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ENGLISH SUMMARY 

Adequate assessment of the small nerve fibres is pivotal when striving for early 

detection of diabetic peripheral neuropathy. Current screening methods are either 

insufficient, time-consuming, or only assess structural damage to the nerve fibres 

without providing information on their remaining function. These issues justify the 

development of new rapid measurements, that could be applied in a clinical setting. 

The overall aim of this PhD thesis was to evaluate novel methods for rapid and 

adequate assessment of small nerve fibre function in people with type 1 diabetes. In 

addition, the thesis explores the nebulous concepts of diabetic peripheral neuropathy 

and painful diabetic peripheral neuropathy and tries to assess whether these can be 

successfully distinguished from each other using novel methodology.  

The thesis is based on two published, peer-reviewed, original papers and one original 

paper submitted for publication. The three papers focus on two novel methods for 

functional assessment of small nerve fibres: a novel perception threshold tracking 

technique utilizing transcutaneous electrical stimulation for activation of Aδ-fibres, 

and a novel method utilizing histamine to evoke a C-fibre-mediated axon-reflex flare 

response.  

The thesis presents clinical data from both examinations and compares perception 

threshold tracking to one of the established standards for structural assessment of 

small fibre neuropathy (corneal confocal microscopy). The study population used for 

all papers are from the “MEDON-cohort”, which was created as a part of the present 

PhD-project. The cohort consists of a total of 80 participants equally divided into four 

distinct groups. A group with type 1 diabetes and painful diabetic peripheral 

neuropathy (n=20), a group with type 1 diabetes and painless diabetic peripheral 

neuropathy (n=20), a group with type 1 diabetes without diabetic peripheral 

neuropathy or pain (n=20), and healthy controls (n=20). The participants were 

individually matched on age and sex between the groups. 

The thesis concludes, that both perception threshold tracking and the histamine-

induced axon-reflex flare response are promising methods for assessment of small 

nerve fibre function in diabetes, and that further research in prospective studies are 

warranted.   
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DANSK RESUME 

En hurtig og præcis evaluering af små nervefibre er altafgørende hvis man ønsker 

tidlig detektion af diabetes neuropati. Eksisterende screeningsmetoder er enten 

upræcise, tidsforbrugende, eller formår kun at evaluere nervefibrenes strukturelle 

forandringer uden at bidrage med information om deres resterende funktion. Disse 

mangler betyder, at der er behov for nye og bedre metoder, der kan anvendes til 

screening i både forskning og klinik.   

Det overordnede mål for denne Ph.d.-afhandling var at afprøve nye metoder til hurtig 

og præcis evaluering af de små nervefibres funktion i mennesker med type 1 diabetes. 

Derudover forsøger afhandlingen ligeledes at give indsigt i forskellene mellem de 

personer, som har ledsagende nervesmerter, og de personer som ikke har.  

Afhandlingen er baseret på to publicerede, fagfællebedømte, originale videnskabelige 

artikler, samt en original artikel sendt til vurdering hos et videnskabeligt tidsskrift. De 

tre artikler fokuserer på to nye metoder til funktionel evaluering af diabetes neuropati: 

en nyudviklet teknik til elektrofysiologisk vurdering af perceptionstærsklen for små 

Aδ-fibre (”perception threshold tracking”), og en ny, indirekte, vurdering af små C-

fibre via et histamin-induceret flare-respons (FLPI). 

Afhandlingen præsenterer klinisk data fra begge metoder, og sammenligner den 

elektrofysiologiske evaluering af perceptionstærsklen med en etableret guldstandard 

i form af konfokalmikroskopi af hornhinden. Studiepopulationen i alle artikler 

stammer fra ”MEDON-kohorten”, som blev lavet som en del af aktuelle Ph.d.-

afhandling, og som består af 80 personer fordelt i fire karakteristiske grupper. En 

gruppe med type 1 diabetes og smertefuld diabetes neuropati (n=20), en gruppe med 

type 1 diabetes og smerteløs diabetes neuropati (n=20), en gruppe med type 1 diabetes 

og hverken diabetes neuropati eller smerter (n=20) og en gruppe uden diabetes og 

smerter (n=20). Alle deltagere er matchet på alder og køn i et 1:1:1:1 forhold.  

Afhandlingen konkluderer, at både ”perception threshold tracking” og FLPI er 

lovende kandidater til funktionel evaluering af små nervefibre i diabetes, og at de 

inkluderede studier danner grobund for fremtidige studier i prospektive kohorter.  
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CHAPTER 2. INTRODUCTION 

Diabetes mellitus is a disease caused by a mismatch between the insulin excretion 

from the β-cells and the insulin resistance in the peripheral tissues. The condition is 

characterized by the presence of hyperglycaemia and consists of a heterogeneous  

group of metabolic diseases. The two most common types of diabetes mellitus are 

type 1 diabetes mellitus (T1DM) and type 2 diabetes mellitus (T2DM). The two 

conditions are pathophysiologically vastly different, but ultimately share similar 

challenges including the development of late complications. 

Diabetic peripheral neuropathy (DPN) is the most common late complication and 

affects as much as 50% of all individuals with diabetes mellitus[1,2]. The condition 

can present as many different phenotypes, but most often presents as a symmetrical, 

length-dependent, slowly progressing polyneuropathy. The condition is mainly 

sensory in the early stages and is therefore often seen as a progressive loss of sensation 

in the feet[3].  

While DPN is most often asymptomatic in the early stages, 20-30% of the population 

with DPN experience (often severe) neuropathic pain[4,5]. Severe painful diabetic 

peripheral neuropathy (PDPN) is associated with markedly reduced quality of life, 

higher health care costs, and increased morbidity and  mortality[6]. Treating PDPN is 

often difficult, and due to a lacking understanding of the underlying 

pathophysiological mechanisms, the current treatment is often insufficient and 

accompanied by severe side effects[7]. It is currently unknown why some develop 

PDPN while others do not, although some studies have suggested that neuropathic 

pain often accompany more severe damage to the pain-sensing Aδ and C-fibres[8,9].  

In the clinic, early signs of DPN are often overlooked due to insufficient screening 

methods, but as severity increases, so does the risk of further complications. This 

means that DPN is often not diagnosed before an individual with diabetes has reached 

a stage with loss of protective sensation (LOPS), which can ultimately lead to the 

development of a diabetic foot ulcer (DFU) with subsequent risk of major amputation 

and early death[10–12]. 

Once DPN has progressed to a stage with LOPS it appears impossible to revert the 

changes and thus restore peripheral sensation. As of now, no nerve-specific, disease-

modifying treatment exists for treating, preventing or even halting the progression of 

DPN, which means individuals who has gotten their first ever DFU more often than 

not experience rapid recurrence[7,8,13]. 

To truly combat the socio-economic burden of diabetic foot disease, and to truly 

prevent the first ever DFU, one must therefore focus on preventing early onset of 

DPN. Unfortunately, preventive measures are currently limited to optimization of 
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external factors such as treating hypertension and hypercholesterolemia, or by 

enforcing early, strict glycaemic control, which (at least in T1DM) has been shown to 

halt the progression of DPN[14–16]. The vast limitations in treatment-options for 

DPN are caused by insufficient knowledge of the underlying pathophysiology, and by 

insufficiently sensitive measurements of nerve fibre integrity[7,17]. The latter issue is 

somewhat present for most types of nerve fibres, although the problem primarily 

resides with the diagnostics of damage to the small (Aδ and C) nerve fibres. 

Unfortunately, the small nerve fibres appear to have a temporal relationship with 

damage preceding that of the large (Aα and Aβ) fibres, which makes assessing them 

adequately pivotal when striving for early detection[18–20].  

For years, quantitative sensory testing (QST) was considered the gold standard for 

assessing small nerve fibres, but although being a resourceful method to assess 

neuropathy in large cohorts, the method has consistently failed as a clinical endpoint 

in individual people[21,22]. 

Over the latest decades, researchers have provided several alternatives to QST for 

assessing the integrity of small nerve fibres. The two most well-known and 

internationally acknowledged are corneal confocal microscopy (CCM) and 

quantification of intra-epidermal nerve fibre density (IENFD) using skin biopsies [23–

27]. Both methods have different pros and cons, with skin biopsies being invasive, 

time-consuming, and unfit for large scale screening, while critiques of CCM claim 

that the method has too much variation even amongst healthy subjects, and that the 

method is limited by its lacking specificity to diabetes mellitus, as other systemic 

conditions like rheumatoid arthritis has shown similar reductions in the measured 

parameters[7,28]. Finally, the two methods also share the common limitation of only 

measuring the extend of structural damage without providing any information 

regarding the function of the remaining nerve fibres. 

The above-mentioned limitations in the current methods for assessing the integrity of 

small nerve fibres justify a look into novel methods for adequate, precise, and rapid 

assessment of small nerve fibre function, to be used as a supplement or replacement 

for the existing methods.  
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CHAPTER 3. BACKGROUND 

3.1. TYPE 1 DIABETES MELLITUS 

T1DM is a chronic, autoimmune disease affecting the islet cells of the pancreas. The 

condition is a vast topic of which most are out of the scope of the present thesis. T1DM 

accounts for approximately 5-10% of the total number of cases with diabetes 

worldwide and both incidence and prevalence appear to be increasing[29,30]. 

Although T1DM is not as common as T2DM, it accounts for a rather large proportion 

of the population seen in most outpatient clinics. T1DM often debut early in life and 

require life-long treatment with exogeneous insulin. Polyuria, polydipsia, and weight 

loss are some of the most common symptoms leading to diagnosis in children, 

although up to a third debut with more rapid onsets and mild to severe 

ketoacidosis[31]. In adults, the onset can be a bit more varied and sometimes lack the 

classic symptoms seen in children, leading to an initial misclassification as T2DM 

[31].  

The diagnosis of diabetes mellitus is nowadays usually given based on a haemoglobin 

A1c (HbA1c) > 48 mmol/mol, but the detection of any plasma-glucose ≥ 11.1 

mmol/mol alongside classic symptoms, a fasting plasma-glucose ≥ 7.0 mmol/mol, or 

a plasma-glucose ≥ 11.1 mmol/mol following an oral glucose tolerance test are still 

relevant tools, especially in people with rapid onset of T1DM or with chronic kidney 

disease, recent blood transfusion, haematological diseases, or any other conditions 

affecting the lifespan of the erythrocytes[29,32,33].  

The cornerstone in the treatment of T1DM is administration of exogenous insulin, 

which can be delivered using an insulin pen or using a pump with varying degrees of 

automatization[34]. Optimal glycaemic control often requires multiple-dose therapy 

to mimic physiological insulin release, which means a combination of long- and rapid-

acting insulin is required if using pen. Over the last decades, the use of continuous 

glucose monitoring has gradually increased, and although fully automated closed-loop 

systems are still not available, the overall usage of smart technologies have now 

become a mainstay in the treatment of T1DM [35]. 

T1DM is associated with several acute and chronic complications. Ketoacidosis and 

hypoglycaemia are the most common of the acute complications and are associated 

with life-threatening outcomes if not treated timely and adequately[36]. The chronic 

complications to diabetes mellitus are often divided into micro- (retinopathy, 

nephropathy, neuropathy) and macrovascular (i.e., stroke, acute myocardial 

infarction, limb ischemia) complications[37]. Although the different types of diabetes 

mellitus historically have been associated with different types of complications, the 

more modern view is that all complications can happen to all people with all forms of 

diabetes mellitus[38]. 
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Research-wise, studying most types of diabetes have different pros and cons, but as 

T1DM often have less co-morbidities outside of those related to diabetes, and thus 

poses less uncertainties concerning the origin of their symptoms, this phenotype will 

be the focus of this thesis.  

 

3.2. DIABETIC PERIPHERAL NEUROPATHY 

According to the Toronto Diabetic Neuropathy Expert Group, typical DPN is defined 

as [1]: 

“A symmetrical, length-dependent sensorimotor polyneuropathy 

attributable to metabolic and microvessel alterations as a result of chronic 

hyperglycaemia exposure (diabetes) and cardiovascular risk covariates”  

This definition underlines the fact that DPN is indeed considered a microvascular 

complication, with atherosclerosis of the small blood vessels leading to nerve 

ischemia. Despite DPNs common occurrence (affecting up to half the population with 

diabetes mellitus), the exact underlying pathophysiological mechanisms remain 

unknown[7,39]. Most agree that the toxic effects of hyperglycaemia play an important 

role in the underlying pathogenesis of DPN besides the mentioned microvascular 

changes. For years, the shift in glucose metabolism caused by saturation of the 

hexamine pathway and increased activity in the polyol pathway with subsequent intra-

cellular accommodation of sorbitol was thought to be the primary mechanism behind 

the complication[40]. However, this mechanism is probably only a small part of a 

larger picture, and might even be driven by an increased formation of advanced 

glycation end products (AGEs) and decreased levels of glutathione leading to 

oxidative stress rather than the accumulation of sorbitol itself, as several studies have 

since reported insignificant concentrations of sorbitol accumulated in the nerves of 

people with diabetes[41]. Factors such as dyslipidaemia, hypertension, mitochondrial 

dysfunction, and an overload of reactive oxygen species have been associated with 

the development of DPN, and recently also the role of systemic low-grade 

inflammation has gained increased interested as a potential contributing factor[42–

44]. Risk factors such as age, alcohol abuse, high body mass index, ethnicity, sex, 

diabetes duration, diabetes type, glycaemic control, other microangiopathic 

complications, waist circumference, hypertension, vitamin deficiency, and smoking 

have all been associated with the development of DPN, but far from everyone with 

these risk factors develop the condition, while some develop it despite having only a 

few of the risk factors[43,45]. Overall, as  researchers continuously uncover new 

potential mechanisms of action (also besides the direct effects of hyperglycaemia), it 

has become increasingly apparent, that we are yet to uncover the full picture of the 

natural history of DPN and unravel the mysteries of the human nerves and their 

inevitable demise[43].  
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DPN is a condition affecting all sensory nerves in a length-dependant manner. The 

large (Aα and Aβ) nerve fibres are myelinated with periodic gaps with a high density 

of ion-channels known as nodes of Ranvier, which helps them achieve a high 

conduction velocity and excitability[43,46]. The large nerve fibres are responsible for 

the sensation of touch, vibration, and proprioception, and are usually assessed using a 

10g-monofilamnent (touch), a biothesiometer (vibration) or conventional nerve 

conduction studies. The small (Aδ- and C) nerve fibres are either thinly myelinated or 

unmyelinated, which result in a slower conduction velocity (especially for the 

unmyelinated C-fibres) and a lower excitability than that displayed by the large fibres, 

and can cause the sensation evoked by the nerves to be more diffuse and long-

lasting[43,46].  

The temporal relationship between damage to the different types of nerves remains a 

bit nebulous. Most recent studies support the hypothesis that DPN is characterized by 

predominant and progressive injury to the small nerve fibres followed by subsequent 

large fibre impairment, with the small nerve fibres often displaying damage years in 

advance of the large fibres[3,18–20]. This natural history is accepted by many, and 

appear plausible from a theoretical point of view, as small unmyelinated/thinly 

myelinated nerve fibres should be more susceptible to external damage than the large, 

myelinated fibres. Unfortunately, this topic is again limited by the lack of longitudinal 

studies and unprecise and insufficient measurements of nerve fibre damage, and while 

some newer studies does exist with opposite findings, the issues of insufficient and 

unprecise measurements remain[47,48].  

Returning to the initial definition of DPN by the Toronto Diabetic Neuropathy Expert 

Group, it is also noteworthy that the condition is defined as a sensorimotor 

polyneuropathy. This means that not only is DPN a universal neuropathy, but it also 

might affect both sensory and motor nerves[1]. Involvement of both sensory and 

motor nerves are however rare in the initial stages, where the degeneration is 

predominantly of the sensory nerves. Although DPN is most commonly seen as a 

symmetrical, length-dependant, polyneuropathy affecting the most distal parts of the 

body first with a slow proximal progression, it can present in many different shapes 

and form ranging from transient mononeuropathies to rapidly progressing autonomic 

neuropathies with severe symptoms[3]. In its usual from, symptoms are rare in the 

early stages, where an asymptomatic loss of sensation is the usual clinical picture. As 

the DPN worsens, symptoms like numbness, tingling, prickling, or the sensation of 

“walking on cotton wool” become increasingly common, and some (up to 20-30%) 

might develop accompanying neuropathic pain[7,49,50]. The most common 

presentations of DPN are depicted in figure 3-1. 
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Figure 3-1 Schematic overview of the most common types of diabetes neuropathy: 

Distal symmetrical polyneuropathy (A), radiculopathy (B), mononeuropathy (C), and 

autonomic neuropathy (D)  

 

3.2.1. PAINFUL DIABETIC PERIPHERAL NEUROPATHY 

PDPN is a heterogeneous condition that remains an enigma for both clinicians and 

scientists alike. PDPN sometimes presents as a transient phenomenon after only a few 

years living with diabetes, but is often linked to longer diabetes duration and more 

severe stages of neuropathy[8,9]. The underlying pathophysiological differences 

between those with painless and those with painful DPN remain unknown, although 

many agree, that the pain probably arise from a combination of damage to the 

peripheral nerve endings and changes within the central nervous system including 

altered signal processing and reduced inhibition of descending pathways within the 

central nervous system[6].  

The lacking understanding of the pathophysiological changes leading to pain is the 

main reason why no disease-modifying treatment for PDPN is currently approved by 

any major regulatory authority[7,51]. However, clinicians do have several therapies 

available for relieving the often-severe symptoms. Unfortunately, these options are 

usually ineffective in lower dosages and associated with side-effects in high dosages, 

which is why combination-therapy is often required to achieve an acceptable ratio 

between pain relief and side-effects[7,52]. The U.S. Food and Drug Administration 

(FDA) approved the calcium-channel modulator, pregabalin, and the serotonin-

noradrenaline reuptake-inhibitor, duloxetine, more than 25 years ago, and more 

recently added tapentadol, a dual-action opioid and norepinephrine reuptake-inhibitor 

with extended-release to the list[7]. Other commonly used drugs include tricyclic 

antidepressants (TCAs) like amitriptyline, or drugs with similar actions as the ones 

already approved, like gabapentin (a calcium-channel modulator) or venlafaxine (a 
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serotonin-noradrenaline reuptake-inhibitor)[7]. Recently, a pioneering head-to-head, 

crossover trial investigating the effect of amitriptyline with the addition of pregabalin, 

pregabalin with the addition of amitriptyline, and duloxetine with the addition of 

pregabalin found similar analgesic effect for all monotherapies, but enhanced effect 

in all combination regimes[53]. Sodium channel blockers (carbamazepine and its 

successor oxcarbazepine) are also worth mentioning, as their unique mechanism of 

action provide a potential pathogenic target in subgroups with PDPN. Carbamazepine 

was previously tested in PDPN but was later withdrawn due to significant side 

effects[54]. Oxcarbazepine has received limited testing and mediocre results, but a 

sub-group analysis based on deep phenotyping by QST revealed promising effects in 

subgroups with PDPN, pushing us towards much needed personalized treatment 

regimens[55]. Similarly, interesting results have also been found utilizing functional 

magnetic resonance imaging, where deep learning has been used to successfully 

predict treatment response in small cohorts of people with PDPN[56]. Other 

pharmacological treatment targeting the proposed mechanisms leading to pain include 

α-lipoic acid, C-peptide, benfotiamine and aldose-reductase inhibitors, although the 

effect of neither of these drugs are currently well-documented due to insufficient study 

designs and lack of subgroupings[7,57]. Local treatment options are also available, 

with capsaicin being the most well-documented and widely used[58,59]. Although 

several options are available, some people might not experience adequate pain-relief 

using traditional pharmacological interventions[7]. Therefore, several non-

pharmacological alternatives have been made available. These include 

transcutaneous, percutaneous, or more direct frequency-modulated electromagnetic 

nerve stimulations, alongside initiatives focused on different coping-strategies[60,61].  

 

3.3. DIAGNOSING DIABETIC PERIPHERAL NEUROPATHY 

In the clinic, DPN is a diagnosis of exclusion. Signs and symptoms of peripheral nerve 

dysfunction are combined with the exclusion of other causes of neuropathy (i.e., 

vitamin-deficiencies, alcohol abuse, paraneoplasia, or rheumatologic- or neurological 

diseases) to give the final diagnosis. Often, this diagnosis can be given be a specialist 

in diabetes without the need for further examinations, but in some cases, the diagnosis 

needs to be confirmed by conventional nerve conduction study or by a consulting 

neurologist[62].  

The Toronto Diabetic Neuropathy Expert Group suggested a distinction between 

typical (DSPN) and atypical DPN. The group also listed four definitions of DSPN to 

be used in both clinical practice and research, with 1-3 being recommended as a 

clinical standard, and 3-4 being recommended for research[1]:  

(1) Possible DSPN: Symptoms-decreased sensation, positive neuropathic 

sensory symptoms (e.g., “asleep numbness,” prickling or stabbing, burning 

or aching pain) predominantly in the toes, feet, or legs; or signs–symmetric 
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decrease of distal sensation or unequivocally decreased or absent ankle 

reflexes. 

 

(2) Probable DSPN: The presence of a combination of symptoms and signs of 

neuropathy include any two or more of the following: neuropathic symptoms, 

decreased distal sensation, or unequivocally decreased or absent ankle 

reflexes. 

 

(3) Confirmed DSPN: The presence of an abnormality of NC and a symptom or 

symptoms or a sign or signs of neuropathy confirm DSPN. If NC is normal, 

a validated measure of small fibre neuropathy (SFN) (with class 1 evidence) 

may be used. 

 

(4) Subclinical DSPN: The presence of no signs or symptoms of neuropathy are 

confirmed with abnormal NC or a validated measure of SFN (with class 1 

evidence). 

Notably, the diagnosis of confirmed typical DPN is reliant on a validated measure of 

small fibre neuropathy (SFN) in cases with a normal conventional nerve conduction. 

However, the method of choice is not clear-cut, which becomes apparent the groups’ 

definition of SFN, where both thermal thresholds and skin biopsies are mentioned[1]: 

(1) Possible SFN: the presence of length-dependent symptoms and/or clinical 

signs of small fibre damage 

 

(2) Probable SFN: the presence of length-dependent symptoms, clinical signs of 

small fibre damage, and normal sural NC study 

 

(3) Definite SFN: the presence of length-dependent symptoms, clinical signs of 

small fibre damage, normal sural NC study, and altered IENF density at the 

ankle and/or abnormal quantitative sensory testing thermal thresholds at the 

foot. 

Since the publication of the mentioned guidelines, CCM has become increasingly 

popular as a marker for small fibre damage, although its usage as a confirmatory test 

is still being heavily debated. 

 

3.3.1. SKIN BIOPSIES 

Skin biopsies with quantification of intra-epidermal nerve fibre density (IENFD) are 

considered the gold standard for assessing small nerve fibres in the skin in most 

neuropathic conditions including diabetes[27,63]. The method relies on a 3 mm skin 
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biopsy taken from the calf, in an area located approximately 10 cm proximal of the 

lateral malleolus[64]. After being taken, the biopsy requires fixation followed by 

cryoprotection and subsequent staining (usually by the pan-axonal marker protein 

gene product 9.5 (PGP 9.5)), before it can be studied using bright-field microscopy or 

immunofluorescence[65]. The method excels due to it being objective with high inter-

observer reproducibility, while also not being confounded by height and weight like 

most other electrophysiological methods[66]. Normative datasets (adjusted for age 

and sex) have been developed for both bright-field microscopy and 

immunofluorescence, which allow for easy comparison between different populations 

and studies[67]. While skin biopsies are historically used primarily for quantification 

of the IENFD, modern technology has allowed for more advanced research with 

specialized staining targeting specific structures (like small peptides or subsets of ion-

channels) within the nerve fibres[68,69]. In addition to specialised staining, the role 

of axonal swellings as a potential marker for early damage has also been gaining 

increased interest[70,71]. Despite its many pros, skin biopsies do suffer several 

inherent weaknesses. Firstly, it is invasive and require specialized laboratories with 

experience in preparation and analysis. Secondly, the intra-person reproducibility 

remains unclear, as only a limited number of studies have assessed this outside of 

healthy subjects[72]. Thirdly, the method is limited to only assessing the 

morphological changes of the nerves without providing any information of the 

function of the remaining nerve fibres[7]. Due to the mentioned limitations, the 

method is not suitable for large scale screening, but might serve as a confirmatory test 

or as a clinical endpoint for research studies. Representative images from skin biopsies 

of people with different severities of DPN and axonal swellings are depicted in figure 

3-2. 

Figure 3-2 Representative images of skin biopsies: Left: a healthy person (A), a 

person with diabetes of similar age (B) and that same person 6.5 years later. Right: a 

person with diabetes and axonal swellings. Adapted from [70] and [73].  
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3.3.2. QUANTITATIVE SENSORY TESTING 

QST has been a cornerstone in neuropathy and (especially) pain research for decades, 

although the procedure was not properly standardized until the German Research 

Network on Neuropathic Pain (DFNS) established their procedure in the early 

2000’s[74]. The method consists of multiple tests, involving thermal perception and 

pain thresholds, vibration perception, touch and pinprick sensations, and deep 

musculoskeletal perception, ultimately assessing the function of both large and small 

nerve fibres[74]. The method is non-invasive and diagnose both gain and loss of 

sensory function. Furthermore, a large database containing normative values have 

been developed, and were recently validated in multiple centres across Europe[75]. 

Even more recently, the method has also been used as a tool for subgrouping people 

with PDPN, potentially improving performance and giving additional insight into the 

heterogeneity of the condition[76]. Unfortunately, issues like time-consumption, 

labour intensity, lacklustre sensitivity, low reproducibility, and disease-specific 

sensitivity remain important concerns, limiting the use of QST as a reliable endpoint 

in everyday clinical work and in clinical trials[7,17,22]. 

 

3.3.3. CORNEAL CONFOCAL MICROSCOPY 

CCM is an emerging method for indirect assessment of SFN[23,24]. The method has 

been gaining interest as a surrogate marker for SFN due to its rapidness and high 

diagnostic agreement with skin biopsies[77,78]. The method utilizes the fact that the 

sub-basal nerve plexus located near Bowman’s layer in the cornea has the highest 

density of nerve fibre endings in the human body, and the fact that these can be 

visualized without the need for invasive procedures. The method is rapid and is 

claimed to be reproducible with a high inter-observer correlation[79–81]. In some 

studies, CCM has also been able to distinguish between people with and without 

PDPN, although an equal number of studies have failed to show any differences, once 

again hinting that PDPN is a heterogeneous condition[73,82,83]. CCM has also been 

utilized in more exploratory studies, including a recent study in people with T1DM 

undergoing pancreatic transplantation. Here, the authors found nerve fibre 

regeneration in the months following the transplantation, hinting a high sensitivity to 

change[84].  

The measurements usually derived from CCM are corneal nerve fibre density 

(CNFD), corneal nerve fibre length (CNFL), corneal nerve branch density (CNBD) 

and corneal nerve fibre tortuosity (CNFT). Of these, CNFL appear to be the most 

robust parameter, while CNFT has fallen out of favour due to inconsistency in its 

results[7]. Normative values have also been published, making comparison between 

different sites easier, although some variation still exists as a standardized method for 

image selection is yet to be published[85]. Recently, studies using CCM in diabetes 
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have reported an increased numbers of corneal and epidermal Langerhans cells, with 

some studies even reporting high correlations between this and the other markers of 

corneal nerve loss[86]. 

Although CCM has some unique advantages over many other methods for assessing 

small nerve fibres it does suffers from some equally unique disadvantages. Firstly, the 

method appears to be rather unspecific to diabetes or even neuropathy, as several 

conditions have been associated with reductions in the measured corneal parameters, 

including common conditions like rheumatoid arthritis[28,87]. Secondly, while the 

method itself is rapid, the subsequent analysis is not, discouraging its use in large scale 

screening. This issue has led to the development of software for automatic image 

analysis, which (despite some initial good results) tends to underestimate several of 

the measured parameters compared to the manual analysis[83,88]. Thirdly, the lack 

of a standardized image selection process hurts the diagnostic capabilities, which were 

already challenged by the large variations in the normative values[85]. Representative 

images of the cornea from different stages of DPN assessed by CCM are depicted in 

figure 3-3. 

 

Figure 3-3 Representative images of the sub-basal nerve plexus in the cornea: a 

healthy person (A), a person with diabetes of similar age (B) and that same person 

6.5 years later. Red arrows mark main nerves and yellow arrows mark nerve 

branches. Adapted from [73].  
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OTHER METHODS FOR SMALL FIBRE ASSESSMENT 

While the above-mentioned methods are the most widely used for detection of small 

nerve fibre pathology in diabetes, several alternatives do exist. Some of the most 

mentionable include full-field laser perfusion imaging (FLPI), laser- (LEP) or contact 

heat-evoked potentials (CHEPs), and microneurography[89–92].  

The FLPI is a technique utilizing Doppler to assess the C-fibre-mediated flare 

response (LDIFLARE) in the skin as the result of a local stimulus[93]. The most widely 

used and studied stimuli in diabetes are local heating followed by iontophoresis of 

acetylcholine, but other stimuli like histamine have also been applied especially 

outside of diabetes research[89,93–95]. The LDIFLARE response has been validated 

against QST, CCM and skin biopsies, and has been shown to be progressively reduced 

with worsening neuropathy[89,95–97]. Longitudinal data from the method are 

currently limited, although preliminary data from longitudinal studies has been 

presented at conferences but is yet to be published. A meta-analysis from 2017 

likewise concluded that there are evidence for an attenuated axon-reflex flare response 

in people with diabetes compared to people without diabetes, but failed to establish a 

relationship between the degree of neuropathy and the size and intensity of the axon-

reflex flare response due to an insufficient number of studies with varying design and 

methodology[98]. Furthermore, the method is limited in its clinical applicability by 

the requirement of specialized equipment and time-consumption (30+ minutes per 

evaluation) in addition to a lack of normative data[95,99]. 

The LEP or CHEPs are similar electrophysiological methods to detect functional 

changes in small nerve fibres[90].The methods record the central response to a 

peripheral stimuli, and excel due to their ability to measure direct and objectively. The 

methods are widely used in several neurological conditions (with available normative 

values), but their role in diabetes research is yet to be fully established, while their 

potential for clinical application are extremely low due to the requirement of 

specialized equipment and complex procedural algorithms[99–102]. Recently, pain-

related evoked potentials have also been proposed as a method for studying 

neuropathic pain, although more studies are needed to confirm their usability[103]. 

Microneurography is a very time-consuming method with unique abilities for 

studying underlying pathophysiological mechanisms of neuropathy. The method 

utilizes tungsten needles to penetrate peripheral nerve fascicles, but has been 

associated with nerve damage and is probably not a pivotal part of future DPN 

research[92,104].  

Additional methods for assessing peripheral autonomic C-fibre (sudomotor) function 

also exist and include methods like qualitative sudomotor axon reflex testing 

(QSART), SUDOSCAN, or even the Neuropad, although these are only mentioned 

here to complete the list and will not described any further[105–107].   
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CONVENTIONAL THRESHOLD TRACKING 

Conventional threshold tracking is an electrophysiological method that provides 

information on motor or sensory axonal nerve fibre excitability. Conventional 

threshold tracking is therefore sensitive to changes in membrane properties, giving it 

an unique ability to indirectly study ion-channels and electrogenic ion-pumps[46]. 

This contrasts with the more widely used electrophysiological tests that mainly focus 

on conduction velocities caused by damages to the myelin sheet and compound action 

potential amplitude reduction caused by axonal degeneration[46]. While conventional 

threshold tracking does indeed provide some unique insight into the 

pathophysiological changes happening within the nerve membrane, its usefulness is 

limited by the sheer complexity and specialized equipment needed to perform the 

examination. This means that the method is rarely known or seen outside of highly 

specialized neurophysiological clinics and is by no means a candidate for large scale 

clinical use in diabetes. Consensus guidelines were recently published on how to best 

perform the examinations and how to interpret the results underlining the difficulties 

associated with the methods[108]. The reason the method is mentioned here, is the 

fact that the perception threshold tracking technique presented in this thesis is built on 

the foundation of this method, utilizing the discoveries related to impulse shapes, 

nerve fibre accommodation properties, and strength-duration behaviour[46].  

Accommodation is the ability of a nerve to adapt to a slowly rising (ramped) stimulus 

by increasing the its activation threshold[109,110]. Different nerve fibres possess 

different accommodation properties based on their ion-channel composition and 

resulting ability to maintain a steady membrane potential[111,112]. Large nerve fibres 

have a good ability to accommodate, while small nerve fibres do not. This is caused 

by small nerve fibres expressing a large number of persistent voltage-gated sodium 

channels, while the large nerve fibres predominantly express transient voltage-gated 

sodium channels[110,113].  

The strength-duration behaviour of different nerve fibres is depicted schematically in 

figure 3-4. The minimal current of infinite duration needed to activate a nerve fibre is 

known as the rheobase, while the minimal time required to double the strength of the 

rheobase is known as the chronaxie[46,114,115]. The differences in excitability 

between the different nerve fibres are caused by several factors including size, 

myelination, ion-channel composition and the presence of nodes of Ranvier, which 

ultimately results in large, myelinated, Aβ-fibres being markedly more excitable than 

small, thinly myelinated or unmyelinated, Aδ- and C-fibres[43,114]. 
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Figure 3-4 Schematic overview of strength-duration curves for different nerve 

fibres: Aβ-fibres (green) have a lower activation threshold than Aδ-fibres (blue) and 

both have lower activation thresholds than C-fibres (orange). The rheobase (here 

shown for Aβ-fibres as a dotted grey line) is the minimal current of infinite duration 

needed to activate the nerve fibres. The chronaxie (here shown for Aβ-fibres as a 

dotted black line) is the minimal time required to double the strength of the rheobase. 

Figure created based on [46,114]. 

 

3.3.4. LARGE FIBRE ASSESSMENT  

Functional assessment of large nerve fibres using conventional nerve conduction 

studies is considered the gold standard for confirming large fibre nerve damage in 

most neuropathies including that caused by diabetes[1]. The examination usually 

consists of an evaluation of both motor and sensory nerves, usually including the 

median, the ulnar, the radial, the tibial, the peroneal and the sural nerves. While the 

method is considered a clinical standard in most modern health care systems, the 

method does still require specialized equipment and training, is somewhat time-

consuming, and has limited potential in several settings including most large clinical 

trials. The NC-stat DPNCheck is a rapid alternative to the full conventional test and 

provides a bedside option for usage in clinical trials or large-scale screening[116]. The 

method excels due to its speed and handheld form, but although the method has shown 

excellent agreement with conventional nerve conductions, and has been validated 

against methods like the LDIFLARE, the NC-stat DPNCheck only provides information 
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on the sural nerve and often require multiple tries to achieve a correct 

assessment[117,118]. Alternative bedside methods include assessment of the 

vibration perception threshold (VPT) using a biothesiometer or a tuning fork, or 

assessment of touch sensation using the 10g-monofilament. Both methods have shown 

to be decent predictors for the development of a DFU but are all test for LOPS rather 

than early neuropathy[119]. 
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CHAPTER 4. RATIONALE AND AIMS 

Adequate assessment of the small nerve fibres is pivotal when striving for early 

detection of DPN. Current screening methods are either insufficient, time-consuming, 

or only assess structural damage to the nerve fibres without providing information on 

their remaining function. These issues justify the development of new rapid 

measurements, that could be applied in a clinical setting.  

The overall aim of this PhD thesis was to evaluate novel methods for rapid and 

adequate assessment of small nerve fibre function in people with T1DM, with the 

ultimate end-goal of providing robust clinical endpoints for early detection, 

prevention, and hopefully future pharmacological interventions to either halt, prevent 

or even cure DPN, PDPN and ultimately DFUs. In addition, the thesis explores the 

nebulous concepts of DPN and PDPN and tries to assess whether these can be 

successfully distinguished from each other using novel methods. 

The thesis is based on two published, peer-reviewed, original papers and one original 

paper submitted for publication. All three papers derive from the MEDON-study 

(Methods for Early Detection Of diabetic peripheral Neuropathy, Clinicaltrials.gov: 

NCT04078516), but have different hypotheses and aims. An overview of the different 

papers with corresponding aims and utilized methods are depicted in figure 4-1. 

 

Figure 4-1 Overview of papers and aims: paper 1 investigates the axon-reflex flare 

response, while paper 2 and 3 investigate perception threshold tracking (see 4.1 

Papers below).  
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4.1. PAPERS 

4.1.1. PAPER 1  

Aim 1.1:  To test if the axon-reflex flare response can be evoked by histamine 

applied by a simple handheld skin-prick device. 

Aim 1.2:  To assess whether the presence of T1DM attenuates the intensity of 

the axon-reflex flare response compared to the response in people 

without diabetes.  

Aim 1.3:  To assess whether the presence of DPN attenuates the intensity of the 

axon-reflex flare response compared to the response in people with 

T1DM without DPN. 

Aim 1.4:  To assess if the presence of PDPN attenuates the intensity of the 

axon-reflex flare response compared to the response in people with 

T1DM and painless DPN. 

 

4.1.2. PAPER 2  

Aim 2.1:  To validate the novel perception threshold tracking technique in 

people with diabetes and ensure preserved selective stimulation of Aβ 

and Aδ-fibres, respectively. 

Aim 2.2:  To assess if perception threshold tracking can distinguish different 

groups of people with and without T1DM, DPN and PDPN. 

Aim 2.3:  To compare the diagnostic performance of perception threshold 

tracking to established parameters of temperature sensation obtained 

from QST 

 

4.1.3. PAPER 3 

Aim 3.1:  To compare the outcomes of perception threshold tracking and CCM. 

Aim 3.2:  Investigate the diagnostic performance of perception threshold 

tracking for detecting small fibre damage using CCM as a reference. 

Aim 3.3:   Investigate the relationship between structural and functional 

measures of small nerve fibre damage.  
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CHAPTER 5. METHODS 

All data provided in this thesis were obtained from the MEDON-study, which was 

created as a part of the present PhD-study. The study was conducted in accordance 

with the Declaration of Helsinki and was approved by the North Denmark Region 

Committee on Health Research Ethics (ethics: N-20190003) and the North Denmark 

Region (data protection: 2019-32). The study was prospectively registered on 

ClinicalTrials.gov (ID: NCT04078516). The MEDON-study also included an MRI-

session, which is not relevant for the present thesis. The MEDON-study will be 

described below, but only methods relevant for the actual thesis will be presented in 

detail.  

 

5.1. THE MEDON-STUDY 

The MEDON-study was set up as a collaboration between Steno Diabetes Center 

North Denmark, the department of Radiology at Aalborg University Hospital, and 

Integrative Neuroscience at Aalborg University. Furthermore, the department of 

Endocrinology, the department of Neurophysiology, and the department of 

Ophthalmology participated as collaborators regarding specific tasks (participant 

recruitment, conventional nerve conduction studies and CCM, respectively). The 

overall aim of the MEDON-study was to evaluate methods for assessment and deep-

phenotyping of neuropathic complication in T1DM. The study was designed as an 

observational, cross-sectional, case-control study including 80 participants matched 

individually (1:1:1:1) on age (+/- 2 years) and sex between four groups: 

T1DM+PDPN (n=20), T1DM+DPN (n=20), T1DM-DPN (n=20), and healthy 

controls (n=20). To be in the group with T1DM+PDPN the participants needed to 

have T1DM and clinical signs and symptoms of PDPN supported by a Douleur 

Neuropathique en 4 (DN4)-score of ≥ 4. To be in the group with T1DM+DPN the 

participants needed to have signs and symptoms of DPN, no signs and symptoms of 

PDPN, and a VPT ≥ 25V. To be in the group with T1DM-DPN the participants needed 

to have no signs or symptoms of DPN or PDPN, and a VPT < 25V. To be in the group 

with health controls the participants needed to not have diabetes (defined by HbA1c), 

while also not having any signs and symptoms of neuropathy and a VPT < 25V (see 

figure 5-1). The reasoning behind this grouping was to depict the clinical standard and 

then later re-group the participants based on whether they had large fibre involvement 

based on conventional nerve conduction and whether they had small fibre 

involvement based on QST.   
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Figure 5-1 Overview of the MEDON-study: Data from screening, session 1, session 

2, and the sessions containing corneal confocal microscopy and conventional nerve 

conduction studies are included in the present thesis, while data from session 3 is 

published as a separate thesis with original publications.   

Abbreviations: CCM: Corneal Confocal Microscopy, DN4: Douleur Neuropathique en 4, DPN: Diabetic 

Peripheral Neuropathy, HbA1c: Haemoglobin A1c, MRI: Magnet Resonance Imaging, NCS: Nerve 

Conduction Studies,  PDPN: Painful Diabetic Peripheral Neuropathy, T1DM: Type 1 Diabetes Mellitus, 

TcPO2: Transcutaneous Oximetry, VPT: Vibration Perception Threshold 

To ensure the thorough matching across the groups, each participant with 

T1DM+PDPN were always recruited first, and matching participants in the other 

groups were subsequently recruited based on age and sex. Participants with T1DM 

were recruited from the outpatient clinic at Steno Diabetes Center North 

Denmark/department of Endocrinology, while healthy controls were recruited from 

an existing database of volunteers. Medical records of potential participants were pre-

screened prior to contact and only participants still eligible after pre-screening were 

contacted by phone and invited to a screening visit. At the screening visit all causes 

of neuropathy other than that caused by diabetes were excluded (medical history and 

broad screening blood samples). The full set of exclusion criteria are available in table 

5-1. Prior to all sessions, a blood glucose between 4.0-14.0 mmol/L was ensured.  
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Exclusion criteria 

Current or previous alcohol- or drug abuse 

Abnormal screening blood samples 

Not being able to understand Danish written and/or verbally 

Not being able to corporate to examination (e.g., not being able to speak, suffering 

from senile dementia etc) 

Previous chemotherapy or intake of experimental medicine 

Active herpes- or varicella zoster infection or known HIV 

Severe skin disease 

Known neural damage or disease in the neural system (e.g., Guillain-Barre etc) 

Critical limb ischemia 

Allery or intolerance to histamine or inability to make do without antihistamine for 

one day 

Pregnancy 

Active cancer-disease 

Table 5-1 Exclusion criteria for MEDON: Any drug or current alcohol abuse or 

previous alcohol abuse for more than 1 year, abnormal screening blood samples 

including vitamins (mild vitamin-D insufficiency were allowed by corrected prior to 

enrolment), not being able to understand Danish or corporate to the examinations, 

any previous chemotherapy or experimental medicine, severe viral infections, skin 

damage or known neuronal disease, critical limb ischemia (as per clinical guidelines), 

allergy to histamine or inability to do without antihistamine for a day, pregnancy and 

active cancer.  
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87 participants were invited to screening. Seven of those were screen failures and were 

not included in the study. The reasons for screen failures are depicted in table 5-2. 

 

Reason Excluded 

Previous alcohol abuse 3 

Non-neuropathic pain 1 

Drug abuse (marijuana) 1 

Occult cancer 1 

Porphyria 1 

Table 5-2 Reasons for screen failure in MEDON: Three had previous alcohol abuse, 

one had non-neuropathic (ischaemic) pain, one had active marijuana abuse, one was 

diagnosed with multiple myeloma based on screen blood samples (positive M-

component), and one had unregistered porphyria.  

 

5.2. LARGE FIBRE ASSESSMENT 

Large fibre dysfunction was initially identified using biothesiometry (VPT) as per the 

Danish clinical guidelines for the management of diabetes[33]. The VPT was 

determined by placing the probe on the participants finger and then slowly increasing 

the intensity of the vibrations to make the participant aware of the sensation. The 

probe was then placed on the first toe and the participants were instructed to close 

their eyes and indicate when the vibrations were felt. The intensity of the vibrations 

was then slowly increased until the participants indicated the sensation was felt. The 

intensity of the vibrations was then increased approximately 20% and subsequently 

lowered until the participants indicated the feeling was no longer present. This was 

repeated three times for each foot, and the vibration perception for each foot was 

determined as the average value of all tests on that foot. 

Touch sensation was assessed using the 10g-monofilament. The monofilament was 

initially applied on the finger of the participant to indicate the correct sensation. The 

participants were then instructed to close their eyes and indicate when a similar touch 

was felt on their foot. The monofilament was applied 4 times (bending to 

approximately 45°) on each foot in 4 pre-defined locations following established 

guidelines[120]. All 4 applications of the monofilament should be registered by the 

participant for the examination to be normal. Otherwise, the test would be scored as 

diminished or absent as per the Michigan Neuropathy Screening Instrument[121].  
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The Achilles reflex was evaluated following established guidelines and were graded 

into present, reinforced and absent as per the Michigan Neuropathy Screening 

Instrument[121,122]. 

Large fibre dysfunction was confirmed by conventional nerve conductions studies of 

the median, the ulnar, the radial, the tibial, the peroneal and the sural nerves performed 

at the department of Neurophysiology at Aalborg University Hospital following 

established clinical guidelines (including standardized 32° Celsius skin temperature). 

Established local normative values were used to determine cut-offs. If a nerve was not 

detectable the valued was denoted with zero.  

 

5.3. SMALL FIBRE ASSESSMENT 

5.3.1. QUANTITATIVE SENSORY TESTING 

The function of both large and small nerve fibres was assessed by QST following the 

established protocol by the DFNS[74]. The protocol is well-known and quite 

extensive, but in short, the cold detection threshold (CDT), heat detection threshold 

(HDT), cold pain threshold (CPT), and heat pain threshold (HPT) were obtained by 

slowly changing the temperature from the starting value of 32° Celsius upwards 

towards 50° Celsius or downwards towards 0° Celsius (Advanced Thermosensory 

Stimulator, Advanced Medical Systems, Israel). The participant was asked to press a 

button whenever they felt the neutral temperature change to either cold (CDT), warm 

(HDT), painfully cold (CPT), or painfully warm (HPT). Each threshold was obtained 

three times in a row and the final threshold was determined as the mean values of the 

three tests. Paradoxical temperature sensations were assessed by alternating between 

increasing and decreasing the temperature. The participants were asked to indicate 

whether the felt sensations were “cold”, “warm”, “burning” or “painfully burning” 

each time they indicated a change in temperature. The mechanical detection threshold 

was obtained by using von Frey hair (Aestiesiometer III, Somedic SenseLab, Sweden) 

with varying force[74]. The lower mechanical detection threshold was determined as 

the lowest force the participant was not able to feel, while the upper mechanical 

detection threshold was determined as the lowest force the participant was able to feel. 

Each threshold was determined five times and the final threshold reported as the mean 

of the five values. Upper and lower mechanical pain thresholds were determined in a 

similar fashion using pinpricks (custom-made, Aalborg University, Denmark). The 

stimulus-response functions (mechanical pain sensitivity and dynamic mechanical 

allodynia) were obtained by asking the participant to indicate the pain induced on a 

scale from 0-10 using pre-defined combinations of above-mentioned pinprick set in 

combination with cotton wool, a cotton swap, and a brush (Somedic SenseLab, 

Sweden)[74]. The wind-up ratio (increasing pain intensity by repeatable stimulations) 

was determined by applying a 256 mN pinprick (custom-made, Aalborg University, 

Denmark) once and subsequently ten times in a row. The pain intensity after one 
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application and after 10 was rated on a scale from 0-10. This was repeated five times 

and reported as the mean of the five examinations. The pressure pain threshold was 

obtained using a pain pressure device on the foot (Algometer, Somedic SenseLab, 

Sweden) three times. The pain pressure threshold was determined as the mean of the 

three examinations. The VPT was determined using a Rydel−Seiffer tuning fork (64 

Hz, 8/8 scale) on the lateral malleolus, asking the participants to indicate when the 

vibrating sensation stopped. This examination was performed three times and the VPT 

was determined as the mean value of the three tests. All examinations were conducted 

in an area located 2-3 cm proximally to the area between the second and third toe. 

 

5.3.2. QUESTIONNAIRES 

The participants were asked to fill out two questionnaires as part of the study: the 

DN4- and the PainDETECT-questionnaires[123,124]. DN4 served to ensure those 

with PDPN indeed had neuropathic pain and helped identify which type of pain each 

participant experienced. PainDETECT helped quantify the pain intensity, as it 

provided information on average and peak pain over the last four weeks on a scale 

from 0-10. In addition to that, PainDETECT also helped identify and subtype 

neuropathic pain, although the questionnaire has not been validated for this purpose 

in diabetes.  

 

5.3.3. CORNEAL CONFOCAL MICROSCOPY 

All participants underwent in vivo CCM (Heidelberg Retinal Tomograph III Rostock 

Cornea Module, Heidelberg Engineering GmbH, Germany) at the department of 

Ophthalmology at Aalborg University Hospital. The participants received local 

anaesthesia using eye drops, and 100 images with a resolution of 400 x 400 m were 

obtained using a volume scan through the central cornea. Afterwards, a total of 6-8 

representative images were selected for each participant, and analysed manually using 

CCMetrics (M.A. Dabbah, Imaging Science and Biomedical Engineering, University 

of Manchester, United Kingdom). CNFL, CNBD, CNFD, and CNFT were determined 

as the mean value of the 6-8 images. CNFL was defined as the total length of all nerve 

fibres per frame (mm/mm2). CNBD was defined as the number of branches on the 

main nerves (no./mm2). CNFD was defined as the number of main nerve fibres 

defined as fibres taking up more than 50% of the total frame length per frame 

(no./mm2). The tortuosity coefficient was calculated using CCMetrics[125].  
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5.3.4. AXON-REFLEX FLARE RESPONSE 

All participants underwent an examination of the axon-reflex flare response provoked 

by an epidermal application of one drop of 1% histamine (Lofarma, Italy). The 

histamine was applied using a skin-prick lancet with a standardized 85g pressure in 

an area located 2-3 cm proximally to the area between the second and third toe[126]. 

Images of the dermal blood flow were captured before the application of histamine 

and each subsequent minute for 15 minutes using an FLPI (moorFLPI, Moor 

Instruments, United Kingdom). The mean flux (“blood flow” measured in perfusion 

units (PU)) of the region of interest (a circular area with an area of 450 mm2 located 

around the application site) was determined for each image using moorFLPI-2 Review 

V5.0 (Moor Instruments, United Kingdom). The examinations were conducted in a 

room with standardized temperature and lighting. Pictures with poor quality were 

identified and removed (see figure 5-2). The mean flux of each image was analysed 

as a change from baseline by subtracting the mean flux of the baseline image (before 

application of histamine) from each subsequent image. The maximum flux and the 

time-constant (time before reaching approximately 63.2% of the maximal intensity) 

for each participant were derived from individual fits to inverse exponential decay: 

(𝑌 = 𝐴 ∗ (1 − 𝑒(−𝑏∗𝑡)) 

Where A is the maximum flux and b is 1 divided by the time constant (please see 

thesis paper 1: The histamine-induced axon-reflex response in people with type 1 

diabetes with and without peripheral neuropathy: A clinical, observational study, 

section “Regrouping and Statistical Analysis” and figure 1 for further explanation and 

visualization).  

Figure 5-2 Example of poor image quality from FLPI: Representative image of a 

flux image obtained from FLPI (left) and an image of poor quality (right). 

Unpublished data from paper 1. 

Abbreviations: FLPI: Full-field Laser Perfusion Imaging 
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5.3.5. PERCEPTION THRESHOLD TRACKING 

All participants underwent perception threshold tracking on the right foot in an area 

located 2-3 cm proximally to the area between the second and third toe. Perception 

threshold tracking is a novel method to selectively stimulate large Aβ- and small Aδ-

fibres in the skin using weak electrical currents applied through two different 

transcutaneous electrodes: a patch electrode (Neuroline 700, Ambu A/S, Denmark as 

cathode and Pals Neurostimulation Electrode, Axelgaard, CO., United States as 

anode) for stimulation of the large nerve fibres and a pin electrode (custom-made, 

Aalborg University, Denmark) for stimulation of small nerve fibres. The custom-

made pin-electrode was designed as a concentric steel ring (serving as the anode) 

surrounding a printed circuit board with 16 blunted steel pins placed in a circle 

(serving as cathodes) (see figure 5-3). The selective stimulation of small nerve fibres 

was achieved by applying a current that was predominantly present near the 

termination of the free nerve endings in the epidermis without reaching the dermis 

and the termination of the large nerve fibres (see figure 5-3).  

Figure 5-3 Electrodes used for perception threshold tracking and their current 

intensity in different skin layers: the pin electrode for stimulation of small nerve 

fibres (left) produces a current predominantly present in the epidermis near the 

termination of the small nerve fibres, while the patch electrode for stimulation of the 

large nerve fibres (right) produces an unspecific current present in both dermis and 

epidermis. Due to the lower activation threshold of the large Aβ-fibres these are 

activated before the small nerve fibres. Adapted and modified from [127]. 

The electrical current for both electrodes was delivered by an electrical stimulator 

(DS5 electrical stimulator, Digitimer Ltd, UK) controlled by a computer utilizing a 

protocol implemented in a custom-made program (LabBench Io, Inventors Way, 

Denmark). The protocol controlled both shape, duration, and intensity of the applied 

current. The perception threshold was estimated using square-shaped electrical 

impulses with varying duration (0.1 millisecond (ms), 1ms and 50ms) by increasing 

the current intensity until the stimulus was perceived. To ensure precision, a perceived 

stimulus should be confirmed by three successfully perceived stimuli in a row at the 

same current intensity. The current intensity was then subsequently lowered until the 

stimulus was no longer felt three times in a row. A perceived stimulus was registered 

by the participants pressing a handheld button (custom-made, Aalborg University, 

A  fibre model

A  fibre model

Dermis

Epidermis

A  fibre model

A  fibre model

Dermis

Epidermis
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Denmark). This procedure was repeated three to five times (depending on pulse-type) 

for each pulse. The variation between the number of times each pulse was tested was 

due to the 1ms pulse serving as normalization for some of the other pulse types (to 

ensure subthreshold stimulations of the pulses containing pre-pulses). 

Accommodation (see 3.5.5 conventional threshold tracking) was determined by 

applying a 100ms ramp-shaped pulse repeated three times. The setup is depicted in 

figure 5-4.  

 

Figure 5-4 Setup used for perception threshold tracking: (left): The setup depicted 

in the lab. The small electrode is the cathode, and the large electrode is the anode. 

The electrodes are connected to a DS5 electrical stimulator, which is connected to a 

laptop receiving information on perception through a response button. (right): The 

same setup depicted schematically. Adapted from thesis paper 2.  

Based on the thresholds obtained by the square pulses of varying duration, a strength-

duration curve was plotted for each participant and the rheobase and chronaxie were 

derived (see 3.3.5 conventional threshold tracking and figure 3-4).  

 

5.3.6. OTHER EXAMINATIONS 

The participants in the MEDON-study also underwent several other examinations 

including a test for cardiac autonomic neuropathy (VagusTM, Medicus Engineering, 

Denmark) using the classic cardiac autonomic reflex tests (Expiration:inspiration 

ratio/deep breathing), Valsalva ratio (breathing through resistance), and 30:15 supine 

to standing ratio (postural change), an assessment of peripheral blood flow by 

measurements of transcutaneous O2-pressure, ankle-brachial index, and toe-brachial 

index (Periflux 6000, Perimed, Sweden), and several MRI-scans of both brain and leg 

utilizing methods like blood-oxygen-level dependent sequences for assessment of 

functional brain connectivity, diffusion tensor imaging and spectroscopy, although the 

MRI assessments are not considered a part of the present thesis[128,129]. 
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5.4. STATISTICAL ANALYSIS 

The statistical analysis used in the present thesis are different between the three thesis 

papers. Relevant information about the different statistical analyses is described in 

detail in each paper. In short, normality was assessed visually by quantile-quantile 

plots and histograms supported by Shapiro-Wilk or Kolmogorov-Smirnov tests. Non-

normally distributed data were log-transformed to achieve normality, but in cases 

where it was impossible the data were analysed by non-parametric tests (Spearman’s 

rank correlation or Kruskal-Wallis H tests followed by Bonferroni-corrected pairwise 

Mann-Whitney U tests and displayed as medians with corresponding interquartile 

ranges). Normally distributed data were analysed with parametric tests (t-tests, one-

way analysis of variance (ANOVA) and displayed as means with a corresponding 

standard deviation). Categorical data were analysed with Chi-squared or Fisher’s 

exact test and expressed as percentages. Logistic regressions were used to generate 

receiver operating characteristic (ROC) curves. 

Most analyses were conducted following the initial MEDON-grouping (figure 5-1) 

and were then repeated following a re-grouping of the participants with T1DM based 

on them having small- (defined by abnormal CDT and HDT from QST) or large fibre 

involvement (defined by abnormal sural nerve conduction velocity and amplitude). 

This re-grouping was done, as the initial MEDON-grouping relied heavily on a test 

for large fibre function (vibration, figure 5-1), which means people in the “T1DM-

DPN”-group could have subclinical SFN without concomitant large fibre 

involvement, and thus influence the results when assessing the function of small 

fibres. This re-grouping was decided prior to study initiation and was pre-registered 

at clinicaltrials.gov (NCT04078516). 
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CHAPTER 6. KEY RESULTS 

As stated earlier, the overall goal of the present PhD thesis was to evaluate novel 

methods for rapid and adequate assessment of small nerve fibre function in people 

with T1DM, with the sub-goal of exploring peripheral differences between people 

with T1DM with and without neuropathic pain. To address these goals, the overall 

key findings from the three thesis papers are presented in the following chapter, while 

the details of each key finding are found in the respective paper (thesis paper 1-3). 

 

6.1. DEMOGRAPHICS OF THE MEDON-COHORT 

The cohort used for all papers is derived from the MEDON-cohort. Demographical 

data from this cohort are available in table 6-1.  

 T1DM+PDPN 

(n=20) 

T1DM+DPN 

(n=20) 

T1DM-DPN 

(n=20) 

HC 

(n=20) 

p 

Age 50.5 [43.5;57.0]a 51.5 [45.5;58.5]a 50.5 [44.5;58.5]a 50.5 [44.0;58.5]a ns 

Sex  
(% male) 

50.0%a 50.0%a 50.0%a 50.0%a ns 

BMI 27.2 [25.1;30.4]a 27.8 [24.2;30.8]a 27.1 [24.6;30.2]a 24.3 [23.1;27.9]a ns 

HbA1c  
(mmol/mol) 

 

70.0 [59.0;78.5]a 73.0 [65.5;78.0]a 64.5 [58.0;72.3]a 34.0 [31.8;35.0]b < 

0.01 

Diabetes 

Duration 
(years) 

 

 

33.0 [22.5;40.5]a 

 

34.5 [30.0;29.0]a 

 

25.5 [15.5;31.0]b 

 

- 

 

< 

0.05 

NCV  
(m/sec) 

 

13.5 [0.0;39.0]a 15.5 [0.0;39.5]a 47.5 [45.0;48.5]b 54.5 [48.0;57.0]c < 

0.01 

NCA 
(µV) 

 

0.4 [0.0;2.7]a 1.1 [0.0;3.6]a 5.0 [2.7;7.8]b 10.3 [6.7;13.3]c < 

0.01 

CDT 
(°Celsius) 

20.3 [7.3;25.1]a 14.6 [7.3;20.9]a 28.1 [26.7;30.3]b 30.1 [25.6;30.7]b < 

0.01 

HDT 
(°Celsius) 

45.3 [43.2;47.2]a 44.3 [40.6;49.3]a 40.0 [37.3;42.0]b 37.5 [35.5;41.1]b < 

0.01 

Pain 

Score 
(Peak 

Intensity) 

 

8.0 [6.0;9.0]a 

 

0.0 [0.0;0.0]b 

 

0.0 [0.0;0.0]b 

 

0.0 [0.0;0.0]b 

 

< 

0.01 

Pain 
Score 
(Average 

Intensity) 

 
5.0 [4.0;7.5]a 

 
0.0 [0.0;0.0]b 

 
0.0 [0.0;0.0]b 

 
0.0 [0.0;0.0]b 

 

< 

0.01 
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MNSI 

 

4.5 [3.0;5.0]a 4.0 [3.0;5.0]a 0.0 [0.0;0.0]b 0.0 [0.0;0.0]b < 

0.01 

DN4 
Score 

5.0 [4.0;6.0]a 0.0 [0.0;1.3]b 0.0 [0.0;0.0]b 0.0 [0.0;0.0]b < 

0.01 

ABI 

 

1.12 [0.90;1.25]a 1.15 [1.04;1.25]a 1.25 [1.17;1.31]a 1.28 [1.18;1.31]a ns 

TBI ǂ 

 

0.81 ± 0.27a 0.80 ± 0.25a 0.87 ± 0.19a 0.87 ± 0.23a ns 

Table 6-1 Demographical data of the MEDON-cohort: The table provides data on 

baseline characteristics and key results from some of the tests used for re-grouping 

(nerve conduction studies and quantitative sensory testing). Overall difference 

between the groups is calculated using Kruskal-Wallis H Test. Individual differences 

between the groups are calculated by Bonferroni-corrected pairwise Mann-Whitney 

U tests and denoted with letters. Groups with the same denoted letter (e.g., “a”) is 

not statistically different from other groups denoted with the same letter but is 

statistically different from groups denoted with a different letter (e.g., “b”). ǂ indicates 

normal distribution, and such data is analysed with analysis of variance (ANOVA) 

and subsequent Bonferroni-corrected pairwise student’s t-tests. Average and peak 

pain intensity is derived from the PainDETECT-questionnaire[123]. In cases where it 

was not possible to assess sural nerve conduction velocity or amplitude the value was 

set to 0.0. 

Table adapted and modified from thesis papers 1 and 2.     

Abbreviations: ABI: Ankle-brachial index, BMI: Body Mass Index, CDT: Cold detection threshold, DN4: 

Douleur Neuropathique en 4, DPN: Diabetic peripheral neuropathy, HbA1c: Glycated haemoglobin A1c, 

HDT: Heat detection threshold,  MNSI: Michigan Neuropathy Screening Instrument, NCA: Nerve 
conduction amplitude (sural nerve), NCV: Nerve conduction velocity (sural nerve) NCV: Nerve conduction 

velocity (sural nerve), PDPN: Painful diabetic peripheral neuropathy, T1DM: Type 1 diabetes, TBI: Toe-

brachial index 
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6.2. PAPERS 

6.2.1. KEY RESULTS FROM PAPER 1  

• The axon-reflex flare response could be reliably evoked by an epidermal 

application of histamine applied with a simple handheld skin-prick device 

 

• The intensity of the axon-reflex flare response was significantly attenuated 

in people with diabetes per se irrespective or their neuropathy status.  

 

• The intensity of the axon-reflex flare response was significantly attenuated 

in people with T1DM and peripheral neuropathy compared to people with 

T1DM without peripheral neuropathy   

 

• The presence of PDPN did not influence the intensity of the axon-reflex flare 

response 

 

Comment: The results indicate that T1DM might cause early changes in the 

interaction between small cutaneous C-fibres and small blood vessels, and that these 

changes happen prior to the development of clinically distinct DPN. This could 

indicate that the method is a relevant option for future research into early detection of 

DPN. Furthermore, it seems that the axon-reflex flare response can reliably be evoked 

by a simple and rapid application of epidermal histamine, which in the future should 

be validated against the established method using local heating to reduce examination-

time and move the method one step closer towards a potential clinical application.  

6.2.2. KEY RESULTS FROM PAPER 2  

• Perception threshold tracking can be applied in people with T1DM 

 

• Perception threshold tracking can selectively stimulate large and small nerve 

fibres in people with T1DM-DPN, T1DM+DPN, and in healthy controls, 

while the selectivity in people with T1DM+PDPN is most likely 

deattenuated, although the possibility that the small nerve fibres in those with 

T1DM+PDPN have alternated accommodation properties compared to the 

small nerves of those without pain cannot be ruled out. 

 

• Perception threshold tracking can (with the patch electrode) distinguish 

between people with T1DM with and without DPN based on large fibre 

grouping (initial MEDON-grouping). 

 

• Perception threshold tracking can (with the pin electrode) distinguish 

between people with T1DM with and without DPN based on small fibre 
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assessment (per protocol regrouping), but not in the initial MEDON-

grouping. 

 

• Perception threshold tracking can possibly distinguish subtypes of PDPN 

from non-painful DPN. 

 

• Perception threshold tracking has a good agreement with thermal sensation 

evaluated by QST in identifying small fibre involvement in DPN (AUC 

0.82).  

Comment: Perception threshold tracking appears to be a good, selective, and rapid 

method for functional assessment of large and small nerve fibres in diabetes, with the 

latter being of particular interest. The results from the present study suffer from the 

relatively small sample size, the fact that participants are included based on large fibre 

involvement, and the harsh correction for multiple testing. However, the absolute 

values indicate that the method warrants further studies in both painful and painless 

DPN. 

6.2.3. KEY RESULTS FROM PAPER 3  

• Perception threshold tracking (of small fibres) and all parameters from CCM 

can successfully distinguish people with T1DM and neuropathic 

complications from healthy controls  

 

• Perception threshold tracking (of small fibres) correlates significantly with 

all parameters from CCM and total score of the Michigan Neuropathy 

Screening Instrument.  

 

• Perception threshold tracking (of small fibres) has a high diagnostic 

agreement with all CCM parameters in detecting SFN with the highest 

performance against CNFL (94% sensitivity, 94% specificity, positive 

predictive value 97%, negative predictive value 89%) 

 

• The optimal cut-off value for the rheobase for detecting SFN appears to be 

between 0.25 mA and 0.36 mA.  

Comment: Perception threshold tracking (of small fibres) have a very high diagnostic 

agreement with CCM, which means the method shows great potential as a rapid 

screening method for SFN, although the results should be interpreted in the context of 

the highly selected study population. The positive results warrant future research 

comparing perception threshold tracking to both CCM and skin biopsies in larger, 

unselected cohorts. Based on the findings of the present study both functional and 

structural changes occur in DPN, although the magnitude of the changes might not be 

similar.  
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CHAPTER 7. DISCUSSION 

The present thesis has utilized two novel methods for functional assessment of small 

nerve fibre pathology in T1DM: the intensity of the histamine-induced axon-reflex 

flare response and an assessment of the perception threshold through transcutaneous 

electrical stimulation. Furthermore, the thesis has also compared the diagnostic 

performance of perception threshold tracking to CCM. In the following, both methods 

will be discussed individually and put into context.  

 

7.1. THE HISTAMINE-INDUCED AXON-REFLEX FLARE 
RESPONSE 

Thesis paper 1 found an attenuated axon-reflex flare response intensity in people with 

T1DM irrespective of severity of DPN compared to healthy controls, a further 

attenuated response as neuropathy worsens, no influence of the presence of PDPN on 

the response, and that the response could be reliably evoked by an epidermal 

application of histamine. These findings are in line with most of the available studies 

using the axon-reflex flare response as a marker for C-fibre dysfunction in diabetes, 

although most studies either use local heating or iontophoresis of acetylcholine, with 

only few studies using (iontophoresis of) histamine[95,130]. In addition to this, most 

studies tend to use flare area size rather than flare intensity when using local heating 

as stimulus, as studies using this method has previously established that the size of the 

flare response (rather than the intensity) is what correlates to nerve fibre function, 

while the intensity is primarily driven by vascular function[131]. Although this is not 

the case when using the epidermal application of histamine, an evaluation of flare area 

size in addition to the provided measures of flare intensity could be useful for 

comparison between the methods. In fact, analyses made for a coming paper 

comparing the histamine-induced axon-reflex flare response intensity and flare area 

size to each other and to CCM indicates that flare area size might also be superior to 

flare intensity when evoking the response with histamine, as flare area size yields 

better results when compared to both QST (AUC 0.91 versus 0.82, p<0.01, submitted, 

unpublished data) and CCM (AUC 0.88 versus 0.79, p<0.01, submitted, unpublished 

data). A direct comparison to other existing literature can be found in the discussion 

section of thesis paper 1. 

Critiques of the skin-prick method for delivery of active substances argue that the 

dissemination cannot be regulated, and that glycosylated skin could interfere with the 

delivery and response[131,132]. While these concerns are indeed valid, the main goal 

of the present thesis was to evaluate methods for measuring small fibre function that 

could be applied in a clinical setting. By applying histamine through a simple skin-

prick device rather than applying prolonged local heating, it is possible to reduce the 
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preparation time from approximately 30 minutes to less than 30 seconds. This makes 

clinical application much more feasible (although still not obvious due to the 

requirement of specialized equipment), but it might compromise reproducibility. In 

thesis paper 1, the data are presented as the response measured over 15 minutes, which 

would again not be feasible for clinical screening. However, it could appear that the 

intensity of the axon-reflex flare response could be different between different groups 

of people with T1DM after only a few minutes, in which case a clinical application 

would move closer (see figure 1, Thesis paper 1). In fact, analyses made for a coming 

paper comparing the histamine-induced axon-reflex flare response intensity and flare 

area size to each other and to CCM reveals that people with T1DM+DPN and T1DM-

DPN can be distinguished after six minutes using axon-reflex flare response intensity 

(p<0.01, submitted, unpublished data), and after only four minutes (p<0.01, 

submitted, unpublished data) using flare area size. 

Thesis paper 1 contributes to the existing literature by confirming previous results 

found by the utilization of the axon-reflex flare area size obtained through local 

heating, while also confirming the applicability of a simple epidermal application of 

histamine to evoke the response in diabetes. In the future, the flare area size should be 

analysed in the present cohort and compared to the measurements reported in thesis 

paper 1. Beyond that, a direct comparison between local heating and epidermal 

application of histamine should be made, and the reproducibility should be further 

investigated. Finally, it should also be mentioned, that the study likewise investigated 

the impact of PDPN, which appears to not impact the intensity (or the size, submitted, 

unpublished data) of the axon-reflex flare response. Although being a negative 

finding it is still of interest, as recent studies utilizing skin biopsies have found 

increased levels of peptides related to the histamine-pathway (substance P and 

calcitonin gene-related peptide) in people with PDPN, hinting of a potential 

mechanistic pathway[68,69].  

 

7.2. PERCEPTION THRESHOLD TRACKING 

Thesis paper 2 found that perception threshold tracking is applicable in diabetes, can 

indeed preferentially stimulate large and small nerve fibres selectively, can distinguish 

some groups of people with and without T1DM and neuropathic complications, and 

has a good agreement with measurements of peripheral thermal sensation. Thesis 

paper 3 build on top of these findings, displaying correlations with the Michigan 

Neuropathy Screening Instrument and a very high diagnostic agreement with all CCM 

parameters at an optimal cut-off value between 0.25 mA and 0.36 mA. As perception 

threshold tracking is unique in its application, comparing it directly to existing 

literature is not possible. The discussion sections of thesis paper 2 and 3 draw parallels 

to conventional threshold tracking although the methods are not directly comparable. 

As these parallels are available in thesis paper 2 and 3, they will not be discussed any 

further in the present section.  
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Due to its relatively rapid examination-time and high diagnostic agreement with an 

established marker for SFN (CCM), perception threshold tracking could be a potential 

candidate for future large-scale screening. Before the method is ready for large scale 

application, there is however several issues that need to be addressed. Firstly, the pin 

electrode (for stimulation of the small fibres) needs to be available as a cheap single-

use electrode, as the current pin electrode is custom-made, require constant cleaning, 

and is not easily distributed to other centres to confirm the applicability in multicentre 

trials. Secondly, the method needs to be validated against the structural gold standard 

in skin biopsies, and preferably also CCM, in larger, unselected cohorts. Thirdly, the 

reproducibility and variance of the thresholds needs to be assessed to ensure that the 

method is indeed sensitive enough to detect worsening or even small improvements. 

Fourthly, the predictive capability of the method needs to be addressed in longitudinal 

studies. Finally, the speed of the examination could be further increased with a 

protocol utilizing the PSI-method for a rapid estimation of the perception 

threshold[133]. The method is algorithm-based, and functions by optimizing the 

information that is gained from each stimulus by adjusting the intensity based on the 

information received from previous stimuli. Using this method, it is possible to 

establish a psychometric function based on a fixed number between 30-50 

stimulations (see figure 7-1). We recently examined the applicability of the method in 

a small cohort of people with diabetes (n=43) (unpublished data). In that study, we 

found the method to have a similar performance with less stimulations than the 

methods of limits (applied in thesis papers 2 and 3), although it appeared unfit in 

people with severe neuropathy, as they would often respond randomly, thus 

destroying the functionality of the algorithm. This issue should therefore also be 

solved before applying the method to randomly selected cohorts. 
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Figure 7-1 Schematic overview of the PSI-method, the method of limits and the 

psychometric function: perceived stimuli are marked with green and unperceived 

stimuli are marked with red. The PSI-method uses a computer-generated algorithm 

to maximize the information gained from each impulse based on previous inputs, while 

the method of limits slowly climbs until a stimulus-intensity is confirmed to be 

perceived four repetitive times in a row. It then declines until the stimulus is no longer 

felt four repetitive times in a row. The psychometric function is the sigmoid curve that 

the PSI-method is built upon. The estimated threshold is defined as the stimulus 

current where the probability of the participant perceiving a stimulus is 50%.  

Abbreviations: mA: Milliampere 

 



ASSESSING SMALL NERVE FIBRE FUCNTION IN DIABETES 
 

55 

7.3. LIMITATIONS 

Despite the many positive findings, the present thesis does suffer several inherent 

issues, which will be discussed in the following sections.  

 

7.3.1. LIMITATIONS IN THE MEDON-STUDY 

As the first, larger, investigator-initiated, clinical neuropathy-trial at Steno Diabetes 

Center North Denmark, the MEDON-study is a landmark for what is to come in future 

projects. However, the design of the MEDON-study has several flaws with the most 

important one being the procedure/requirements for inclusion in each of the original 

groups. The philosophy when designing the study was an initial, clinical, grouping 

followed by a subsequent regrouping based on large- and small nerve fibre 

involvement, respectively. The idea was formed based on a vision of clinical research 

directly on top of daily clinical activities, but ultimately the inclusion of four 

thoroughly matched groups based solely on signs and symptoms of (mainly large 

fibre) neuropathy supported by a VPT (and ankle-reflexes) alongside a validated 

questionnaire for assessment of neuropathic pain proved insufficient in a study 

focusing on SFN. For large fibre assessment, the clinical distinction proved 

acceptable, with only one participant from the original group with T1DM+DPN 

having near-normal sural nerve conduction velocity and amplitude, and one 

participant from the original group with T1DM-DPN having borderline abnormal 

sural nerve conduction velocity and amplitude. However, when re-grouping 

participants based on their thermal sensation assessed by QST, four participants were 

drastically re-grouped (i.e., from the original group with T1DM-DPN to the re-

grouped participants with “definite” [both abnormal cold- and heat-perception 

threshold red.] SFN). This means that 4/60 participants in the original cohorts were 

probably wrongly grouped in the clinical groupings, which limits the strength of the 

initial comparisons as well as limiting the impact of the otherwise thorough matching 

in the original groups. No study design is perfect, but in similar future projects the 

initial grouping should at least be based on the Toronto criteria for “definite 

neuropathy”, which means an abnormal nerve conduction study should be a 

requirement for enrolment into a group with T1DM+DPN[1]. Unfortunately, this 

would not solve the issue of wrongly classifying participants based on small fibre 

involvement, which could only be solved by performing either skin biopsies with 

quantification of the IENFD or QST at the screening visit, which is a quite 

comprehensive protocol, and even then, still limited by the questionable performance 

on an individual level[21,22]. Fortunately, the procedure/requirements for inclusion 

did ultimately not impact the results too much but is still something to be improved in 

future studies, which is also the case for our upcoming “NeuroPredict”-project 

(Clinical trials: NCT05546138) focusing on early identification and prediction of 

early onset neuropathy. 
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7.3.2. LIMITATION IN THE AXON-REFLEX FLARE RESPONSE 

As mentioned in thesis paper 1, the methodology used for assessment of the C-fibre 

mediated axon-reflex flare response has several weaknesses, which are explained in 

detail in the paper and in the section 7.1 of the present thesis. In addition to the 

limitations mentioned there, the lack of standardized skin temperature (only 

standardized room temperature), the lack of a comparison to the established method 

using local heating, and the lack of an analysis of flare size (again for comparison to 

established methods) does limit the comparison to existing literature[95]. These 

shortcomings are due to practical and technical limitations during the period of 

performing the study and should be solved before future trials utilizing the method.  

 

7.3.3. LIMITATIONS IN PERCEPTION THRESHOLD TRACKING 

As described in thesis papers 2 and 3, perception threshold tracking does have several 

weaknesses. These limitations are described in detail in thesis paper 2, and include 

considerations on sample size, prolonged use of electrical stimulation, risk of signal 

shunting through hairy skin, questionable selectivity at very high current intensities, 

and the impact of age and sex. Paper 3 likewise mentions the reduction in sample size 

due to several participants being excluded from undergoing CCM, which might have 

limited the strength of the associations provided in that study. To elaborate on the 

unique issues related to perception threshold tracking, the questions regarding the 

impact of prolonged stimulations are of particular interest. Thesis paper 2 describes 

how prolonged stimulation might incidentally activate slowly conducting C-fibres, 

which is felt as an unspecific pain/heat/tingling sensation, making the sensation of 

activated Aδ-fibres harder to perceive. In addition, prolonged stimulation likewise 

causes “a drift” in the perception threshold, where the perception threshold would 

slowly increase due to the concept of habituation[134,135]. This concept is important 

when performing prolonged sessions (and were considered in the present protocol by 

normalizing the pulses containing pre-pulses prior to running them) but is not 

important when performing rapid estimations of the perception threshold (what is 

presented in the present thesis and suggested as a potential candidate for clinical 

screening).  
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CHAPTER 8. CONCLUSION AND 

FUTURE PERSPECTIVES 

The present thesis provides promising results for both the histamine-induced axon-

reflex flare response and perception threshold tracking and their ability to perform a 

functional assessment of small nerve fibres in diabetes. The histamine-induced axon-

reflex flare response provides a rapid alternative to the established standard of local 

heating for assessment of small cutaneous C-fibres, but reproducibility and diagnostic 

agreement needs to be examined further. Likewise, perception threshold tracking 

provides a very rapid evaluation of small cutaneous Aδ-fibres, with great diagnostic 

agreement with CCM. Perception threshold tracking also provides an option for 

further pathophysiological studies into both painful and painless neuropathy, although 

this utilization of the technique requires further examination and subgrouping of those 

with a painful condition. 

The present thesis has described an alternative way of evoking an axon-reflex flare 

response in diabetes, the first ever clinical application of perception threshold 

tracking, and the first ever use of the method in diabetes. The results are promising, 

but much work is needed before any of the two methods are serious contenders for 

large scale screening. Perception threshold tracking is the most promising of the two 

regarding its applicability in a clinical setting due to its rapid nature. The initial 

requirements and studies needed beforehand are already described in the discussion, 

and several of the projects have already been initiated.  

All in all, the work that has been done in the present thesis has laid the foundation for 

many future studies and PhD-projects, which should further test and develop the 

methods described, with the ultimate end-goal of providing robust clinical endpoints 

for both researchers and clinicians, and ultimately reduce the burden of disease in 

people with diabetes.  
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