Delta RBF LINS
	Delta MTT LINS

	Delta TTP LINS
	
	R
	Sig
	R
	Sig
	R
	Sig

	
	P-DPN
	-0.11
	0.665
	-0.35
	0.155
	0.611
	0.007*


[bookmark: _Toc48406107][bookmark: _Toc49273255]


[bookmark: _Toc64724244]Figure D.7 Scatter plot of Delta MTT vs Delta TTP  at the RINS for the P-DPN
[bookmark: _Toc64724245] group
[image: A close up of a map

Description automatically generated] 

[bookmark: _Toc48406181][bookmark: _Toc49273393][bookmark: _Toc64724145]Table D.38 : Correlation between Delta TTP and RBV, RBF, MTT at the LINS
	
	Delta RBV LPSC
	Delta RBF LPSC
	Delta MTT LPSC

	Delta TTP LPSC
	R
	Sig
	R
	Sig
	R
	Sig

	
	-0.306
	0.216
	-0.525
	0.025*
	0.369
	0.132



[bookmark: _Toc64724246][bookmark: _Toc48406108][bookmark: _Toc49273256]Figure D.8 Scatter plot of Delta RBF vs Delta TTP at the LPSC for the P-DPN
[bookmark: _Toc64724247] group

[image: A close up of a map
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[bookmark: _Toc48406182][bookmark: _Toc49273394]
[bookmark: _Toc64724146]Table D.39: Correlation between Delta TTP and RBV, RBF, MTT at the RPSC
	
	Group
	Delta RBV RPSC
	Delta RBF RPSC
	Delta MTT RPSC

	Delta TTP
 RPSC
	
	R
	Sig.
	R
	Sig. 
	P
	Sig. 

	
	P-DPN
	-0.315
	0.202
	-0.603
	0.008*
	0.267
	0.283



[bookmark: _Toc48406109][bookmark: _Toc49273257][bookmark: _Toc64724248]Figure D.9 Scatter plot of Delta RBF vs Delta TTP at the RPSC for the P-DPN group
[image: A close up of a map

Description automatically generated] 


[bookmark: _Toc48406183][bookmark: _Toc49273395][bookmark: _Toc64724147]Table D.40: Descriptive statistics and ANOVA for characteristics of the groups including the subgroups P+ and P- of the P-DPN group.

	
	
	P+
	P-
	DPN
	DM-NN
	HV

	Age
	N
	10
	9
	23
	13
	19

	
	Mean
	52.2
	50.4
	60.8
	52.9
	54.3

	
	Std. Deviation
	9.4
	8.8
	8.2
	13.2
	9.5

	p=.031

	BMI
	N
	10
	9
	23
	13
	19

	
	Mean
	26.8
	26.7
	27
	23.7
	27

	
	Std. Deviation
	3.5
	5.7
	5.6
	4.3
	4.3

	p=.324

	Diabetes duration
	N
	10
	9
	23
	13
	.

	
	Mean
	25.8
	25.1
	35.7
	29.3
	.

	
	Std. Deviation
	11.7
	11.3
	10.4
	17.7
	.

	p=.890

	eGFR
	N
	10
	9
	23
	13
	19

	
	Mean
	80.2
	84.6
	84.2
	84.6
	84.1

	
	Std. Deviation
	14.3
	8
	9.5
	8.5
	8.5

	p=.814

	Hba1c
	N
	10
	9
	23
	13
	.

	
	Mean
	79.9
	75.1
	67
	58.7
	.

	
	Std. Deviation
	20.9
	24.3
	12.1
	9.2
	.

	p=.013

	NISLL+7
	N
	10
	9
	23
	13
	19

	
	Mean
	36.7
	38.1
	25.9
	1.5
	1

	
	Std. Deviation
	22.4
	18.1
	17.9
	1.7
	1.4

	p<.001

	V3 Pulse
	N
	10
	9
	23
	13
	19

	
	Mean
	79.4
	80
	76.7
	69
	76.7

	
	Std. Deviation
	14.8
	15.3
	11.2
	8.1
	8.5

	p=.135

	V3-BP- S
	N
	10
	9
	23
	13
	19

	
	Mean
	132.9
	119.9
	134.2
	137.3
	126.9

	
	Std. Deviation
	15.4
	11.7
	17.3
	29.8
	16.4

	p=.208

	V3-BP- D
	N
	10
	9
	23
	13
	19

	
	Mean
	82.4
	77
	80.8
	87.2
	87.9

	
	Std. Deviation
	9.5
	8.3
	9
	15.1
	11.7

	p=.069

	V3-BG-A
	N
	10
	9
	23
	13
	.

	
	Mean
	12.6
	13
	11.4
	13.6
	.

	
	Std. Deviation
	4.5
	4.4
	4.2
	4.6
	.

	p=.479

	V3-BG-D
	N
	8
	7
	19
	9
	0

	
	Mean
	9
	11.8
	9.4
	10.3
	.

	
	Std. Deviation
	2.6
	5.1
	4.8
	2.7
	.

	p=.542

	LIKERT
	N
	10
	9
	23
	13
	19

	
	Mean
	7.4
	6.8
	7.1
	7.5
	6.8

	
	Std. Deviation
	1.8
	1.8
	1.6
	0.9
	1.2

	p=.705

	Scan temp.
	N
	10
	9
	23
	13
	19

	
	Mean
	45.4
	46.2
	45.4
	45.5
	46

	
	Std. Deviation
	1.2
	0.4
	1.4
	1.2
	0.8

	p=.156




[bookmark: _Toc49273396][bookmark: _Toc64724148]Table D.41: Depression does not explain magnitude or direction of Delta TTP: ANOVA for depression scores of the groups including the subgroups P+ and P- of the P-DPN group adjusted for BDI score
	Dependent variable
	df
	F
	significance

	Delta_TTP_LThal
	4,64
	1.101
	0.364

	Delta_TTP_RThal
	4,64
	1.417
	0.239

	Delta_TTP_LINS
	4,64
	0.96
	0.436

	Delta_TTP_RINS
	4,64
	1.225
	0.31

	Delta_TTP_ACC
	4,64
	0.987
	0.422

	Delta_TTP_POWM
	4,64
	2.001
	0.106

	Delta_TTP_LPSC
	4,64
	1.09
	0.37

	Delta_TTP_RPSC
	4,64
	1.457
	0.227

	Covariates appearing in the model are evaluated at the following values: BDI = 9.26.a


BDI=Becks depression inventory

[bookmark: _Toc49273397][bookmark: _Toc64724149]Table D.42: Depression does not explain magnitude or direction of Delta TTP: ANOVA for Delta TTP comparing subjects with moderate-severe depression to subjects with mild or no depression

	Dependent variable
	df
	F
	significance

	
	
	
	

	Delta TTP_LThal
	1,64
	0.467
	0.497

	Delta TTP_RThal
	1,64
	0.292
	0.591

	Delta _TTP_LINS
	1,64
	0.481
	0.49

	Delta _TTP_RINS
	1,64
	0.264
	0.609

	Delta _TTP_ACC
	1,64
	0.137
	0.712

	Delta _TTP_POWM
	1,64
	0.749
	0.39

	Delta _TTP_LPSC
	1,64
	0
	0.993

	Delta _TTP_RPSC
	1,64
	0.132
	0.718

	Delta _RBV_POWM
	1,64
	0.55
	0.461

	Delta _RBV_RPSC
	1,64
	0.076
	0.784


Subjects who scored less than 19 on the BDI were compared with subjects who scored 20 or more on the Becks depression inventory

[bookmark: _Toc49273398][bookmark: _Toc64724150]Table D.43: Depression does not explain magnitude or direction of Delta TTP: Descriptive statistics for Delta TTP comparing subjects with moderate-severe depression to subjects with mild or no depression

	
	Depression none-mild
	Depression moderate to severe

	
	M
	SD
	N
	M
	SD
	N

	Delta TTP_LThal
	-0.03
	1.06
	55.00
	0.23
	1.24
	10.00

	Delta TTP_RThal
	-0.01
	1.12
	55.00
	0.20
	1.27
	10.00

	Delta TTP_LINS
	0.02
	0.95
	55.00
	0.26
	1.29
	10.00

	Delta _TTP_RINS
	0.07
	0.95
	55.00
	0.25
	1.23
	10.00

	Delta _TTP_ACC
	-0.03
	1.58
	55.00
	0.16
	1.19
	10.00

	Delta _TTP_POWM
	0.06
	1.26
	55.00
	0.46
	1.71
	10.00

	Delta _TTP_LPSC
	0.12
	1.22
	55.00
	0.12
	1.30
	10.00

	Delta _TTP_RPSC
	0.13
	1.21
	55.00
	0.28
	1.18
	10.00

	Delta _RBV_POWM
	-0.32
	1.93
	55.00
	0.15
	1.34
	10.00

	Delta _RBV_RPSC
	-0.14
	3.08
	55.00
	0.15
	3.28
	10.00











[bookmark: _Toc48540086][bookmark: _Toc49272029][bookmark: _Toc64723984]Appendix E: Supplementary Results Tables for Chapter 6
[bookmark: _Toc49273399][bookmark: _Toc64724151]Table E.1 Test of Homogeneity of Variances- Levene’s statistic for ANOVA comparing group means for Metabolite ratios

	

	 
	Levene Statistic
	df1
	df2
	Sig.

	NAA/Creatine
	1.184
	3
	68
	.322

	Cho/Creatine
	.877
	3
	68
	.457

	NAA/Choline
	.400
	3
	68
	.753



[bookmark: _Toc49273400][bookmark: _Toc64724152]Table E.2. Planned Contrast Coefficients for Spectroscopy Comparisons between groups
	
	Contrast Coefficients

	Contrast
	GROUP

	
	P-DPN
	DPN
	DM-NN
	HV

	1
	1
	1
	1
	-3

	2
	1
	1
	-1
	-1

	3
	1
	1
	-2
	0

	4
	1
	-1
	0
	0





Contrast 1: HV vs ALL DM, Contrast 2: ALL neuropathy vs No Neuropathy, Contrast 3 All neuropathy vs DM-NN, Contrast 4 P-DPN vs DPN. 
[bookmark: _Toc49273401][bookmark: _Toc64724153]Table E.3: Results of Contrast Tests
	
	Contrast
	 
	Sig. (2-tailed)

	NAA/Creatine
	HV vs ALL-DM
	.088

	
	NN vs N
	.074

	
	N vs DM-NN
	.353

	
	P-DPN vs DPN
	.656

	Cho/Creatine
	HV vs ALL-DM
	.407

	
	NN vs N
	.928

	
	N vs DM-NN
	.665

	
	P-DPN vs DPN
	.932

	NAA/Choline
	HV vs ALL-DM
	.701

	
	NN vs N
	.141

	
	N vs DM-NN
	.155

	
	P-DPN vs DPN
	.921





HV= Healthy volunteers, DM-NN= T1D no neuropathy P-DPN = painful diabetic peripheral neuropathy, DPN- painless diabetic peripheral neuropathy,  ALL-DM = all T1D, NN=no neuropathy i.e. HV+DM-NN, N=neuropathy i.e. P-DPN +DPN. For NAA/Cratine, HV vs ALL-DM, and NN vs N, neared significance (see Figure E.1) 

[bookmark: _Toc49273402][bookmark: _Toc64724154]Table E.4: Correlations for Spectroscopy ratios at the left thalamus and demographics, measure of diabetes and baseline measurement of neuropathy 
	 
	age
	Hba1c
	DN4
	total NCS score
	NISLL +7

	NAA/Creatine
	R
	.030
	-.175
	-.164
	-.187
	-.039

	
	sig
	.800
	.206
	.170
	.116
	.742

	
	N
	72
	54
	72
	72
	72

	Cho/Creatine
	R
	.048
	-.039
	-.008
	-.006
	.119

	
	sig
	.690
	.777
	.948
	.963
	.320

	
	N
	72
	54
	72
	72
	72

	NAA/Choline
	R
	-.049
	-.106
	-.145
	-.180
	-.161

	
	sig
	.681
	.444
	.225
	.130
	.177

	
	N
	72
	54
	72
	72
	72



[bookmark: _Toc49273403][bookmark: _Toc64724155]Table E.5: Correlations for Spectroscopy ratios at the left thalamus and measures of QST (DFNS)

	
	
	NAA/Creatine

	CDT
	Pearson Correlation
	0.221

	
	Sig. (2-tailed)
	0.062

	
	N
	72

	WDT
	Pearson Correlation
	-0.211

	
	Sig. (2-tailed)
	0.075

	
	N
	72

	TSL
	Pearson Correlation
	-0.207

	
	Sig. (2-tailed)
	0.08

	
	N
	72

	CPT
	Pearson Correlation
	0.083

	
	Sig. (2-tailed)
	0.49

	
	N
	72

	HPT
	Pearson Correlation
	-0.144

	
	Sig. (2-tailed)
	0.232

	
	N
	71

	PPT
	Pearson Correlation
	-0.026

	
	Sig. (2-tailed)
	0.826

	
	N
	72

	MPT
	Pearson Correlation
	-0.05

	
	Sig. (2-tailed)
	0.676

	
	N
	72

	MPS
	Pearson Correlation
	-0.083

	
	Sig. (2-tailed)
	0.49

	
	N
	72

	WUR
	Pearson Correlation
	0.002

	
	Sig. (2-tailed)
	0.986

	
	N
	72

	MDT
	Pearson Correlation
	-0.031

	
	Sig. (2-tailed)
	0.798

	
	N
	72

	VDT
	Pearson Correlation
	-0.005

	
	Sig. (2-tailed)
	0.967

	
	N
	72

	DMA
	Pearson Correlation
	-0.013

	
	Sig. (2-tailed)
	0.916

	
	N
	72

	PHS
	Pearson Correlation
	-0.102

	
	Sig. (2-tailed)
	0.393

	
	N
	72

	QST DFNS number abnormal
	Pearson Correlation
	-0.258

	
	Sig. (2-tailed)
	0.029*

	
	N
	72


 
[bookmark: _Toc49273404][bookmark: _Toc64724156]Table E.6: Correlations between spectroscopy ratios at the left thalamus and cardiovascular and glycaemic measures at the third visit
	 
	Pain score/10
	Pulse
	Blood pressure systolic
	Blood  diastolic
	Blood glucose on arrival (if diabetes)
	Blood glucose on departure (if diabetes)

	NAA/
Creatine
	R
	.128
	-.059
	.018
	-.022
	.095
	.085

	
	sig
	.282
	.624
	.879
	.854
	.494
	.591

	
	N
	72
	71
	72
	72
	54
	42

	Cho/
Creatine
	R
	.220
	-.008
	-.027
	.029
	.094
	.094

	
	sig
	.064
	.947
	.819
	.809
	.499
	.552

	
	N
	72
	71
	72
	72
	54
	42

	NAA/
Choline
	R
	-.154
	-.049
	.044
	-.063
	-.086
	-.077

	
	sig
	.195
	.685
	.714
	.601
	.535
	.628

	
	N
	72
	71
	72
	72
	54
	42



[bookmark: _Toc49273405][bookmark: _Toc64724157]Table E.7: Correlations for Spectroscopy ratios at the left thalamus and nerve conduction study parameters at baseline
	

	 
	sural velocity
	sural amp
	tib lat
	CPN ampl
	CPN lat
	cpn vel

	NAA/Creatine
	 
	.139
	.188
	-.177
	.129
	-.047
	.159

	
	 
	.245
	.114
	.137
	.279
	.694
	.186

	
	 
	72
	72
	72
	72
	72
	71

	Cho/Creatine
	 
	-.066
	.123
	.040
	-.035
	.023
	.039

	
	 
	.583
	.304
	.741
	.769
	.847
	.749

	
	 
	72
	72
	72
	72
	72
	71

	NAA/Choline
	 
	.175
	.079
	-.203
	.147
	-.049
	.114

	
	 
	.142
	.509
	.087
	.218
	.686
	.344

	
	 
	72
	72
	72
	72
	72
	71



[bookmark: _Toc49273406][bookmark: _Toc64724158]Table E.8 : Correlations for Spectroscopy ratios measured at the left thalamus  and Perfusion parameters measured at baseline at the left thalamus
	
	RBV LThal V2
	RBF LThal V2
	MTT LThal V2
	TTP LThal V2

	
	N
	72
	72
	72
	72

	NAA/Creatine
	R
	.111
	.167
	-.044
	.053

	
	sig
	.354
	.161
	.716
	.656

	Cho/Creatine
	R
	.067
	.066
	.051
	-.035

	
	sig
	.578
	.583
	.672
	.772

	NAA/Choline
	R
	.068
	.096
	-.092
	.112

	
	sig
	.571
	.421
	.440
	.351


[bookmark: _Toc49273259]
[bookmark: _Toc64724249]Figure E.1. Scatter plot of NAA/Creatine Ratio at the LThal vs RBF in the LThal at visit 2
[image: ]

[bookmark: _Toc49273407][bookmark: _Toc64724159]Table E.9: Correlations for Spectroscopy ratios and psychophysical measurements of pain measured at the third visit 
	
	
	LIKERT
	HPT Thigh V3
	HPT Hand V3

	NAA/ 
Creatine
	 R
	.120
	.007
	-.137

	
	 Sig.
	.316
	.956
	.252

	
	 N
	72
	72
	72

	Cho/Creatine
	 R
	.061
	-.030
	-.098

	
	 Sig.
	.611
	.804
	.411

	
	 N
	72
	72
	72

	NAA/Choline
	 R
	.001
	.057
	-.052

	
	 Sig.
	.991
	.637
	.662

	
	 N
	72
	72
	72


[bookmark: _Toc48540087][bookmark: _Toc49272030]

[bookmark: _Toc64723985]Appendix F: Moderation/Potthoff Analysis

The null hypothesis is that the regression lines of perfusion measures and Likert scale pain perception by groups are coincident. Syntax for SPSS: 

COMPUTE G1xlikertcentre=Dum_Reg_DPN*likert_centre.
EXECUTE
COMPUTE G2xlikertcentre=Dum_Reg_DmNN*likert_centre.
EXECUTE
COMPUTE G3xlikertcentre=Dum_Reg_HV*likert_centre.
EXECUTE
REGRESSION
	/DESCRIPTIVES MEAN STDDEV CORR SIG N
	/MISSING LISTWISE
	/STATISTICS COEFF OUTS CHANGE
	/CRITERIA-PIN(.05) POUT(.10)
	/NOORIGIN
	/DEPENDENT change_TTP_RPSC
	/METHOD=ENTER likert_centre
	/METHOD=TEST (likert_centre) (Dum_Reg_DPN Dum_Reg_DMNN Dum_Reg_HV) (G1xlikertcent G2xlikertcent G3xlikertcent)

This syntax allows a centred distribution for the interaction variable- in this case Likert pain perception by group which will reduce multicollinearity due to interaction effects.  Then a comparison of slope and intercept for significance by group.  	
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