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Introduction 

The International Association for the Study of Pain (IASP) defines neuropathic pain 

as pain caused by a lesion or disease of the somatosensory nervous system. Small 

fiber neuropathy (SFN) refers to a subtype of polyneuropathies that is dominated 

by neuropathic pain, caused by affected small nerve fibers, namely the 

myelinated A-delta fibers and unmyelinated C fibers. Additionally, the thinly 

myelinated preganglionic and unmyelinated postganglionic autonomic fibers are 

damaged.1-3 

 

The clinical picture of SFN is characterized by positive and negative symptoms 

and/or signs related to pain, temperature and autonomic functions.4,5 Patients 

usually describe their symptoms as burning, stabbing and/or shooting pain and 

they may have a decreased pain-, temperature- and/or pinprick sensation. 

Autonomic symptoms may also occur, such as dry eyes or mouth, palpitations, 

orthostatic hypotension, bowel and micturition disturbances, diminished 

ejaculation or vaginal lubrication, sweat changes and hot flushes. 

 

The clinical presentation differs between patients, from mild neuropathic 

symptoms with some autonomic complaints to severe pain with a variety of 

positive autonomic symptoms which have a high impact on patients’ Quality of 

Life (QoL).6 SFN generally presents as a length dependent pain syndrome 

although non-length dependent patterns do occur.7,8 SFN patients may have 

autonomic complaints exclusively, or an overlap of somatic and autonomic 

symptoms, which (partly) can be explained by the presence of specific underlying 

conditions. Some accompanying symptoms are at times unacknowledged due to 

their non-specific nature such as fatigue, daily performance decline, anxiety, and 

depression.9 

 

SFN is associated with various underlying conditions including diabetes mellitus, 

autoimmune diseases (e.g., celiac disease, sarcoidosis, Sjögren’s syndrome), 

infections (e.g., human immunodeficiency virus, hepatitis C), alcohol dependence 

and exposure to toxins, nutritional deficiencies (e.g., vitamin B12 deficiency), 

amyloidosis, paraneoplastic syndromes, and hereditary causes (e.g., Fabry’s 

disease, sodium channelopathies). However, comprehensive testing fails to 

identify an underlying condition up to 50% of patients with SFN.10 
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Diagnostic assessments 

Based on diagnostic criteria, SFN can be graded into possible, probable or 

definite SFN.1 Small fiber dysfunction cannot be captured by diagnostic tests 

performed for diagnosing large fiber neuropathy (i.e nerve conduction studies). 

The diagnostic landscape to confirm the presence of SFN has a great variability. 

A recent systematic review showed that substantial heterogeneity exists in the 

diagnostic criteria used for identifying patients with SFN in clinical research 

studies.11 In clinical practice, no broadly accepted guideline exists as to the 

appropriate combination of signs and symptoms or specific investigations 

necessary to confirm an accurate diagnosis of SFN. However, skin biopsies for 

determining the intra-epidermal nerve fiber density (IENFD) and quantitative 

sensory testing (QST) for testing small nerve fiber function are the universally 

recommended tests for SFN.12,13 Typical symptoms and signs of small nerve fiber 

damage, and absence of large nerve fiber involvement are required for the 

diagnosis SFN. In other words, the diagnosis SFN is set by the combination of 

typical symptoms and signs at examination (neuropathic pain, allodynia, 

hyperalgesia), an abnormal IENFD in skin biopsy and/or an abnormal QST5,14, in 

the absence of large fiber involvement.  

 

A skin biopsy permits to demonstrate the predominant and sometimes exclusive 

degeneration of small nerve fibers. It is an easy, but time-consuming and 

therefore expensive, procedure that can be performed by a physician or 

physician’s assistant. Although it is an invasive technique, it causes minimal pain 

and discomfort. The European Federation of Neurological Communities 

recommended a skin biopsy with staining of protein gene product 9.5 (PGP 9.5) 

as a grade A recommendation.12 It is a reliable tool to confirm the diagnosis SFN, 

by using age- and gender specific normative values.15 Diagnosis of SFN is made 

when the nerve fiber density is below the 5th percentile. Guidelines for the use of 

skin biopsy in clinical practice have been published as well, providing 

standardization of the technical procedures, including the counting procedure.12,16 

It should be emphasized that skin biopsy is a tool to diagnose small nerve fiber 

damage rather than small nerve fiber dysfunction per se. Recently, it was showed 

that up to 60% of large SFN cohorts showed a normal IENFD.5,10,17,18 The 

difference in sensitivity could be explained by methodological differences, since in 

one of the studies signs and symptoms as criteria for SFN were not included, 

leading more likely to observe a normal IENFD.  
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QST is used to determine the functional impairment of small nerve fibers by 

measuring warm, cool and pain thresholds.13 QST is a psychophysical test in 

nature, requiring cooperation from the patient. QST seems to have a relatively 

poor power in terms of localization of the injury in the somatosensory system.19,20 

If abnormal, the result may signal dysfunction between the receptor apparatus, 

the primary sensory cortex, and the association cortex. Furthermore, 

psychological factors figure prominently in sensory function perception. Other 

factors may influence the results, such as electrode size, site of stimulation, and 

frequency and rate of change of the stimuli. Because the environment of the test 

laboratory and instructions to the patients may differ between laboratories, local 

normative values were suggested, but are not always feasible.21 

 

Sensitivity of skin biopsy and specificity of the QST are moderate. Nevertheless, 

the diagnostic criteria for SFN have been defined5,14, but a ´gold standard´ for 

clinical practice and research is not available. Therefore, new diagnostics with a 

higher sensitivity and higher specificity might be of additional value to confirm an 

accurate diagnosis of SFN. Also, tests that have lower costs and are non-invasive 

are preferable to use in a diagnostic logarithm. In this thesis, two existing 

diagnostic tools, with the potential of being of additional value in the diagnosis of 

SFN, will be presented.  

Corneal confocal microscopy 

Corneal confocal microscopy (CCM) is a non-invasive technique for detecting 

small nerve fiber loss in the cornea. The cornea is innervated by small nerve 

fibers of trigeminal origin that enter through the middle third of the stroma. These 

fibers are then visualized by means of the CCM and quantification can take 

place, based on the pictures that are obtained with this technique. The use of this 

tool is limited in that it requires specific equipment and trained technicians and 

examiners. Nowadays, it is mostly used for research purposes. The function of the 

confocal microscope is to produce a point source of light and reject out-of-focus 

light, which provides the ability to image deep into tissues with high resolution. 

The basic principle of confocal microscopy is that illumination and detection 

optics are focused on the same diffraction-limited spot, which is moved over the 

sample to build the complete image on the detector. The microscopy provides 

optical sectioning while lessening the haze observed in standard light microscopy.  

To date, CCM has predominantly been used to assess patients with diabetes 

mellitus.22-26 



Chapter 1 

14 

In diabetic neuropathy, CCM showed a progressive reduction in corneal nerve 

fiber density and branch density in patients with an abnormal IENFD. However, 

the CCM quantifies small fiber damage rapidly and non-invasively and detects 

earlier stages of nerve damage compared with IENF pathology.27 

 

CCM is also a surrogate endpoint for evaluating therapeutic efficacy in clinical 

trials of patients with diabetic neuropathy28, even to detect regeneration of small 

nerve fiber, after pancreas transplantation.29 

 

In SFN, CCM was also reported to be sensitive and to correlate with a variety of 

parameters in a small group of SFN patients.30 International normative reference 

values has been documented for these CCM parameters.31 In this thesis, the 

clinical application of the CCM, as a possible additional tool in the diagnostic 

algorithm in SFN, will be addressed.  

Stimulated Skin Wrinkling 

Skin wrinkling upon water immersion has been used as an indicator of autonomic 

limb nerve function for more than 80 years. Until recently, routine use of the test 

has been hampered by a poor understanding of the physiology and lack of 

standardization. The process underlying stimulated skin wrinkling has been 

identified as dependent on digital vasoconstriction mediated via sympathetic 

nerve fibers.32 Vasoconstriction is postulated to drive wrinkling through loss of 

digit volume, which induces a negative pressure in the digit pulp and exerts a 

downward pull on the underlying skin and ultimately results in wrinkles. 

Substituting water with EMLA for inducing wrinkles have made the test easier to 

use it on bedside.33 

 

In current clinical practice, skin wrinkling for assessing autonomic dysfunction in 

patients with SFN-like symptoms is performed in the hands and/or feet, using a 

published 5-point visual scale. This method of grading is subjective and the 

degree of natural wrinkles due to age and/or gender has not been taken into 

consideration.34 For example, skin elasticity, extensibility and echogenicity all 

decrease with age.35 Considering the mentioned limitations in current SFN 

diagnostics, a more sensitive, specific and preferably non-invasive screening tool 

to detect small nerve fiber dysfunction would be of great value. In this thesis, 

normative values by means of the grading method are presented and its 
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applicability for clinical use is investigated. Also, a quantitative technique for 

evaluating stimulated skin wrinkling will be introduced.  

Genetic assessment of peripheral neuropathies  

A genetic substrate for neuropathic pain is an accepted hypothesis in the scientific 

community. In the previous decade, novel pathogenic mutations have been 

identified in SCN9A, SCN10A, and SCN11A genes encoding for three sodium 

channels (Nav1.7, Nav1.8 and Nav1.9 respectively)36-40, known to play a critical 

role in the generation and conduction of action potentials in nociceptors and their 

terminal axons. Previous findings suggest that sodium channel mutations can 

change the physiological properties of nociceptors and impair also the integrity of 

their neurites, eventually leading to the degeneration of small nerve fibers.41 The 

identification of mechanisms underlying these changes in key neuronal structures 

would allow to bridge functional abnormalities and structural changes in 

nociceptors. Evidence suggested that Nav1.7 acts within the dorsal horn to 

facilitate synaptic transmission of pain signals to second-order pain-signaling 

neurons.42 Based on its distribution and physiological features, Nav1.7 is poised 

as a molecular gatekeeper of pain detection at peripheral nociceptors and is 

considered a ‘threshold channel’ for pain sensation. Gain-of-function missense 

mutation in the SCN9A gene, encoding for Nav1.7, was first found in two rare 

human painful conditions: inherited erythromelalgia (IEM) and paroxysmal 

extreme pain disorder (PEPD).43,44 These disorders are dominated by severe 

changes in the sensitivity to pain and typical alternations of the 

electrophysiological properties of DRG nociceptors, which may explain the 

occurrence of symptoms in patients. IEM, also termed as ‘primary 

erythromelalgia’, is characterized by burning pain and redness in the extremities 

in response to mild warmth. PEPD, previously named familial rectal pain 

syndrome, is characterized by attacks of excruciating deep burning pain often in 

de rectal, ocular, or jaw areas, with a start typically in infancy. The rectal pain is 

accompanied with skin flushing of the lower or upper body or face and can 

present in a harlequin pattern45, which can alternate between the left and right 

sides of the body during different pain episodes.46 Attacks can be triggered by 

factors such as defecation, cold wind, eating, and emotion. Furthermore, gain-of-

function mutations of voltage-gated sodium channels Nav1.7, Nav1.8 and Nav1.9 

have been identified in SFN and may play a key role in the pathogenesis of SFN 

and axonal degeneration.38,47-50 Increased Na+ influx into axons expressing 
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mutant Nav1.7 channels might trigger calcium influx into IENF and their small-

diameter parent axons via reverse (Ca2+-importing) Na+-Ca2+ exchange leading 

to axonal degeneration.47 

 

Moreover, in vitro studies showed a decreased length of DRG neurites expressing 

the Nav1.7 gain-of-function variant I228M.51 Estacion et al. found neurite 

degeneration after several weeks in vitro in Nav1.7 mutant G856D challenged 

with two stressors, including extended depolarization and inhibition of glycolysis.47 

No degeneration was observed in wildtype Nav1.7–expressing neurons. This 

observation suggests that the expression of mutated sodium channels, in 

combination with additional stressor(s) might lead to loss of IENFs. As with all in 

vitro studies of neurodegenerative disorders, cultured neurons do not fully 

recapitulate the in vivo situation. The time- and length-dependent patterns of 

axonal damage cannot fully mimic the situation that occurs in patients with SFN.  

 

To expand the unraveling of the genetic architecture of neuropathic pain 

conditions, the PROPANE study (‘Probing the role of sodium channels in painful 

neuropathies’) aimed to identify novel variants in the SCN3A, SCN7A-SCN11A, 

SCN1B-4B genes in painful and painless (diabetic) neuropathies and aimed to 

provide a list of new candidate pain-related genes. The stratification of patients 

based on pain-inducing and pain-protective sodium channel gene mutations and 

novel gene variants, will identify biomarkers for targeted treatment strategies. 

General aim of the thesis 

The general aim of this thesis is to improve the clinical and genetic assessments in 

the diagnosis of SFN. In this thesis, studies are reported that investigate (1) the 

applicability of existing tests in the diagnosis of SFN, in order to facilitate the 

diagnostic process, and (2) the presence and the clinical characteristics of variants 

in genes encoding sodium channels in a large groups of SFN patients and painful 

and painless diabetic neuropathy patients.  
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Outline of the thesis 

After this short introduction, Chapter 2 reviews the diagnosis of SFN, diagnostic 

tests that assess quantification and function of the small nerve fibers. The review 

also gives an overview of sodium channelopathies related to clinical phenotypes. 

SFN can be positioned in a continuum of genetic pain disorders. 

 

In Chapter 3, a study is presented assessing the applicability of the CCM in 

patients with suspected SFN. A total of 183 patients were examined to find out 

whether the CCM is an accurate technique for clinical use and if a correlation is 

found between the CCM parameters, other diagnostic tools and possible 

underlying conditions.  

 

Chapter 4 presents age-dependent normative values for the use of stimulated 

skin wrinkling (SSW), based on the 5-point scale method. The Digit Wrinkle 

Scan© (DWS©) is introduced as a new method to quantitatively examine the 

wrinkling. The inter-observer reliability is also assessed for both methods.  

 

In Chapter 5, the development is described of the Molecular Inversion Probes-

Next generation sequencing technique (MIPs-NGS), a next generation genetic 

testing technique for the identification of variants in the sodium channel genes 

within the PROPANE study. The method was compared with the TruSeq Custom 

Amplicon-Next generation sequencing (TSCA-NGS). 

 

Chapter 6 describes the clinical features of SCN9A SCN10A and SCN11A 

variants in 1139 patients with pure SFN, and provides a rationale for genetic 

screening. Pathogenicity of variants was classified according to established 

guidelines by the Association for Clinical Genetic Science and frequencies were 

determined. 

 

In Chapter 7, the genetic differences between painful/painless diabetic 

neuropathy and painful idiopathic SFN were explored. Diabetic neuropathy is the 

most important cause of neuropathic pain. We report genetic variants of ten 

sodium channel genes (SCN3A, SCN7A-SCN11A, and SCN1B-4B), expressed in 

the nociceptive pathway by means of molecular Inversion Probes targeted Next 

Generation Sequencing approach (MIP-targeted NGS). 
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In chapter 8, we present a patient with an SCN9A-variant and clinical features of 

IEM, PEPD and SFN, as an example of an SCN9A-pain triangle phenomenon. 

 

In Chapter 9, the main findings and conclusions from this thesis are discussed. 

Also, future perspectives are outlined. Lastly, Chapter 10 presents the impact 

paragraph, which gives a reflection on the scientific and social impact of the 

results. 
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Abstract 

Small fiber neuropathy (SFN) is a disorder of thinly myelinated Aδ and 

unmyelinated C fibers. SFN is clinically dominated by neuropathic pain and 

autonomic complaints, leading to a significant reduction in quality of life. 

According to international criteria, the diagnosis is established by the assessment 

of intra-epidermal nerve fiber density and/or quantitative sensory testing. SFN is 

mainly associated with autoimmune diseases, sodium channel gene mutations, 

diabetes mellitus, and vitamin B12 deficiencies, although in more than one-half 

of patients a non-genetic aetiology cannot be identified. Recently, gain-of-

function mutations in the genes encoding for the Nav1.7, Nav1.8 and Nav1.9 

sodium channel subunits have been discovered in SFN patients, enlarging the 

spectrum of underlying conditions. Sodium channel gene mutations associated 

with SFN can lead to a diversity of phenotypes, including different pain 

distributions and presence or absence of autonomic symptoms. This suggests that 

SFN is part of a clinical continuum. New assessments might contribute to a better 

understanding of the cellular and molecular substrates of SFN, and might provide 

improved diagnostic methods and trial designs in the future. Identification of the 

underlying mechanisms may inform the development of drugs that more 

effectively address neuropathic pain and autonomic symptoms of SFN. 
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Introduction 

Knowledge of small fiber neuropathy (SFN) has advanced substantially over the 

last two decades, both at pathophysiological and clinical level. SFN is a condition 

that selectively involves thinly myelinated Aδ-fibers and unmyelinated C-fibers. It 

is clinically characterized by neuropathic pain, most frequently described as 

burning, shooting and/or prickling. Most cases present with a length-dependent 

or stocking-glove distribution1, although a non-length-dependent pattern of 

symptoms may also occur.2-5 Dysautonomic features may include dry eyes or 

mouth, orthostatic dizziness, bowel and micturition disturbances, a change of the 

perspiration pattern, accommodation problems, impotence, diminished 

ejaculation or vaginal lubrication, hot flushes, and/or cardiac palpitations.6,7 

 

In general, pure SFN does not show abnormalities in motor and large sensory 

nerve fiber function at neurological examination, while hyperalgesia and 

allodynia frequently accompany nociceptive and temperature sensation loss.8 In 

patients with pure SFN, nerve conduction studies reveal no signs of large nerve 

fiber involvement. In addition, over the last years, there has been increased 

awareness of chronic itch as a symptom of SFN.9-12 Muscle cramps have also 

been described to be a symptom of SFN, possibly reflecting the location of small 

nerve fibers as thermoreceptor and nociceptor muscle afferents.13,14 

Epidemiology 

To date, the only epidemiological study in SFN has been performed in the 

Netherlands. It showed an overall minimum incidence of 12 cases per 100,000 

inhabitants per year with long-term persistent complaints.15 

 

Children can also suffer from SFN. Although SFN in children is difficult to 

diagnose because of the absence of criteria and validated questionnaires, several 

case reports have been published.16-19 

Quality of Life 

SFN leads to a significant reduction in the overall QoL20, at least in part due to 

pain and autonomic symptoms. Thermal thresholds and reduced IENFD have 

been reported to correlate with the deterioration of QoL.21 A significant 

association was found between pain severity and burden, with an association 

between the severity of pain and subject-reported health status and function.22 
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Furthermore, greater adjusted direct and indirect costs were reported at 

increasing levels of pain in idiopathic SFN.22 

Definition and diagnosis 

The diagnosis of SFN is made according to a clinically-based definition, including 

symptoms and signs suggestive of SFN and their distribution.23 The diagnosis can 

be graded as follows: 

- Possible: presence of length-dependent symptoms and/or clinical signs of small 

fiber damage; 

- Probable: presence of length-dependent symptoms, clinical signs of small fiber 

damage, and normal sural NCS; 

- Definite: presence of length-dependent symptoms, clinical signs of small fiber 

damage, normal sural nerve conduction study (NCS), and reduced 

intraepidermal nerve fiber density (IENFD) at the ankle and/or abnormal 

thermal thresholds.1,24,25 

 

However, this definition only includes length-dependent symptoms, whereas the 

spectrum of clinical signs has widened from the classical length- dependent SFN 

to include non-length-dependent patterns.2-5 Furthermore, according to this 

definition, the diagnosis SFN should be considered only in patients with pure or 

isolated impairment of the Aδ and C-fibers. Patients with predominant features of 

small fiber neuropathy and clinical and NCS findings of large sensory fiber 

dysfunction should be considered to have a mixed (small and large fiber) sensory 

neuropathy. A correct classification of SFN is of importance, as it impacts the 

work-up for an underlying condition and the design of clinical trials.25 

Diagnostic tests  

In the past years, new technologies for the assessment of peripheral neuropathies, 

including SFN, have become available.26,27 A number of diagnostic tools is 

available for the detection of SFN (Table 2.1). A distinction can be made in 

methods that quantify small nerve fibers and methods that test small nerve fiber 

function. New imaging techniques are likely to impact the diagnostic field in SFN 

as well. 
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Table 2.1 Diagnostic tests in SFN. 

*Quantification of small nerve fibers 

   Skin biopsy 

      intra-epidermal nerve fiber density (IENFD) 

      dermal nerve fiber length 

      sweat gland and pilomotor muscle innervation 

   Cornea confocal microscopy 

      corneal nerve fiber density (CNFD) 

      corneal nerve branche density (CNBD) 

      corneal nerve fiber length (CNFL) 

      corneal nerve fiber turtuosity (CNFT) 

*Functionality of small nerve fibers 

   Quantitative sensory testing 
      assessment of large and small sensory nerve fiber function 

   Microneurography 

      assessment of activity of C-nociceptors 

   Nociceptive Evoked Potentials 
      generation by laser (LEPs), contact heat (CHEPs) or pain-related (PREPs) 

      intra-epidermal electrical stimulation (IES) 

*Imaging 

   Peripheral Nerve Ultrasound 

   (Functional) Magnetic Resonance Imaging 

*Autonomic Testing 

   Thermoregulatory sweat testing  
   Quantitative sudomotor axon reflex testing (QSART) 
   Silicone impression method 
   Quantitative direct and indirect axon reflex testing 
   Sympathetic skin response (SSR) 
   Electrochemical skin conductance 
   Neuropad 
   Stimulated skin wrinkling (SSW) 

Abbrevations: CHEP: contact heat-evoked potential; LEP, laser-evoked potential; PREP, pain-related-

evoked potential. 

 

Quantification of small nerve fibers 

* Skin biopsy 

The diagnostic value of skin biopsy with IENFD in patients with clinically suspected 

SFN has been established and the method is generally considered the ‘gold 

standard’ for the diagnosis.26,28 IENF are unmyelinated sensory endings with 

exclusive somatic function that arise from nerve bundles of the sub-papillary 

dermis.29 They lose the Schwann cell ensheathment as they cross the dermal–

epidermal junction30-32 and widely express the capsaicin receptor, making them 

the most distal nociceptors. Skin biopsy is commonly taken with a 3-mm 

disposable punch, from the lower leg, 10 centimeters proximal from the lateral 

malleolus, within the territory of the sural nerve. By means of immuno-
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histochemistry, IENF are visualised using antibodies against the protein gene 

product (PGP9.5), a cytoplasmic ubiquitin carboxyl-terminal hydrolase. The 

number of fibers crossing the dermal-epidermal junction is quantified, the length 

of the section is measured and the linear density of IENF per millimetre is 

obtained and compared with age- and gender-matched normative values.28 

Recent studies have shown that right and left-side IENFD overlap in healthy 

subjects and in patients with length-dependent SFN, and that IENFD is stable 

when re-assessed within a 3-week period that is the time of epidermal renewal, 

through a follow-up biopsy in the same sensory territory.33 

 

Disadvantages of skin biopsy are that the analysis is time-consuming and 

relatively costly, and that sensitivity is moderate. Indeed, some patients with 

symptoms of SFN may have normal IENFD and possibly represent pre-

degenerative functional impairment of the nerve fibers.34 

 

IENFD decreases with ageing28 and values in upper arm and proximal thigh are 

significantly higher than in wrist and distal leg, respectively.35 One study 

performed to monitor IENFD during disease course in idiopathic SFN found 

similar rates of decrease in proximal and distal sites of the lower limb.3 The rates 

of IENFD decrease over time do not differ between idiopathic SFN, diabetic SFN 

and impaired glucose tolerance SFN.3 

 

IENFD has been reported to be reduced also in other painful conditions, such as 

Guillain-Barré syndrome36, meralgia paraesthestica37, notalgia38, Ehlers-Danlos 

syndrome39, and fibromyalgia40, and non-painful disorders, such as Parkinson's 

disease and related disorders41-43, amyotrophic lateral sclerosis44-46, critical 

illness47, and peripheral arterial diseases.48 

 

New techniques to determine the IENFD with indirect immunofluorescence49, 

automated PGP9.5 immunofluorescence staining (laboratory developed test)50 

and 3D-analysis51 have been reported. One study investigated the global spatial 

sampling in order to determine the epidermal nerve fiber length density (ENFLD) 

taking into account its biologic complexity.52 Results showed that ENFLD is 

comparable with IENFD in differentiating between SFN and healthy individuals.52 

 

In hairy skin, dermal nerve fibers are organized in small bundles. The bundles 

located just below the dermal– epidermal junction constitute the subepidermal 

neural plexus, from which fibers arise to reach the epidermis. Other bundles can 
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be found in the deeper dermis. Most fibers are unmyelinated, and the minority of 

myelinated fibers are detectable in the upper dermis, usually close to hair follicles 

or vascular structures.32 A method for the assessment of dermal nerves by 

measuring the overall length of the fibers was shown to be reliable in terms of 

diagnostic yield in patients with pure SFN.53 

 

The skin is also rich with autonomic nerve fibers, innervating different autonomic 

structures such as sweat glands and pilomotor muscles. The innervation of dermal 

autonomic structures can be investigated using markers for adrenergic, 

noradrenergic, and cholinergic sympathetic fibers and vasodilatory peptidergic 

fibers.32 Indeed, several methods have been described to obtain a morphometry 

of sweat gland and pilomotor muscle innervation.54,55 

* Corneal Confocal Microscopy 

Corneal Confocal Microscopy (CCM) is a method that visualizes the unmyelinated 

C-nerve fibers that originate from the trigeminal nerve and travel to the 

Bowman’s membrane of the cornea.56 It allows an in vivo evaluation of disease or 

surgery-induced alterations of corneal nerves.57,58 

 

Four established parameters - corneal nerve fiber density (CNFD), corneal nerve 

branch density (CNBD), corneal nerve fiber length (CNFL) and corneal nerve fiber 

tortuosity (CNFT) – can be quantified by means of the software program 

CCMetrics. An international normative dataset of these corneal nerve fiber 

parameters has been published.59 

 

CCM is a non-invasive tool with high repeatability.60 Studies in patients with non-

length dependent SFN61 and length-dependent SFN62 demonstrated a decrease in 

CNFD. However, these studies included small patient groups (6 and 25, 

respectively). Regeneration of the small fibers in the cornea was found in diabetic 

patients after kidney and pancreas transplantation63 and after continuous 

subcutaneous insulin therapy in comparison with injections without improvement 

in the IENFD and QST.64 

 

CCM has been used to detect small fiber damage in other neurological diseases, 

such as Fabry’s disease, chronic inflammatory demyelinating polyneuropathy, 

Charcot-Marie Tooth type 1A, and multiple sclerosis.65-68 Conversely, research on 

patients with Parkinson’s showed an increase in CNBD and CNFL.41 
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Assessment of the function of small nerve fibers 

* Quantitative sensory testing 

Quantitative sensory testing (QST) is a non-invasive psychophysical method that 

quantifies the thresholds of sensory perception carried by large and small nerve 

fibers.69 QST is considered a diagnostic tool in SFN.34,70 A recent consensus 

meeting has provided recommendations for clinical use of QST71, emphasizing 

the need of a standardized protocol, adequate equipment, trained staff and use 

of normative values. The method of levels (i.e. a reaction time–independent 

method; the subject answers per stimulus whether a warmer or cooler 

temperature is sensed) has several advantages: there is no effect of stimulus 

temperature change rate, applicability is possible even in subjects with cognitive 

impairment and children, and repeatability is comparable or better compared to 

the method of limits (reaction time-dependent; pushing a button when a change 

in temperature or pain is sensed).72-75 The combination of bilateral warm and 

cold thresholds of the hands and feet by the levels method probably provides the 

most optimal sensitivity and specificity.76 

 

Thermal threshold deterioration was associated with intensity of pain in peripheral 

neuropathy.77 In diabetes without sensory large nerve involvement, a significantly 

lower IENFD and higher cold perception threshold were found in comparison with 

controls, irrespective of whether they had symptoms of polyneuropathy or not. 

However, a reduction of IENFD was the most frequent abnormal finding in the 

subgroup of patients with neuropathic symptoms, and therefore seemed more 

sensitive as a diagnostic tool.78 Furthermore, QST requires the patient to be alert 

and cooperative, the test cannot discriminate between central and peripheral 

nervous system diseases79 and may be influenced by malingering or other 

nonorganic factors.80-83 For all these reasons, QST should be used in relation to 

the clinical context and in conjunction with other tests, and not alone for the 

diagnosis of a neurological lesion.84 

* Microneurography 

Microneurography is used to record the activity of C-nociceptors and sympathetic 

fibers and to test the efficacy of different compounds in blocking abnormal on-

going activity in both animal models and in patients.85 The use of 

microneurography is increasing in disorders affecting the peripheral nervous 

system.86-89 However, its application in clinical practice remains limited due to the 
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technical challenges, the amount of time needed to perform the examination, the 

small number of nerve fibers that can be studied in any given patient, and the test 

awaits validation of diagnostic value.90 

* Nociceptive Evoked Potentials 

Nociceptive evoked potentials can be used to investigate the conduction 

properties of small nerve fibers in a fashion not dependent on patients’ 

cooperation and attention.91 These nociceptive evoked potentials can be 

generated by either radiant heat (laser-evoked potentials, LEPs) or contact heat 

(contact heat-evoked potentials, CHEPs). Both LEPs and CHEPs are based on 

selective of Aδ- and C-fiber activation, whereas induction of pain-related evoked 

potentials (PREPs) involves the preferential stimulation of Aδ-fibers.92 Skin 

denervation induced by topical capsaicin causes the decrease of LEP amplitude.93 

LEPs are a validated technique to investigate the neural bases of nociception.94,95 

LEP amplitudes correlate with the reported intensity of perceived pain96, and 

negatively with age.97 Moreover, it is modulated by opioids98 and pain 

expectation.99,100 

 

Comparable to QST, LEPs cannot discriminate the site of pathology (peripheral 

nerves, plexus, roots, spinal cord or brainstem)101, and should therefore also be 

considered a supportive tool for diagnosing SFN.  

 

Age- and gender adjusted normative values have been reported for the clinical 

use of CHEPs.102 More recently, a strong correlation between CHEP amplitudes 

with the degree of skin innervation was found in a large SFN cohort.103 Patients 

with sensory neuropathy and an IENF loss have lower-amplitude CHEPs.104-106 

However, CHEPs cannot be recorded in all healthy participants, which makes the 

clinical interpretation of absent CHEPs difficult.102 

Intraepidermal electrical stimulation (IES) has also been described as a potential 

additional tool in detecting functional changes in Aδ-fibers and C-fibers in 

SFN107,108, and in patients with neuropathic pain.109 

Imaging  

* Peripheral Nerve Ultrasound 

Enlargement in cross-sectional area (CSA) of the sural nerve was found with 

ultrasound (US) in SFN patients with reduced IENFD, compared with body mass 
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index matched healthy controls110, indicating changes in structure or morphology 

of larger nerve fibers. Possible explanations for this large nerve fiber enlargement 

include impaired axoplasmic flow in proximal (larger) nerve segments due to loss 

or injury of distal small nerve fibers, or sodium channel dysfunction, leading to 

axonal degeneration with axonal swelling.111,112 Alternatively, changes in the 

extracellular space within peripheral nerves and/or change in non-neuronal 

connective tissue surrounding the axons may contribute.  At present, more data 

are needed to establish the value of ultrasound as a diagnostic tool in SFN.  

* Magnetic Resonance Imaging 

Non-invasive imaging techniques, such as functional magnetic resonance 

imaging (fMRI), are used to measure neuronal activity in humans in order to study 

regional activation in various parts of the brain in chronic pain states. The 

advantage of fMRI is the ability to ascribe function to specific brain regions. The 

resolution of fMRI images has become more detailed with increasing magnet 

strength.  

 

Skin denervation has been associated with abnormal recruitment of pain-related 

regions in the brain113, especially in diabetic neuropathic pain114,115, suggesting 

altered patterns of activation of the brain in painful neuropathy. Volume reduction 

was most notable in pain-processing regions, particularly the bilateral anterior 

cingulate cortices, which was associated with greater depletion of IENF.116 

However, whether a specific activation pattern can be seen depends on many 

factors, such as type of brain imaging modality.117 It is conceivable that a 

particular type of pain (stimulus) may enhance a specific pain brain pattern, but 

patient-specific factors (i.e. gender, genetic and epigenetic factors) may influence 

the pain activation network.118-120 Psychological modulation as well as chronicity 

of pain may influence the activation network, and should therefore be taken into 

account.121-126 

Autonomic testing 

Changes in peripheral autonomic nervous system function may be an early 

manifestation in SFN.127 Dysfunction of the sudomotor system may result in an 

increase or decrease in sweat production, resulting in disturbances of 

thermoregulation. Traditional measurements of sudomotor function include 

thermoregulatory sweat testing, quantitative sudomotor axon reflex testing 
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(QSART), silicone impressions, quantitative direct and indirect axon reflex testing, 

and the sympathetic skin response (SSR).128 

* Thermoregulatory sweat testing 

Thermoregulatory sweat testing is performed by increasing the ambient room 

temperature which in turn raises blood and skin temperature. The degree and 

extent of sweat production is then visualized with an indicator dye.128 The test is 

time-consuming, requires special equipment, and special preparation and 

treatment of the patient, and is therefore only performed in highly specialized 

centres.  

* Quantitative sudomotor axon reflex testing (QSART) 

QSART is used to evaluate postganglionic sympathetic cholinergic sudomotor 

function by measuring the axon-reflex mediated sweat response over time. 

QSART can be of value in the diagnosis of SFN.129,130 It has been suggested to 

add QSART as one of the core diagnostic tests, requiring abnormality on two 

measures for the diagnosis (clinical findings, QST, QSART, and skin biopsy). 

Although QSART can be of value in the diagnosis of SFN, normative data are 

needed to determine its usefulness for clinical practice.25 

* Silicone impression method 

The silicone impression method is used to evaluate the postganglionic 

sympathetic cholinergic sudomotor function by measuring the direct and axon-

reflex mediated sweat response at specific time points.131 Although the silicone 

impression method is probably the easiest method to perform in the clinical 

realm, artifacts may influence the test results.  

* Quantitative direct and indirect axon reflex testing 

Quantitative direct and indirect axon reflex testing is a method to evaluate the 

postganglionic sympathetic cholinergic sudomotor function by measuring the 

direct and axon-reflex mediated sweat response in a dynamic fashion. The test is 

simple, but further studies are required to determine its diagnostic value in 

SFN.128 

* Sympathetic Skin Response  

Sympathetic Skin Response (SSR) is a measure of electrodermal activity and 

provides a surrogate measure of sympathetic cholinergic sudomotor function. 
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Although easy to perform, there is high variability within and between subjects, 

and sensitivity and specificity of the method are low.70,132 

* Electrochemical skin conductance 

More recently, the Sudoscan was developed. It is a simple, quick, painless and 

non-invasive quantitative test measuring C-fiber postganglionic sympathetic nerve 

function in sweat glands of the palms and soles of the feet, areas that contain a 

high density of these glands.1,133-135 The Sudoscan measures the electrochemical 

skin conductance.135-137 Most studies on the Sudoscan have been performed in 

patients with diabetic neuropathy, demonstrating a decrease of electrochemical 

skin conductance and a correlation with small fiber dysfunction and neuropathic 

symptoms.135,138,139 A recent review concluded that normative values are 

inconsistent across publications, and large combined data sets do not support a 

high sensitivity and specificity.140 Therefore, the value of Sudoscan as a diagnostic 

tool for SFN still needs to be determined.  

* Neuropad 

Another recently developed test, the Neuropad, was introduced to measure sweat 

production based on the colour change of a cobalt II compound.141 Moderate 

sensitivity and specificity (68% and 49%, respectively) were found using the warm 

perception threshold as a reference method, and these were enhanced when the 

corneal nerve fiber length (CNFL) was used as a reference method (83% and 80% 

respectively). The contribution of this test to the diagnosis SFN needs to be 

established.  

* Stimulated Skin Wrinkling  

Stimulated Skin Wrinkling (SSW) is a test for sympathetic function based on 

changes of dermal arteriovenous tissue vasoconstriction of the digits. A negative 

digit pulp pressure will occur after a warm water bath for 30 minutes. Wrinkling 

would occur when epidermal skin is drawn down unevenly, because of its varying 

tautness.142 The eutectic mixture of local anaesthetics (EMLA©) cream can also be 

used as a vasoconstrictive factor with similar results.143-145 In clinical practice, SSW 

is usually performed in the hands and graded using a published 5-point-

scale.146-148 Foot skin wrinkling is hardly ever performed, as wrinkling is poor 

because of higher sympathetic nerve activity to the lower limbs.149 Reduced SSW 

was found in patients with diabetic neuropathy150-152 and in idiopathic SFN.146-148 

However, the value of SSW as a diagnostic tool is currently limited.  
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Outcome measures 

Surveys might help clinicians to diagnose and assess treatment responses. The 

13-item SFN-Symptom Inventory Questionnaire© (SFN-SIQ), an ordinal based 

multi-item composite measuring 13 SFN-related symptoms, was transformed 

through Rasch to an interval measure which can be used as a diagnostic 

screening tool enabling parametric analyses.153,154 

 

Furthermore, a disease-specific 32-item SFN-Rasch-built Overall Disability Scale 

(SFN-RODS©) questionnaire was developed via Rasch analyses, suitable for 

detecting activity limitations and participation restrictions in patients with SFN.153 

 

A small-fiber symptom survey has also been developed with satisfactory 

psychometric properties, indicating potential future utility for surveying patient-

reported symptoms; however, this is an ordinal scale, hampering meaningful 

calculations.155 Finally, the Utah Early Neuropathy Scale was developed to 

evaluate the sensory signs and symptoms in sensory and small-fiber nerve 

neuropathy, and may be a useful tool for clinical use and in trials.156 

Underlying conditions and pathophysiology  

SFN is associated with multiple diseases which can be categorized as metabolic, 

immune-mediated and infectious diseases, exposure to drugs and toxins, and 

genetic causes.24,25 In a large cohort of 921 patients, 75% of them did not have a 

known preselected comorbidity before the diagnostic workup. Immunological 

conditions were found in 175 patients (19%); other associated conditions were 

sodium channel gene mutations (16.7%), diabetes mellitus (7.7%), vitamin B12 

deficiency (4.7%), alcohol abuse (3.0%), chemotherapy (2.2%), monoclonal 

gammopathy of undetermined significance (MGUS) (1.4%), and haemo-

chromatosis (0.3%) (Figure 2.1). Systemic dysimmunity was more prevalent in 

idiopathic SFN patients than in the general population, though the pathogenic 

role of isolated autoantibodies remains uncertain.157 Another smaller study 

confirmed the presence of immunological abnormalities (e.g. antinuclear 

antibodies, extractable nuclear antigens and celiac autoantibodies), whereas 

diabetes, prediabetes, and hypertriglyceridemia were not associated with SFN.158 

A large study demonstrated that the prevalence of Fabry´s disease is irrelevant in 

adult SFN patients, a finding that allows excluding this genetic screening in 

patients with confirmed diagnosis of SFN.159 
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Early degeneration of small nerve fibers can occur in the pre-symptomatic stage 

of patients carrying transthyretin mutations160, whereas patients with a 

symptomatic stage of familial amyloid neuropathy more like present with a mixed 

neuropathy.161 Even in patients with a known possible aetiology, additional 

underlying causes can be found in 27% of patients.159 It is therefore 

recommended to screen patients with pure SFN at least for autoimmune diseases, 

diabetes mellitus including glucose intolerance, vitamin B12 deficiency and 

sodium channel gene variants, even when they already have a potential 

underlying condition at referral. 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.1 Prevalence of underlying causes in patients with SFN.157 

 Immunological causes: Sarcoidosis, Sjogren’s disease, coeliac disease, other 

autoimmune diseases, and abnormal immunological laboratory findings (antinuclear 

antibodies, anti-neutrophil cytoplasmic antibodies, monoclonal gammopathy, soluble 

interleukin-2 receptor, anti-tissue transglutaminase, and antiextractable nuclear antigen 

antibodies); MGUS: monoclonal gammopathy of undetermined significance; SFN, small 

fiber neuropathy 

 

* Voltage-gated sodium channelopathies in SFN 

Voltage-gated sodium channels play an essential role in regulating the excitability 

of nociceptive primary afferent neurons. Three voltage-gated sodium channels, 

NaV1.7, NaV1.8 and NaV1.9, encoded by genes SCN9A, SCN10A and SCN11A, 

are preferentially expressed in peripheral neurons and are known to play a role in 

human pain disorders.162 

 

Gain-of-function SCN9A variants have been described in three painful human 

pain conditions: inherited erythermyalgia (IEM), paroxysmal extreme pain 

disorder (PEPD) and SFN. By contrast, congenital insensitivity to pain (CIP) is 

associated with autosomal recessive loss-of-function SCN9A variants. Increased 
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understanding of the pathophysiological mechanisms underlying sodium 

channelopathies163,164 paved the way for the development of isoform-selective 

blockers as a targeted treatment modality.165-167 

Nav1.7 in IEM 

IEM (or erythermalgia; OMIM 133020) is characterized by attacks of bilateral 

symmetrical burning pain together with redness and warmth in the feet or hands. 

Moderate exercise and heat provoke and aggravate the attacks, whereas cold, 

rest and raising the affected limbs may provide relief.168-170 In most patients with 

IEM, symptoms start in early childhood (prior to 5-6 years of age); occasional 

families show an older age at onset.171 Except for reddening of the skin of 

affected body parts due to vasomotor dysregulation during attacks172, autonomic 

symptoms, such as in SFN, has been rarely reported in IEM.169 

 

IEM is an autosomal dominant painful neuropathy, caused by variants in 

SCN9A.169,171,173 Gain-of-function variants that shift activation of Nav1.7 in a 

hyperpolarizing direction, slow deactivation, and enhance ramp currents cause 

IEM. Over 20 different IEM mutations have been discovered in Nav1.7, and 

almost all mutations investigated so far result in a hyperpolarizing shift of 

activation, allowing Nav1.7 to open at lower potentials compared with the wild 

type174-187, in familial cases179,188-190 and children.181,191 This left shift of activation 

enhances excitability, intuitively explaining the pain phenotype.174,192,193 The 

phenotype, however, can be complex and variable189,194-199, even within families 

carrying the same variant.169 The I234T-mutation, which causes IEM-like pain 

phenotype, exhibits a complex phenotype that includes automutilation198,200 and 

bilateral congenital corneal anesthesia.201 These findings, which suggest both 

gain of function and loss of function at the clinical level for patients carrying this 

variant, are explained by the unusually large hyperpolarization of activation of the 

mutant channel, which produces a massive depolarization in the resting potential 

of some dorsal root ganglion (DRG) neurons, thus silencing them.202 Several 

variants have been reported without functional testing.203,204 Recently, a Nav1.8 

variant has been linked to a syndrome with clinical characteristics similar to 

IEM.205 

Nav1.7 in PEPD 

PEPD, previously known as familial rectal pain (OMIM 167400) is an inherited 

condition characterized by paroxysms of rectal, ocular, or submandibular pain 
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with flushing. Patients with PEPD can also suffer from autonomic dysfunction 

leading to poor feeding and reflux, vomiting, tonic attacks, breath holding spells, 

and bradycardia that sometimes requires insertion of a pacemaker. PEPD is 

caused by gain-of-function Nav1.7 variants that mostly result in impaired fast-

inactivation. So far, 10 variants in Nav1.7 are known that cause PEPD.206-212 It is 

thought that the variant induces a depolarizing shift of steady-state fast 

inactivation, hampering channel closure during action potential electrogenesis.  

Nav1.7 in channelopathy-associated insensitivity to pain 

Patients with CIP do not perceive physical pain (OMIM 243000). The difference 

between sharp and dull and hot and cold is felt, but the pain awareness is absent. 

Young children with CIP may accrue mouth or finger wounds due to repeated 

self-biting may also experience multiple burn-related injuries, and may injure 

bones and joints without experiencing pain. They also have a complete loss of the 

sense of smell (anosmia). SCN9A homozygous missense and deletion variants 

have been described in these patients, who do not produce functional Nav1.7 

channels, and has been linked to the absence of pain perception.213-223 Partial 

deletion of pain perception was also described.224 The clinical phenotype of 

patients with reduced pain sensibility due to Nav1.9-variants is different than 

Nav1.7-associated CIP.225-227 

 

Large hyperpolarizing shifts in the voltage dependence of activation in the 

mutated Nav1.9 channels in these cases are associated with insensitivity to pain. 

This evokes a massive degree of membrane depolarization that renders DRG 

neurons hypoexcitable.228 

NaV1.7 in SFN 

The first gain-of-function variants in Nav1.7 that change the properties of the 

channel and the excitability of DRG neurons were described in 2012 in skin 

biopsy- and QST-confirmed idiopathic SFN.229 Unexpectedly, while there is a 

strong correlation between genotype and phenotype for many variants, some 

patients carrying Nav1.7 mutations show a remarkable degree of genotype-

phenotype variability. Thus a single Nav1.7 variant can be associated with a 

range of clinical phenotypes, and the same clinical phenotype may be associated 

with multiple different variants.12,229-236 The I228M variant, for example, may 

present with facial pain, or with a distal SFN.231 Most SFN variants in Nav1.7 are 

associated with distal pain, but the G856D variant was linked to a more complex 



 Small fiber neuropathy 

39 

phenotype of very severe pain, together with erythema, dysautonomia and small 

hand and small feet (acromesomelia).234 The IEM-associated G856R variant was 

recently also shown to be associated with impaired distal limb development, 

suggesting that some gain-of-function mutations of NaV1.7 may adversely affect 

limb morphogenesis during development.191 Furthermore, some variants present 

with severe autonomic symptoms, while others do not. This differential effect of 

certain NaV1.7 variants, rendering DRG neurons hyperexcitable and sympathetic 

ganglion neurons hypoexcitable, can be explained by the presence or absence of 

Nav1.8 in dorsal root ganglion versus sympathetic ganglion neurons, 

respectively.172,232 In addition to providing a mechanistic basis for pain and 

autonomic symptoms in SFN, the presence of gain-of-function mutations in NaV 

channels may provide insights about the mechanisms that lead to degeneration 

of axons in SFN. In vitro studies have demonstrated that reverse-mode (Ca2+ 

-importing) Na/Ca exchange can be triggered by a small but sustained influx of 

Na+ ions due to pathogenic sodium channel mutations found in SFN patients, 

thereby impairing neurite outgrowth, suggesting a molecular mechanism of axon 

degeneration in SFN.111 

 

Multiple modulatory factors can shape the pain experience of patients carrying 

NaV1.7 gain-of-function variants; for example, a recent study of two patients with 

IEM both carrying the same NaV1.7 variant but with different pain profiles, 

demonstrated that a variant of a second gene, in a potassium channel, can 

introduce a degree of resilience to pain.237 Some patients with painful SFN can 

develop diabetes years after SFN becomes clinically manifest. It has been 

speculated that Nav1.7 mutations, present in pancreatic ß-cells as well as DRG 

neurons, may increase susceptibility for development of diabetes via ß-cell injury 

and produce painful neuropathy via a distinct effect on DRG neurons.238 This 

hypothesis remains to be experimentally tested. 

Nav1.8 in SFN 

The Nav1.8 sodium channel, expressed in DRG neurons and peripheral nerve 

axons, contributes most of the sodium current underlying the action potential 

upstroke and supports repetitive firing in response to sustained 

depolarization.163,239-241 Gain-of-function variants in Nav1.8 have been found in 

patients with painful neuropathy242, which had an enhanced channel response to 

depolarization and produced hyperexcitability in DRG neurons, including reduced 

current threshold, increased firing frequency and spontaneous activity. Other 
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Nav1.8 variants have also been linked to SFN243,244, some with a clinical 

phenotype that includes a clinical picture that suggests severe dysautonomia.245 

Variants in NaV1.8 were found in almost 5% of a group of 921 consecutive 

patients with SFN.157 

Nav1.9 in SFN 

Nav1.9 is preferentially expressed in small-diameter DRG neurons, trigeminal 

ganglion neurons, and intrinsic myenteric neurons.246 Several human pain 

disorders have been linked to dominant gain-of-function NaV1.9 variants, 

including early-onset pain in distal extremities247-249, cold-aggravated pain250, and 

SFN.251,252 The expression of Nav1.9 in myenteric neurons can explain the 

gastrointestinal symptoms reported by patients harbouring SCN11A variants.248 

Finally, gain-of-function variants in Nav1.9 have been reported in patients with a 

complex clinical syndrome that includes insensitivity to pain.226,227,253 The loss of 

pain sensibility in these cases arises from a massive depolarization of DRG 

neurons that inactivates the sodium channels in these cells and reduces their 

excitability.228 

Overlap between pain disorders  

With the description of painful SFN caused by NaV1.7 variants, it has become 

clear that the phenotype of NaV1.7 variants expands, and that the boundaries 

between these phenotypes are not always distinct (Figure 2.2). Clinically, burning 

pain with a stocking-glove distribution is a common characteristic in SFN but is 

also seen in IEM.188,229 Facial and diffuse  or widespread pain can be seen in SFN 

and PEPD206,229,231, and also in IEM.170 Although this suggests that the function of 

small nerve fibers is equally impaired, IEM is usually not characterized by a loss 

of epidermal nerve fiber density.254 

 

Reddening of the skin can occur in both IEM and PEPD and, to a lesser extent, in 

SFN. One study suggested that the activity of mutant Nav1.7 channels in smooth 

muscle cells and sympathetic fibers innervating skin vessels may contribute to this 

phenomenon.255 Mixed phenotypes of IEM and SFN, IEM and PEPD, or SFN and 

PEPD associated with one variant have been described. Among SCN9A variants, 

the R185H has been found in patients diagnosed with either PEPD256 or SFN.229 

The A1632E variant has been found in a patient with a mixed phenotype of IEM 

and PEPD, and causes a mixed physiological change in channel function, of 

hyperpolarized activation and impaired fast inactivation of the channel, which are 
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typically associated with IEM and PEPD, respectively.257 The heterozygous L245V 

variant that was found in a large family with IEM did not affect channel activation, 

but instead resulted in incomplete fast inactivation and a small hyperpolarizing 

shift in steady-state slow inactivation, which is more characteristic for PEPD.258 

Overall at the structural level, most IEM variants tend to be located within the 

domains I and II of the protein, while PEPD variants are commonly located in the 

domains III and IV. The structural dichotomy parallels the biophysical effects of 

the two types of variants.259 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2.2 The triangle of SCN9A-related pain disorders. Modified from Hoeijmakers, thesis: SFN 

and sodium channels: a paradigm shift, 2014, chapter 9, Figure 2.1.260 SFN=small fiber 

neuropathy, IEM=inherited erythromelalgia, PEPD=paroxysmal extreme pain disorder. 

 

Electrophysiology and pathogenicity of SCN variants 

Although we know that some variants in sodium channels Nav1.7, Nav1.8, and 

Nav1.9 can cause pain disorders, it is important to discriminate disease-causing 

variants, from disease-contributing variants and variants of uncertain 

significance.236 IEM and PEPD are due to rare, high impact, fully penetrant 

variants in Nav1.7. The frequency of specific variants is still low in the SFN 

population, and one could argue whether these variants can be considered risk 

factors or variants contributing to the disease, but not causing the disease. The 

clinical utility of in silico mutation-prediction programs is at best moderate, since 

these algorithms do not always accurately predict changes in channel function.236 

Consensus has been reached that newly described gene variants of SCN9A, 

SCN10A, and SCN11A should be assessed in the context of phenotype, family 

history, in-silico analysis, and functional profiling of the variant channel, and urge 



Chapter 2 

42 

that gene variants be interpreted cautiously within clinical practice in the absence 

of segregation with symptoms in a large kindred and/or a pathogenic functional 

signature showing clear pro-excitatory changes in channel physiology.236 

Management 

Primary goals of the management of neuropathic pain in SFN are to detect 

(potentially treatable) underlying causes, to eliminate risk factors, and to manage 

the pain. Patients with SFN typically suffer from severe neuropathic pain that may 

be difficult to treat. At present, therapeutic strategies are largely symptomatic. 

Three main categories of drugs are most commonly used for treating neuropathic 

pain: antidepressants, anti-epileptics, and opioids.261 Using the Grading of 

Recommendations Assessment, Development, and Evaluation (GRADE), 

recommendations were made for the pharmacotherapy of neuropathic pain 

based on the results of a systematic review and meta-analysis. There is a strong 

recommendation for use and proposal as first-line treatment for tricyclic 

antidepressants, serotonin-noradrenaline reuptake inhibitors, pregabalin, and 

gabapentin; a weak recommendation for use and proposal as second line for 

lidocaine patches, capsaicin high-concentration patches, and tramadol; and a 

weak recommendation for use and proposal as third line for strong opioids and 

botulinum toxin A. Topical agents and botulinum toxin A were recommended for 

peripheral neuropathic pain only. A substantial subset of patients with SFN is 

aged 65 years or older, and comorbidities and polypharmacy make neuropathic 

pain treatment more challenging.262 At present, treatment of neuropathic pain is 

often disappointing, leading overall to pain relief of about 50% in only one-half 

of the patients, and the drug often has to be discontinued due to unpredictable 

side-effects. The recent genetic and functional findings in SFN may pave the way 

for the development of new analgesics, through both pharmacogenomic 

targeting of existing medication263,264, and the development of a new generation 

of specific sodium channel blockers.165-167 

 

As pain is a complex symptom, in which not only physical factors but also 

psychological, neurophysiological, socioeconomic, and cultural aspects may 

influence the experience and continuation of pain, a multidisciplinary approach in 

line with the biopsychosocial model is required in optimizing treatment for the 

individual patient.265 Physical therapy modalities and rehabilitation techniques are 

important options.266 Moreover, supervised exercise in patients with metabolic 
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syndrome showed an increased cutaneous regenerative capacity, suggesting 

potential benefits of peripheral nerve function.267 

Conclusions 

The universe of causes of SFN is expanding. Sodium channel gene mutations 

associated with SFN have been linked to a spectrum of clinical presentations, 

including different pain distributions together with the presence or absence of 

autonomic symptoms. The observation of mixed or overlap phenotypes suggests 

that multiple different pain disorders, currently considered as clinically distinct, 

may be part of a physiological continuum or spectrum. The number of diagnostic 

tests for SFN is increasing, although the clinical relevance of many is still not 

established. With the discovery of sodium channel variants underlying SFN, the 

understanding of the pathophysiology of the disorder has increased. Variants in 

sodium channel genes have been found in a relatively small percentage of SFN 

patients, and while their number is likely to increase, other genetic aetiologies are 

likely to emerge. Recent progress is likely to inform the development of new 

treatments and provide a mechanism-based precision medicine approach to 

neuropathic pain. 

 

Review criteria 

A literature search was performed to find studies and reviews published on SFN. If 

appropriate, historical papers were also included. PubMed search was performed 

using the keywords “small fiber (fiber) neuropathy”, in combination with any of 

the following keywords: “aetiology/etiology”, “pathogenesis”, “diagnosis”, 

“prognosis”, “treatment”, “skin biopsy”, “quantitative sensory testing”, “nerve 

conduction study (studies)”. Furthermore, the bibliographies of all articles 

published between 1997 and 2017 regarding SFN were checked. Only articles in 

published in English were included. 
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Abstract 

Background 

According to the international criteria, the diagnosis small fiber neuropathy (SFN) is based 

on clinical symptoms and signs in combination with a reduced intra-epidermal nerve fiber 

density (IENFD) in skin biopsy. Temperature threshold testing (TTT) can be supportive for 

the diagnosis. The sensitivity of skin biopsy is moderate to good; however, the test is 

invasive, time-consuming and not widely available. The specificity of the TTT is moderate 

and may be influenced by psychosocial factors. Corneal confocal microscopy (CCM) is a 

non-invasive tool that visualizes the small nerve fibers in the cornea. Degeneration and 

regeneration of small nerve fibers has been shown in various conditions. The aim of this 

study was to examine the applicability of CCM in patients with the suspicion of SFN, and 

the value of CCM as an additional diagnostic tool in SFN.  

 

Methods 

From January 2016 to June 2017, 183 patients with a suspicion of SFN and 25 healthy 

subjects were included in this study. All patients received a standardized procedure of 

investigations for SFN. Thereafter, The CCM parameters corneal nerve fiber density 

(CNFD), branch density (CNBD), fiber length (CNFL), and fiber tortuosity (CNFT) were 

determined. The sensitivity and specificity of the CCM was determined. Furthermore, we 

investigated whether any differences were found between SFN-associated conditions, and 

the CCM parameters. 

 

Results 

In this study, 140 patients were diagnosed with SFN (based on 7.7% abnormal IEFND, 

44.8% abnormal TTT, 26.2% both abnormal), while in 43 patients the diagnosis could not 

be confirmed (non-SFN). In the SFN and non-SFN group hardly any CCM parameter was 

affected (the highest affected parameter was seen for the CNFL (14.3% in SFN / 18.6% in 

non-SFN). From the associated conditions to the diagnosis of SFN that were tested, 32.8% 

of the patients in the SFN-group was idiopathic. Overall, the CCM had a moderate 

specificity (60.5%) and a low sensitivity (39.3%) in comparison to the actual reference tests. 

However, specifically at least one CCM abnormality was detected in 57.7% (15/26) of the 

SFN-patients with an impaired glucose tolerance. 

 

Conclusion 

CCM as a diagnostic tool does not increase the diagnostic yield in SFN. However, 

specifying subgroups according to associated conditions may be important for future 

studies to determine the position of the CCM in diagnosing SFN. 
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Introduction 

Small fiber neuropathy (SFN) is a form of peripheral neuropathy, which selectively 

affects the small Aδ nerve fibers and C fibers. SFN is characterized by 

neuropathic pain and autonomic dysfunction.1,2 The minimal prevalence of SFN is 

estimated to be 53/100.000.3 The diagnosis is made if typical symptoms and 

signs are present, in combination with a reduced intra-epidermal nerve fiber 

density (IENFD) in skin biopsy.4 In addition,  abnormal temperature threshold 

testing (TTT) can be supportive for the diagnosis.1,5-7 The diagnostic value of skin 

biopsy in patients with SFN has been established.4 However, the process of 

staining and counting the nerve fibers is time consuming, and the test is not 

widely available. Moreover, up to 60% of patients with SFN-symptoms IENFD is 

normal, possibly representing pre-degenerative functional impairment of the 

nerve fibers.8-11 TTT is a widely available diagnostic tool, but this test lacks 

specificity.12, and may be influenced by malingering or other non-organic 

factors.13 To optimize the diagnostic process, a sensitive, preferably non-invasive, 

screening tool to detect damage of the small nerve fibers would be of value. 

 

In vivo corneal confocal microscopy (CCM) has evolved rapidly from a 

predominantly research application to a diagnostic tool with a variety of clinical 

applications in ocular and neurological diseases, and with a high repeatability.14 

CCM can be used to examine small nerve fibers in the sub-basal nerve plexus 

(SNP) of the cornea.15 Normative corneal nerve fiber density (CNFD), corneal 

nerve fiber branch density (CNBD), corneal nerve fiber length (CNFL), and 

corneal nerve fiber tortuosity (CNFT) reference values have been published.16 

Previous studies showed the detection of nerve fiber loss/damage in patients with 

diseases that may also affect the small nerve fibers, like Charcot-Marie-Tooth type 

1A (CMT1A), impaired glucose intolerance, sarcoidosis-related neuropathy, Fabry 

disease, Parkinson’s disease, peripheral auto-immune neuropathy, human 

immunodeficiency virus (HIV), and diabetic neuropathy.17-26 CCM may also detect 

regeneration of small nerve fibers after treatment, for example after pancreas 

transplantation in patients with diabetes neuropathy.27 Furthermore, CCM was 

used as a surrogate endpoint for evaluating therapeutic efficacy in clinical trials of 

patients with diabetic neuropathy and sarcoidosis.28,29 

 

Small nerve fiber pathology was found in a small group of patients with idiopathic 

SFN (n=25), using CCM.19 The primary aim of this study was to determine the 

value of the CCM in the diagnostic work-up of SFN in a large group of patients 
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with suspicion having SFN. To ensure that the international published normative 

values could be used in this study, a small number of healthy subjects was 

included.16 Furthermore, the inter- and intra-observer reliability of the manual 

analysis method was investigated, and also compared with the automatic analysis 

method. 

Materials and methods 

The study took place between January 2016 and June 2017 at the Maastricht 

University Medical Center+ (Maastricht UMC+). The study was approved by the 

local Medical Ethics Committee, and written informed consent was obtained from 

each participant according to the declaration of Helsinki.  

Study population 

A total of 25 healthy participants were included in this study to confirm the 

applicability of the age- and gender dependent normative values which have 

previously been published.16 Healthy controls were eligible to participate when 

they had a minimal age of 18 years, without a history of corneal diseases and/or 

neuropathic pain and underlying conditions that could influence nerve fiber 

functions.  

 

Patients with possible SFN were eligible for inclusion when they were 18 years or 

older, and were referred to the Maastricht UMC+ for suspected SFN. Patients 

were excluded from the study if they had a history of diseases of the eye such 

atopic keratoconjunctivitis30, epithelial membrane basement dystrophies31 or cystic 

corneal disorders.31 Also, patients with signs of an axonal or demyelinating 

polyneuropathy on nerve conduction studies (NCS) were excluded. Furthermore, 

patients were excluded when they did not want to be informed about defects or 

accidental findings, which could be found during the pre-screening by the 

Ophthalmology department.  

 

Patients underwent a standardized procedure of clinical investigations for SFN. 

This contained a medical assessment, TTT, skin biopsy 10 cm above the lateral 

malleolus to determine IENFD, NCS to exclude involvement of large nerve fibers, 

neurological examination (including Medical Research Council (MRC) grading, 

tendon reflexes and sensory testing) and completion of the Visual Analogue Scale 
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(VAS) for pain and the SFN-Symptom Inventory Questionnaire (SFN-SIQ). The 

SFN-SIQ evaluates several symptoms as well as autonomic symptoms in a simple 

manner. The questionnaire consists of 13 questions and was derived from the 

original SIQ, and from the composite autonomic symptoms scale (COMPASS).32 

The diagnosis of SFN was set by the clinical presentation in combination with an 

abnormal TTT and/or abnormal IENFD.1,33 For further investigation of underlying 

conditions, blood analysis was performed to determine possible causes of SFN 

such as diabetes, thyroid dysfunction, vitamin B6-intoxication, vitamin B12 

insufficiency, Borrelia infection, immunological deficiencies, hepatitis C and 

SCN9A, SCN10A and SCN11A-variants.34,35 

CCM-procedure 

If there were no abnormalities during the pre-screening of the ophthalmologist, 

the participant was scanned with a laser IVCCM (Heidelberg Retinal Tomography 

III Rostock Cornea Module) to examine the nerve plexus present in the sub-basal 

membrane in the (peri-)center of the cornea. Participants' eyes were anaesthetized 

using a drop of 0.4% Benoxinate hydrochloride after which Viscotears were 

applied for lubrication of the eye. The anaestheticum works for approximately 

30 minutes. A drop of viscotears was placed on the tip of the objective lens and a 

sterile disposable perplex cap was placed over the lens. The participant was 

instructed to fixate on a light with the eye that was not examined. The lens was 

placed against the cornea and focused on the basal layer of the cornea by 

turning the fine focus of the objective lens backwards and forwards for 

approximately two minutes per eye. When focused on the (peri-)center of the 

neuroplexus, we shot approximately 50 images of the unmyelinated nerve fibers 

which run parallel to Bowman’s membrane and supply the overlying corneal 

epithelium. The images were two-dimensional with a lateral resolution of 

approximately 2 µm/pixel and a final image size of 400 x 400 pixels. Of all 

images that were shot, 4 high-quality images were selected with a (sub)optimal 

visualization of the small nerve fibers of each eye. Pictures with the highest quality 

for assessing the small fibers around the center of the cornea were selected. 

Analysis with CCMetrics Image Analysis Tools v. 1.1. 

The selected images were manually analysed using the CCMetrics image analysis 

tool version 1.1 (provided by the University of Manchester, United Kingdom). The 

images were uploaded into the program, and the visible nerve fibers were 

overdrawn by the analyser (MS).36 Four corneal nerve parameters were 
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quantified: 1) CNFD, the total number of major nerves per square millimetre 

(no. mm2); 2) CNBD, the number of branches emanating from all major nerve 

trunks per square millimetre of corneal tissue; 3) CNFL, the total length of all 

nerve fibers and branches (mm/mm2) within the area of corneal tissue; 4) CNFT, 

expressed as the tortuosity coefficient (TC).36 The CCM was considered abnormal 

if one or more of these variables were abnormal when compared to the 

normative data set16, using the mean value of the four selected pictures of the 

right and left eye per CCM variable. Quantification of corneal nerve parameters 

was undertaken in a blinded fashion.  

 

Afterwards, pictures were divided in two categories: 1) picture with an optimal 

resolution where the whole sub-basal plexus could be examined (Category 1; 

Figure 3.1A); 2) picture with a suboptimal resolution of the sub-basal plexus 

where at least 75% of the picture could be examined (Category 2; Figure 3.1B). 

Due to technical and/or anatomical variation, in some cases, optimal pictures 

could not be taken.  

 

To determine the intraclass correlation coefficient (ICC) of the CNFL, CNFD, 

CNBD and CNFT between observers, 240 randomly picked images were 

examined. Both examiners were blind for the diagnostic results. In order to 

determine the intra-observer reliability, one observer assessed the same 

240 pictures with an interval of, at least two weeks without having access to the 

previous findings. To compare the manual technique with the automated manner, 

all images were selected.37 For the automated analyses, CNFT was not included. 

Statistical analysis 

For the storage and analysis of the data we used SPSS 23.0 (IBM Corp. Released 

2015. IBM SPSS Statistics for Windows, Version 23.0. Armonk, NY: IBM Corp). 

Inter-observer reliability and the correlation between the manual and automated 

analysis were measured using ICCs for each corneal parameter by means of the 

Two-Way Random-Effects Model.38 The ICC values less than 0.5 were indicated 

as poor, values between 0.5 and 0.75 as moderate, values between 0.75 and 

0.9 as good, and values greater than 0.90 as excellent reliability.  

 

To apply the international normative values for our Dutch sample, a 

heterogeneous group of healthy subjects was examined to determine if their 

values were within the range of the international normative dataset.  
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Demographics were shown as means with the standard deviation (SD). The 

associated conditions which cause SFN-like symptoms in the total patient group 

were visualised. The Mann-Whitney-U test was executed in order to determine 

whether analysis of one eye (left or right) was sufficient for further analysis. Two 

tables are presented with the number of patients with/without CCM abnormalities 

and how many per subject, divided in (1) SFN versus non-SFN, and (2) Category 

1 versus Category 2 pictures. The relationship between associated conditions of 

SFN and CCM outcome measures was presented by a bar chart.  

 

Lastly, we showed a cross-tabulation to determine the sensitivity, specificity, 

likelihood ratios and predictive values of the CCM to the actual golden standard. 

 

A 
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Figure 3.1 A: optimal resolution picture (Category 1). Field of view is 0.4 mm by 0.4 mm. 

B: suboptimal resolution pictures (Category 2). The circle indicate the stroma of 
the cornea. Field of view is 0.4 mm by 0.4 mm.  
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RESULTS 

Group of participants 

Findings from our healthy group (n=25) in all age groups (18-25, 26-35, 36-45, 

46-55, 56-65, and older than 65 years) confirmed the applicability of age- and 

gender adjusted normative values.16 None of the healthy participants had a 

CNFD, CNFB or CNFL lower than the cut-off points. Furthermore, the CNFT was 

within the normal range without reaching the cut-off point.  

 

A total of 359 patients underwent screening for SFN between January 2016 - 

June 2017. Eventually, 183 participants were included (Figure 3.2). For 140 

patients, the diagnosis of SFN was obtained according to the international 

criteria. The clinical characteristics are summarized in Table 3.1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Flow-chart inclusion participants. 

 

Table 3.1 Patient group demographic and clinical characteristics. 

 SFN-group (n = 140) non-SFN group (n = 43) 
Gender, M/F 51/89 6/35 
Mean age ǂ, years 51 ± 12 45 ± 13 
Age of onset ǂ, years                                 44 ± 14 41 ± 16 
Only abnormal IENFD  14 0 
Only abnormal TTT 78 4* 
Both abnormal IEFND and TTT 48 0 
Idiopathic, Y/N   47/93 18/25 
VAS, min-max 64, 38-82 53, 24-73 

ǂ Data are shown as mean (SD); # data are shown as mean, min-max; * diagnosis was not set 
because the clinical picture was not typical for SFN. SFN, small fiber neuropathy; VAS, visual analogue 
scale; IENFD, intra-epidermal nerve fiber density; TTT, temperature threshold testing. The diagnosis 
SFN was made based on clinical symptoms in combination with a reduced intra-epidermal nerve fiber 
density (IENFD) in skin biopsy and/or abnormal temperature threshold testing (TTT).1,4,5,59 
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The total group of included patients (n=183) contained 124 females (67.8%). The 

age group 46-55 years was the greatest group with 56 patients (30.6%). From 

the patient group diagnosed having SFN (n=140), 48 patients (26.2%) were 

diagnosed with definite SFN based on an abnormal TTT and abnormal IENFD, 

whereas 14 patients (7.7%) only had an abnormal IENFD and 78 patients 

(44.8%) only an abnormal TTT. The IENFD and TTT were both normal in 

39 patients (20.2%). Four patients (2.2%) had an abnormal TTT, but the diagnosis 

could not be made, because the clinical picture was considered not typical for 

SFN. The last two mentioned groups together were defined as the non-SFN group 

(n=43).  

 

Figure 3.3 shows the associated conditions for the SFN-group (n=140). A 

percentage of 32.8% was diagnosed with idiopathic SFN. The distribution of 

associated conditions in our sample is comparable to a large patient cohort.34 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.3 The associated conditions of in the SFN-group (n=140); 1: glucose intolerance (14.2%); 

2: hypercholesterolemia (6.0%); 3: Immunological abnormalities (12.6%); 4: Liver- and 

kidney abnormalities (3.8%); 5: Borrelia (4.9%); 6: Thyroid dysfunction (4.4%); 7: Vitamin 

B12 deficiency (2.2%); 8: Vitamin B6 intoxication (1.1%); 9: Genetic variant (12.6%); 10: 

idiopathic (32.8%); 11: Other (5.5%). 

 

Inter- and intra-observer reliability  

The manual CCM examinations were adequate to highly reproducible, indicated 

by ICCs ranging between 0.790 and 0.987 for the intra-rater reliability. The ICC 

was performed best in CNFT. Measurements in CNFD, CNBD and CNFT were 

highly reproducible between observers, indicated by an ICC of 0.836 (CNFD), 

0.914 (CNBD), and 0.948 (CNFT). The reliability of CNFL was intermediate with 

0.691. When automated analysis was performed, an excellent ICC was found on 
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CNFL, namely 0.959 (CI: 0.945-0.969), and good reliability score on CNBD 

(0.796; CI: 0.727-0.848). However, the ICC for the CNFD was poor (0.325; CI: 

0.096-0.496). 

Comparison left and right eye  

In Table 3.2, a comparison was made between the left and right eye. No 

significant differences were found in CNFD, CNBD, CNFL and CNFT between 

both eyes. Therefore, it was decided to continue the calculations, based on the 

right eye.  

 
Table 3.2 Comparison left and right eye. 

 Median R Median L p 

CNFD 23.44 23.44 0.963 

CNBD 50.00 51.56 0.287 

CNFL    18.82 19.10 0.862 

CNFT 15.72 16.04 0.342 

 

CCM abnormalities 

In the SFN group, 76.4% (107/140) did not show any CCM abnormalities, 

whereas 74.4% (32/43) in the non SFN group showed normal CCM parameters. 

A percentage of 25.0% (18/72) showed only CCM abnormalities in the right eye.  

 

In 23.6% of the SFN-group, and in 25.6% of the non-SFN-group, abnormalities 

in CCM were found (Table 3.3). The CNFL had the highest frequencies of 

abnormalities, in comparison to the other CCM parameters (SFN-group: 14.3% 

(20/140); non-SFN-group: 18.6% (8/43)). Furthermore, patients were divided in 

the amount of abnormalities (0 to 4). No significant differences between the SFN- 

and non-SFN-group were found over all CCM parameters. Table 3.4 presented 

the pictures of the SFN-group in two subgroups, namely the Category 1 and 

Category 2 group. The percentages of abnormalities in the Category 2-group 

were higher, but not significant, than in Category 1, indicating that a higher 

number of scores in CNFD, CNFL and CNBD exceeded the cut-off values.16 
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Table 3.3 Frequencies of CCM-abnormalities in the SFN-group (n=140) and non-SFN-group 

(n=43). 

 CCM parameters Total CCM abnormalities* per subject 

 CNFD CNBD CNFL CNFT 0 1 2 3 4 

SFN-group 12.1% 10.0% 14.3% 10.0% 76.4% 12.1% 3.6% 6.4% 1.4% 

 17/140 14/140 20/140 14/140 107/140 17/140 5/140 9/140 2/140 

Non-SFN-group 11.6% 11.6C% 18.6% 9.3% 74.4% 9.3% 11.6% 2.3% 2.3% 

 5/43 5/43 8/43 4/43 32/43 4/43 5/43 1/43 1/43 

* an abnormality was defined as under/above the cut-off values, in comparison with the international 

normative values.16 CNFD=cornea nerve fiber density; CNBD=cornea nerve fiber branch density; 

CNFL=cornea nerve fiber length; CNFT=cornea nerve fiber tortuosity; n/a=not applicable. CNFD, 

CNBD and CNFL in no/mm2 ; CNFT in tortuosity coefficient (TC). 

 

 

Table 3.4 Frequencies of CCM-abnormalities in the Category 1-group and Category 2-group in 

SFN-group (n=140). 

 CCM parameters Total CCM abnormalities* per subject 

 CNFD CNBD CNFL CNFT 0 1 2 3 4 

Category 1 group 6.1% 5.1% 8.2% 8.2 82.7% 12.2% 1.0% 3.1% 1.0% 

 6/98 5/98 8/98 8/98 81/98 12/98 1/98 3/98 1/98 

Category 2 group 26/2% 19.0 28.6% 14.3% 61,9% 11.9% 9.5% 14.3% 2/4% 

 11/42 9/42 12/42 6/42 26/42 5/42 4/42 6/42 1/42 

* an abnormality was defined as under/above the cut-off values, in comparison with the international normative 

values [16]. CNFD = cornea nerve fiber density; CNBD = cornea nerve fiber branch density; CNFL = cornea nerve 

fiber length; CNFT = cornea nerve fiber tortuosity; n/a = not applicable.  CNFD, CNBD and CNFL in no/mm2 ; 

CNFT in tortuosity coefficient (TC). 

 

CCM and associated conditions 

The highest frequencies of normal and abnormal CCM were found in the 

idiopathic group. In the SFN-group, 29.3% (41/140) was idiopathic and showed 

a normal CCM, while 13.6% (19/140) had at least one abnormal CCM variable. 

Of all possible associated conditions that were found in the SFN-group, 15 of the 

26 patients (57.7%) with a glucose intolerance had at least one abnormal CCM 

variable. Furthermore, 71.4% (5/7) of the patients with an abnormal liver and/or 

kidney-function, according to the local laboratory normative values, showed CCM 

abnormalities (Figure 3.4).  

Additional value of CCM in SFN diagnostics 

In Table 3.5, a cross-tabulation was shown that indicate CCM test results against 

the reference tests (IENFD and TTT). For this calculation, abnormalities in the left 

and/or right eye were included. The specificity of this test was 39.3% (CI: 31.1-

47.9), while the specificity was 60.5% (CI: 44.4-75.0). 



Chapter 3 

72 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 The associated conditions of SFN in relation to CCM variables (n=140). 1: glucose 

intolerance; 2: hypercholesterolemia; 3: Immunological abnormalities; 4: Liver- and 

kidney abnormalities; 5: Borrelia infection; 6: Thyroid dysfunction; 7: Vitamin B12 

deficiency; 8: Vitamin B6 intoxication; 9: Genetic variant; 10: idiopathic; 11: Other. 

 

 

Table 3.5 Cross-tabulation of the CCM versus SFN. 

 SFN group Non-SFN group  

Abnormal CCM 55 17 PPV: 76.4%; PLR 0.99 

Normal CCM 85 26 NPV: 23.4%; NLR 1.00 

Sensitivity: 39.3%;  Specificity: 60.5% Accuracy: 44.3% 

Note: an abnormal CCM was defined as at least one CCM abnormality, observed in the right and/or 

left eye. 

Discussion 

In this study, we found a moderate to high reproducibility of the manual CCM 

analysis method. It was confirmed that the international normative values were 

applicable for our center. We concluded that the CCM has no additional value in 

the diagnostic process to detect SFN, according to its moderate specificity (60.5%) 

and low sensitivity (39.3%) in comparison to the actual reference tests. 

Intra- and inter reliability of CCM 

In our study, we used the section mode for manual analysis, because the 

normative values of CCM parameters were based on manual measurements.16 

We found a high reproducibility for CNFD, CNBD, CNFT and moderate 

repeatability for CNFL. The repeatability of CCM in a previous study for manual 

analysis in healthy subjects was reported good, except for CNBD39, whereas the 

highest ICC was found for CNFL in early diabetic sensorimotor polyneuropathy.40 
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We calculated the CCM parameters by selecting pictures around the peri-center 

of the plexus and calculated the mean per CCM variable per subject. Although 

we demonstrated an intermediate to high reproducibility, we noticed challenges 

in the manual CCM analysis. An important disadvantage of manual image 

analysis is that it is time-consuming and needs qualified personal. For the future, 

to conduct the CCM procedure, automated image analysis could be an 

advantage, as it allows rapid analysis without specialized personal. Alternative 

modes are the sequence mode, which permits capture of a movie of up to 

100 images36, and the volume scan which is able to capture subsequent 

incremental stepwise images. Nowadays, software can used for a wide field 

mosaicking of the sub-basal plexus nerves which would give a better overview of 

the nerve plexus in the cornea.41 Previous research found that the clockwise whorl 

which lies inferiorly detects abnormalities in both diabetic neuropathy patients 

and non-diabetic neuropathy patients.42 

 

Previously, the clinical use of the CCM in the diagnostic process of neuropathic 

pain syndromes was reported for underlying causes such as diabetes mellitus type 

I and II20,43,45, or an abnormal glucose intolerance.46 In this study, the subgroup 

with an abnormal glucose intolerance showed a percentage of 57.7% 

abnormalities on the cornea. It is assumed that both prediabetes and diabetes 

lead to microstructural alternations in affected nerves, which seem to begin in 

small unmyelinated C fibers.47 Here, patients with evident large fiber involvement 

(i.e. abnormalities in NCS) were excluded. In diabetic polyneuropathy, the 

sensitivity and specificity of the CCM is moderate to high. It is indicated that 

corneal nerve pathology is more pronounced in patients with diabetic 

polyneuropathy and is associated with its clinical severity.14,48 Moreover, it is 

indicated that the CNFD is a more valid test to identify small nerve fiber 

pathology than the IENFD in diagnosing diabetic neuropathy.20 Corneal aspects 

such as cornea nerve fiber size and fiber loss in the inferior whorl have also been 

suggested as biomarker in this subgroup.49-51 Furthermore, increased Langerhans 

cells and corneal keratocyte density were correlated with corneal nerve damage 

in diabetic peripheral neuropathy.52,53 We did not include this analysis in our 

study. Another biomarker that not was included in this study, is the dendritic cell 

density. In a recent study, it was reported that an increase in dendritic cell density 

was found in persons with chronic inflammatory demyelinating polyneuropathy 

(CIDP), in comparison to diabetic neuropathy and controls.54 In our sample, 

immunological deficiencies are the third group of underlying conditions in 
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patients with SFN-like symptoms. Therefore, future studies that will investigate an 

immunological disorder, should take this biomarker into account for its presence.  

 

The non-length-dependent nature of neuropathy was defined based on the 

distribution of sensory symptoms and signs restricted to, or predominant in, body 

areas different from the expected “stocking and glove” topography, indicating a 

non-length-dependent pattern. As CCM investigates the sensory terminals of 

trigeminal nerve, it would be interesting to find out whether non-length dependent 

SFN-patients would have more CCM abnormalities than patients with a length-

dependent pattern. In this study, only a few patients had a non-length dependent 

pattern. Previous study showed that CNFD was decreased in a small SFN group 

(n=6).55 This could not be confirmed in our patient population. 

Future diagnostics in SFN 

The CCM was reported as comparable utility with quantitative sensory testing and 

nerve conduction in the diagnostics of patients with diabetic neuropathy.56 

Although our study showed that CCM is not valuable in the diagnostic logarithm 

of SFN, CCM could potentially be a tool to evaluate treatment strategies in 

patients with neuropathic pain, which have previously been showed after 

simultaneous pancreas and kidney transplantation in diabetes mellitus type I27,57, 

and in medication trials.28,29 Also, in case of longitudinal studies, corneal nerve 

regeneration occurred after the improvement in risk factors in diabetic 

neuropathy.58 

 

A follow-up study in SFN patients may provide more information on pain intensity 

and treatment(s) of the underlying condition(s) and its relationship to possible 

regeneration of corneal nerve fibers, even more when symptoms show a non-

length distribution.  

 

In conclusion, CCM is not of additional value in the diagnosis of SFN. However, it 

seems that CCM may serve as a reliable diagnostic tool in SFN subgroups with 

an underlying condition, like glucose intolerance. The reliability of the CCM 

analysis method is high for both manual and automatic manner. 
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Abstract 

Objective 

Stimulated skin wrinkling test (SSW) has been launched as a non-invasive 

diagnostic procedure. However, no normative age dependent values have been 

reported that can be applied in clinical practice. The objectives of the study were 

to (1) collect age-dependent normative values according to the 5-point scale 

assessment for the SSW, to (2) determine reliability scores for the obtained norm 

values, and to (3) introduce a new digital method for SSW assessment, the Digit 

Wrinkle Scan© (DWS©) for detection of wrinkles in a more quantitative manner. 

 

Methods 

Firstly, 82 healthy participants were included, divided in 5 age groups. The 

participants underwent SSW using lidocaine and prilocaine topical cream. 

Secondly, 35 healthy participants were included to test whether the DWS© could 

be a novel manner to assess the grade of wrinkling quantitatively. We determined 

the inter-observer reliability of both methods. Also, the intra-observer reliability 

was calculated for the DWS©.  

 

Results 

We found a decrease in normative values over age. The inter-observer reliability 

of assessment by the 5-point scale method was moderate after SSW (Cohen’s k: 

0.53). Results of the DWS© indicate that total wrinkle length per mm2 showed 

moderate to good agreement for the 4th and 5th digits after SSW, and a low 

agreement for the other digits. 

 

Conclusion 

Age-dependent normative values were obtained according to the 5-point scale, 

but its clinical application is doubtful since we found a moderate inter-observer 

reliability. We introduced the DWS© as a possible new method in order to quantify 

the grade of wrinkling.  

 

Significance 

We found unsatisfactory reliability scores, which hampers its usefulness for clinical 

practice. 
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Introduction 

Small fiber neuropathy (SFN) is a form of peripheral neuropathy in which thinly 

myelinated Aδ-fibers and unmyelinated C-fibers are selectively affected without 

involvement of the large nerve fibers. The condition is clinically characterized by 

neuropathic pain and autonomic dysfunction.1-3 Diagnosis of SFN can be 

challenging since small nerve fibers are not always well investigated by 

electrophysiological testing and clinical presentation is difficult to interpret.4 

Currently, SFN diagnosis is based on the following international criteria: (i) 

clinical signs of neuropathic pain and dysautonomia, (ii) a decreased 

intraepidermal never fiber density (IENFD) in skin biopsy and/or abnormal 

temperature threshold testing (TTT) and (iii) normal nerve conduction studies 

(NCS).5-7 In other words, a combination of a clinical, functional and structural 

approach to the diagnosis of SFN is reliable and relevant both for clinical practice 

and clinical trial design. 

 

Although the diagnostic value of skin biopsy has been established8, it is an 

invasive method and assessment of obtained tissue is expensive and time 

consuming. Although the specificity of the IENFD is high, its sensitivity is 

moderate.9-11 While TTT is more accessible and non-invasive, the main 

disadvantage of this test is its moderate specificity.12,13 Also, test outcomes may be 

influenced by malingering or other nonorganic factors.14 

 

Previous studies have introduced Stimulated Skin Wrinkling (SSW) as a reliable 

and convenient tool to examine the sympathetic nerve function in hands and 

feet15,16, in diabetic neuropathy17, and in HIV neuropathy.18 Skin-wrinkling was 

originally induced by water immersion, which leads to diffusion and subsequent 

vasoconstrictive wrinkling of overlying skin.19 Besides water, also EMLA (eutectic 

mixture of local anaesthetics) cream© was suggested as a usable vasoconstrictive 

factor. It is thought that EMLA causes vasoconstriction through direct effect on 

smooth muscle cells and postganglionic neuron Ca2+ channels.19 Although SSW 

induced by water immersion and EMLA cream show nearly identical wrinkling, 

EMLA produces a more linear response curve than water and wrinkling persists 

for over 90 minutes allowing sufficient time for grading.20 

 

In current clinical practice, skin wrinkling for assessing autonomic dysfunction in 

patients with SFN-like symptoms is performed in the hands and/or feet, using a 

published 5-point-scale.21 This method of grading is subjective and the degree of 
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natural wrinkles due to age and/or gender has been disregarded.21 For example, 

skin elasticity, extensibility and echogenicity all decrease with age.22 Considering 

the mentioned limitations in current SFN diagnostics, a more sensitive, specific 

and preferably non-invasive screening tool to detect small nerve fiber dysfunction 

would be of great value.  

 

In the current study, we firstly aimed to obtain normative values for the SSW-test 

with EMLA, in a cohort of healthy individuals stratified for age under pre-defined 

standardized (room temperature, duration, assessed digits) assessment 

conditions. Assessment was done by the 5-point scale method. In addition, the 

inter-observer reliability was also examined as a minimum requirement for using 

the test in daily practice. Secondly, we have investigated whether the SSW 

assessment, using a new software program, the Digit Wrinkle Scan (DWS©), 

could improve the assessment of skin wrinkling in healthy individuals. The DWS© 

program digitally quantified the wrinkles in the fingertips, before and after EMLA 

application. For this analysis, the inter- and intra-observer reliability were 

determined. 

Methods 

We conducted a prospective cross-sectional diagnostic study in which we 

performed SSW with the 5-point scale method (part I) and the DWS© (part II) in 

healthy subjects. 

 

Part I of the study took place between December 2012 and April 2013, while part 

II was performed between May 2017 and May 2018 at Maastricht University 

Medical Center+ (Maastricht UMC+), Maastricht, the Netherlands after having 

finished the development of the DWS© software. The study was approved by the 

local Medical Ethics Committee and written informed consent was obtained from 

each subject according to the declaration of Helsinki.  

Subjects 

Healthy subjects were recruited through advertisements in Maastricht UMC+. The 

following inclusion criteria applied: no SFN-related complaints as assessed using 

the SFN-Symptom Inventory Questionnaire (SFN-SIQ) and normal neurological 

testing (including Medical Research Council (MRC) grading, tendon reflexes and 
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sensory testing). The SFN-SIQ evaluates several symptoms as well as autonomic 

symptoms in a simple manner. The questionnaire consists of 13 questions and 

was derived from the original SIQ, and from the composite autonomic symptoms 

scale (COMPASS).23 Healthy subjects were excluded when they (i) had complaints 

of burning/tingling feet or hands; (ii) are known with previous neurological 

disorders, such as (poly)neuropathy, carpal tunnel syndrome, spinal cord and 

root disease, or significant limb trauma; (iii) have known conditions that may 

cause neuropathy: diabetes mellitus, hypothyroidism, renal failure, vitamin B12 

deficiency, monoclonal gammopathy, alcohol abuse (more than five IU/day), 

malignancies, drugs that cause neuropathy (e.g. chemotherapy, amiodarone, 

propafenone); (iv) use skin cream at day of testing and (v) use  antihypertensive 

drugs with effect on the sympathetic nervous system at peripheral effect (α1 

adrenergic antagonists, β-blockers, calcium channel blockers, ACE inhibitors, 

AT1 receptor antagonists). 

Study design  

In order to create normative values for the SSW, participants were stratified for 

age, forming five age groups (20-29, 30-39, 40-49, 50-59, ≥60 years), each 

group consisting at least 5 males plus 5 females. 

 

To determine the applicability of the DWS©, we randomly selected 35 new healthy 

participants.  

Study procedure 

All SSW examinations took place in a standardized, temperature controlled (21-

24°C) room, before lunch time. Subjects were instructed not to drink coffee or tea 

at least two hours before testing, since caffeine might influence autonomic 

function. In the first part, baseline photographs of the distal tip of the, 4th  and 5th 

digit of both hands were taken, because it was reported that these fingers showed 

the clearest and most pronounced SSW with EMLA.20 In the second part of the 

study, we took pictures of the distal tip of the 2nd, 3rd, 4th and 5th digit of both 

hands, since it is unknown if the DWS© would show other results during analyses. 

A review study has advised to use the average score of the 2nd, 3rd, 4th and 5th 

digit.15 However, in other studies the average of digit 3, 4 and 524, or digit 2, 3, 

and 417 have been used. A fixed setup was used: the hand was held in front of a 

dark background with the palm of the hand towards the digital camera (CANON 
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Eos 10D, macro lens). The camera was positioned at a standardized distance of 

30 cm above the background with diffuse ring lighting around the lens.  

 

In all subjects, skin wrinkling was induced by EMLA cream© (lidocaine 2.5% and 

prilocaine 2.5% AstraZeneca). Approximately 1 g (the amount needed to thickly 

and completely cover the distal digit pulp) of EMLA cream© was applied to the 

distal tip of the mentioned fingers of both hands and then left to soak into the 

skin for 30 minutes after covering with a Tegaderm© plaster. Any residual EMLA 

was removed afterwards. Subsequently, new photographs of EMLA-treated digits 

were taken in the same way as baseline pictures were made. All taken 

photographs were uploaded in a web-based program (MACRO), after they had 

been assigned a study number. 

 

For the first part of the study, two trained observers graded the wrinkling pattern 

after SSW according to the previously published 5–point-scale21, in order to create 

normative values and to determine the inter-observer reliability of this assessment.  

 

In the second part of the study, two independent observers carried out DWS© 

analyses in a blinded fashion. To determine the length and width of each distal 

digit tip, two straight lines were drawn after which the program automatically 

calculated the tip surface in millimeters2 (mm2) (Figure 4.1). Subsequently, the 

researcher drew lines over all wrinkles (Figure 4.2). Determination of surface area 

and total wrinkle length was done according to a protocol. The total length of 

wrinkles in millimeters (mm) and the total wrinkle length in mm/mm2 were 

calculated by the software. In order to determine the intra-observer reliability, one 

observer assessed each picture with an interval of, at least, two weeks without 

having access to the previous records. 

Data analysis  

Statistical analysis was carried out on a PC using Microsoft Excel and the IBM 

SPSS statistical package version 24.  

 

The inter-observer variability for wrinkle scores according to the 5-point-scale was 

assessed using Cohen’s Kappa’s score. Furthermore, the inter-observer reliability 

was measured using intraclass correlation coefficient (ICC) for each digit by 

means of the Two-Way Random-Effects Model.25 Lastly, the ICCs for the intra-
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observer reliability for the DWS© was calculated. The confidence interval was 

calculated with 95%.  

 

The ICC values less than 0.5 were indicated as poor, values between 0.5 and 

0.75 as moderate, values between 0.75 and 0.9 as good, and values greater 

than 0.90 as excellent reliability. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.1 The length of the digit is determined by drawing the red straight line (in mm). The width is 

the mean of both green lines, which are drawn perpendicular to the blue lines (in mm). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.2 This is an example of the assessment process of one digit: a picture before EMLA 

application (left), after EMLA-removal (middle) and after uploading in the software and 

drawing the wrinkle lines (in mm) (right). 
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RESULTS 

5-point scale outcome measures 

In part I, SSW was conducted in 82 healthy volunteers (women: n=47, men: 

n=35). Mean age for both gender was 49.8 (SD 16.9, range 21-77 years). 

Normative data per age group were shown for digit 4 and 5 in Table 4.1. With 

increasing age, the difference between wrinkling before and after SSW decreases. 

There was a minimal difference between digit 4 and 5. 

 
Table 4.1 Normative values for SSW before and after EMLA application (range). 

Age category (in years) t=0 t=30 

 digit 4 digit 5 digit 4 digit 5 

20-29 0 0 3.9 (3-4) 3.9 (3-4) 

30-39 0 0 3.7 (3-4) 3.7 (1-4) 

40-49 0.2 (0-1) 0.2 (0-1) 3.5 (2-4) 3.5 (1-4) 

50-59 0 0 3.5 (1-4) 3.5 (1-4) 

≥60  0.2 (0-3) 0.2 (2-3) 3.3 (1-4) 3.2 (1-4) 

 

 

The inter-observer reliability scores at t=0 were good for all examined digits 

(Table 4.2). The scores were moderate at t=30 for digit 4 and 5; scores for digit 

4 were slightly better than for digit 5 at t=30.  
 

 

Table 4.2 Inter-observer reliability (ICC) on t=0 and t=30. 
t=0 ICC CI 95% 

Digit 4, right 1.0 n/a 

Digit 5, right 0.96 0.94 – 1.0 

Digit 4, left 0.96 0.94 – 1.0 

Digit 5, left 1.0 n/a 

t=30   

Digit 4, left 0.53 0.47 – 0.55 

Digit 5, left 0.50 n/a 

 

DWS outcome measures 

In the second part of the study, we included a total of 35 healthy subjects (40% 

male; mean age 35.3 years; range 20-80 years). We calculated the ICC’s, based 

on the wrinkle length and the wrinkle length per mm2, at t=0 and t=30. 

 

At t=30 after EMLA-application, the inter-observer reliability was higher in the 4th 

and 5th digit, in comparison to the 2nd  and 3rd digit (Table 4.3), but moderate for 
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both. A good to excellent reliability (ICC≥0.75) was only found on t=30 in digit 

IV of the left hand (ICC: 0.788, CI: 0.570-0.895) for the wrinkle length/mm2 

(Table 4.3).  

 
Table 4.3 The inter-observer reliability of the line length and line length/mm2 before, and after 

EMLA-immersion. 

 ICC (CI 95%) ICC (CI 95%) ICC (CI 95%) ICC (CI 95%) 

Digit, side line length, t= 0 line length, t=30 line length/mm2, t=0 line length/mm2, t=30 

2nd, right 0.656 (0.319-0.827) 0.608 (0.215-0.804) 0.464 (-0.062-0.279) 0.459 (-0.082-0.730) 

3rd, right 0.520 (0.049-0.758) 0.368 (-0.265-0.684) 0.637 (0.280-0.817) 0.749 (0.498-0.875) 

4th, right 0.658 (0.322-0.827) 0.674 (0.348-0.837) 0.535 (0.078-0.765) 0.686 (0.372-0.843) 

5th, right 0.247 (-0.492-0.620) 0.765 (0.530-0.883) 0.560 (0.129-0.778) 0.711 (0.421-0.856) 

2nd, left 0.548 (0.104-0.772) 0.370 (-0.262-0.685) 0.508 (0.026-0.752) 0.337 (-0.328-0.669) 

3rd, left 0.642 (0.290-0.819) 0.632 (0.264-0.816) 0.650 (0.306-0.823) 0.226 (-0.550-0.613) 

4th, left 0.333 (-0.332-0.663) 0.660 (0.311-0.832) 0.442 (-0.105-0.718) 0.788 (0.570-0.895) 

5th, left 0.584 (0.177-0.190) 0.645 (0.281-0.825) 0.637 (0.281-0.817) 0.734 (0.462-0.869) 

 
 

The intra-observer reliability (ICC) for the total group of 35 participants with the 

DWS showed a good reliability in two digits, namely 2nd digit (right) and 4th digit 

(left), 0.838 [CI: 0.578-0.937) and 0.827 [CI: 0.563-0.932] respectively after 

EMLA-application (Table 4.4). The remaining correlations were moderate. 
 

 

Table 4.4 The intra-observer reliability of the line length and line length/mm2 before, and after 

EMLA-immersion.  

 ICC (interval) ICC (interval) 

Digit, side line length/mm2, t=0 line length/mm2, t=30 

2nd, right 0.374 (-0.530-0.760) 0.838 (0.578-0.937) 

3rd, right 0.577 (-0.069-0.833) 0.585 (-0.078-0.804) 

4th, right 0.469 (-0.341-0.798) 0.532 (-0.184-0.815) 

5th, right 0.576 (-0.071-0.832) 0.698 (0.216--0.884) 

2nd, left 0.416 (-0.475-0.769) 0.687 (0.209-0.876) 

3rd, left -0.118 (-1.826-0.557) 0.703 (0.248-0.882) 

4th, left 0.600 (-0.011-0.842) 0.827 (0.563-0.932) 

5th, left 0.692 (0.221-0.878) 0.628 (0.059-0.853) 

 

Discussion 

This study presents the normative values of SSW according to the 5-point scale 

assessment. Changes were found in SSW after EMLA application, namely a 

decrease with increasing age, suggesting a decrease of autonomic function. No 

effect was found for gender (results not published). Furthermore, reliability scores 
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show moderate agreement. This suggests that the use of the categorical 

assessment, as intuitively simple as it might look and consequently the application 

of the normative values, is controversial and should be discouraged for clinical 

practice.  

The age-dependent normative values that we obtained, showed a decrease in 

wrinkles with age. Various factors may contribute to age-related changes in the 

sensory system; a change in properties of the dermis, demyelination and fiber 

loss in peripheral nerves, and degenerative changes in the central nervous 

system.26 Although the extreme scores (i.e. score 0 or 4) can be well 

distinguished, the other categories are more doubtful. That could be the reason 

why relatively high ICCs were found before SSW and moderate agreement after 

EMLA-application. The scale used thus far is an ordinal one, based on classical 

test theory (CTT).27 A major limitation of CTT is that scores create measurement at 

an ordinal level with unequal intervals that hamper accurate measurement of 

differences in scores and changes over time among individuals. Therefore, a 

more accurate and linear scale would be needed to properly assess skin 

wrinkling, both in terms of normative values as in clinical application, particularly 

when examining medical interventions. 

 

For the second part of the study, we developed the DWS© in order to quantify the 

presence of natural wrinkling and wrinkling after EMLA application, on a ratio 

scale. DWS© provides a seemingly more specific, detailed and objective image of 

the presence of wrinkles on the digits as compared to the grading method. We 

found that the 4th and 5th finger of each hand after EMLA application had the 

highest ICC. These results may indicate that these fingers are best judged, which 

was previously reported.20 However, the reliability scores cannot be marked as 

good/excellent and therefore hamper applicability in clinical practice.  

 

The DWS© software program has several main advantages over the 5-point scale 

visual assessment. The DWS© takes physiological wrinkles into account, which are 

naturally present on the digit surface. In this way, the increase or decrease of 

wrinkles after EMLA-application can be determined. However, the DWS© protocol 

requires further improvement. Future studies should focus on improving the 

screening conditions (camera resolution, environmental light, picture angle), 

analysis techniques (3D analysis, Doppler imaging28) and final outcome 

measures.  
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In conclusion, our results show that the SSW 5-point scale does not fulfill 

clinimetric requirements, which hampers its use in the clinical setting. Moreover, 

the DWS© is a more specific method to examine alterations in wrinkle formation 

after SSW, however, inter-observer reliability showed also moderate to good 

agreement at best. Therefore, more reliable techniques, in larger study samples, 

should be investigated (i.e. 3D-techniques, or subdermal visualization), to 

determine whether these methods could improve the assessments of autonomic 

dysfunction. If a reliable technique is available, international normative values, 

corrected for age, should be determined before it could serve as a tool in the 

diagnostics of autonomic dysfunction in neuropathies, like SFN. 
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Abstract 

Resolving the genetic architecture of painful neuropathy will lead to better disease 

management strategies, risk stratification, and counselling. We aimed to develop 

a reliable technique re-sequence multiple genes in a large cohort of painful 

neuropathy patients at low cost. In this study, we compared the sensitivity, 

specificity, targeting efficiency, performance and cost effectiveness of Molecular 

Inversion Probes-Next generation sequencing (MIPs-NGS) and TruSeq® Custom 

Amplicon-Next generation sequencing (TSCA-NGS). Capture probes were 

designed to target nine sodium channel genes (SCN3A, SCN8A-SCN11A, and 

SCN1B-SCN4B). One hundred sixty six patients with diabetic and idiopathic 

neuropathy were tested by both methods, 70 patients were also validated by 

Sanger sequencing. The average targeted regions coverage for MIPs-NGS was 

97.3% versus and 93.9% for TSCA-NGS. MIPs-NGS has a more versatile assay 

design and is more flexible than TSCA-NGS. The cost of MIPs-NGS is >5 times 

cheaper than TSCA-NGS when 500 or more samples are tested.  

 

In conclusion, MIPs-NGS is a reliable, flexible, and relatively inexpensive method 

to detect genetic variations in a large cohort of patients. In our centers, MIPs-NGS 

is currently implemented as a routine diagnostic tool for screening of sodium 

channel genes in painful neuropathy patients. 
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Introduction 

Over the last decade, the field of molecular genetic diagnostic has undergone 

tremendous changes. Introduction of next generation sequencing (NGS) enabled 

replacement of single gene tests with comprehensive gene panels, whole exome 

sequencing (WES) and whole genome sequencing (WGS) to increase the 

likelihood of identifying causal variants while decreasing the number of tests.1-4 

 

Currently, there is a growing clinical use of WES or WGS to identify causal 

variants and to discover new disease related genes in patients. However, routine 

sequencing of large numbers of WES or WGS remains expensive for clinical use. 

Several issues such as incidental findings that pose significant ethical problems, 

cost effectiveness and technical challenges of clinical interpretation of enormous 

numbers of genetic variants remain challenging.5,6 Moreover, WGS generates a 

huge amount of data that require complex bioinformatic analysis tools for data 

handling and storage.1 

 

To fully leverage the power of NGS in a large number of samples in a cost and 

time-effective manner, several targeted enrichment approaches are available.7,8 

Therefore, many diagnostic laboratories are implementing targeted enrichment 

NGS methods to focus on specific gene panels, or genomic regions for 

genetically heterogeneous diseases.9-12 The most commonly used custom-

enrichment approaches are based on capture by hybridization, PCR-based 

methods (highly multiplexed PCR) and capture by circularization.7,13-17 

 

Neuropathic pain is a common feature of peripheral neuropathy causing a 

significant impact on patients’ quality of life and health care costs. Millions of 

individuals (7-10% of the general population) worldwide suffer from neuropathic 

pain.18 However, not all individuals with peripheral neuropathy develop pain, and 

it is not possible to predict who is more or less susceptible among those with 

similar risk exposure.19 Current inability to identify high-risk individuals hinders 

development and application of therapies to counteract neuropathic pain and to 

address targeted prevention strategies. Pathogenic variants in voltage-gated 

sodium channel (VGSC) genes expressed in the peripheral nociceptive pathway 

such as SCN9A, SCN10A, and SCN11A have been reported to play a key role in 

neuropathic pain.20-23 
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In order to provide a genetic diagnosis in patients with neuropathic pain, 

identification of causal variants in genes encoding for the sodium channel 

subunits as well as other genes involved in painful neuropathy pathway is 

needed. Resolving the genetic architecture of painful neuropathy will lead to 

better disease management strategies, risk stratification, and counselling. 

Therefore, the aim of this study was to develop, validate and implement a reliable 

technique to rapidly and accurately re-sequence multiple genes in a large cohort 

of neuropathic pain patients at low cost. We present here the assessment of 

Molecular Inversion Probes-Next generation sequencing (MIPs-NGS) and TruSeq® 

Custom Amplicon-Next generation sequencing (TSCA-NGS, Illumina, Inc., San 

Diego, CA, USA) methods, using a custom gene panel, to identify genetic variants 

in patients with neuropathic pain. For both methods, we constructed a targeted 

enrichment kit to capture the coding and exon-flanking intron sequences of nine 

sodium channel genes (SCN3A, SCN8A-SCN11A, and SCN1B-4B). We applied 

the two methods to test 166 different patients and systematically compared the 

sensitivity, specificity, flexibility, targeting efficiency, reproducibility of performance 

and cost effectiveness of MIPs-NGS and TSCA-NGS approaches. 

Materials and methods 

Patient samples  

In total, 166 samples from patients diagnosed with diabetic and idiopathic 

neuropathy were tested by MIPs-NGS and TSCA-NGS. For 70 of these patients, 

exons and exon-flanking intron sequences of SCN9A, SCN10A, and SCN11A 

genes were analyzed by Sanger sequencing to validate MIPs-NGS and TSCA-

NGS methods.23 Local Medical Ethical Committees of Fondazione IRCCS Istituto 

Neurologico "Carlo Besta" (Italy), Maastricht University Medical Center (the 

Netherlands), University of Manchester (United Kingdom) and the Deutsche 

Diabetes Forschungsgesellschaft EV (Germany) approved this study. Informed 

consent for genetic testing was given by patients to participate in this study. 

 

Genomic DNA was extracted from peripheral blood by using QIAamp DNA 

Blood Maxi Kit, Puregene® Blood Core Kit (Qiagen, Hilden, Germany) or 

NucleoSpin®8 Blood Isolation kit (Macherey-Nagel, Düren, Germany). Quality 

and concentration of the DNA was determined by NanoDrop (Thermo Scientific, 

Wilmington, USA), and Qubit® 2.0 Fluorometer using the Qubit® dsDNA BR assay 
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kit (Life technologies, Bleiswijk, The Netherlands). Isolated DNA was stored with a 

unique numeric code in the central DNA bank at Maastricht University Medical 

Centre and IRCCS Foundation “Carlo Besta” Neurological Institute. 

Targeted Enrichment, paired-end sequencing and data processing 

Targeted enrichment kits were constructed for this study to capture the coding and 

exon-flanking intron sequences (±20 base pairs [bp]) of nine VGSC genes; 

SCN3A, SCN8A-SCN11A, and SCN1B-4B. The probes were designed for the two 

methods using their respective informatics pipelines and methods are provided in 

the subsections below. The workflow summary of MIPs-NGS and TSCA-NGS are 

presented in Figure 5.1. Probe features and sequencing characteristics are given 

in Table 5.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5.1  MIPs-NGS and SCA-NGS workflow summary. A and B: Graphical depiction of MIPs-

NGS and TSCA-NGS methods for library construction and capture protocol for targeted 

next-generation sequencing. 
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Table 5.1 Comparison of recommended DNA input, probe features, sequencing kits, costs and 

sample processing time for MIPs-NGS and TSCA-NGS. 

 MIPs-NGS TSCA-NGS 

Recommended DNA input (ng) 50-100 250 

Probe type DNA; molecular inversion probe DNA; oligonucleotides 

Probe strategy Multiple amplicons Multiple amplicons 

Length of probes (bp) 77-80 mers 50 mers* 

Gap fill length 220-230 425 

Number of probes  276 186 

Sequencing kit 2x150/2x250 2x250 

Hands on time per library (min) 45 130 

Total duration per library (days) 2 1-2 

*probes+adapter 

 

MIPs-NGS  

Two hundred and seventy six molecular inversion probes (MIPs) were designed to 

capture 37.467 bp that represent all exons and exon-flanking intron sequences of 

nine VGSC genes. A modified version of MIPgen tool 

(http://shendurelab.github.io/MIPGEN/) was used to design MIPs.  

All probes were fixed in to 77-80-mer in length and each MIP contains two 

targeting arms; an extension arm ranging in length from 16 to 20 nucleotides (nt) 

and a ligation arm ranging in length from 20 to 24 nt. These arms were joined 

by a 30 nt common linker sequence which contains two universal PCR primer sites 

(complimentary probe arms are available upon request). MIPs were designed to 

have an overlapping of 20 bps and every base in the targeted region should be 

covered and captured at least by one probe. All MIPs with high arm copy count 

(>5x) were excluded. Furthermore, 3’ and 5’untranslated regions (3’ and 5’ 

UTRs) were not included in the design. Common single nucleotide polymorphisms 

(SNPs) (>1%) in the extension and ligation arms of the MIPs were excluded 

whenever possible. In some cases where SNPs were not avoidable, two MIPs were 

designed to match both wildtype and variant genotype for the same locus (n=12). 

Constructed BED file of the targeted regions and MIPs corresponding to these 

nine candidate genes were uploaded to UCSC genome browser 

(http://genome.ucsc.edu/) in order to validate each designed MIP.  

 

To reduce costs, the standard gap-fill length of 112 nt between the extension and 

ligation arm (region of interest) of the MIPs24 was adapted to 220-230 nt. Each 

MIP contains a single molecule tag of 5 nt to remove duplicates introduced by 

PCR amplification and sequencing. Probes were synthesized by Integrated DNA 
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Technologies (IDT, Iowa, USA) and delivered individually. Subsequently, probes 

were equimolarly pooled and phosphorylated at 5’ end of the probe.  

 

Experimental workflow was done by following standard protocols.16,24,25 In brief, 

50-100 ng of high quality, non-fragmented genomic DNA was used for 

hybridization. After gap filling and ligation, circularized DNA molecules were 

used as template in PCR with universal primers complementary to the linker 

sequence. Then, sample-specific barcode sequences and Illumina adaptors were 

introduced during the PCR amplification step. Fragment size, quality, and quantity 

of the amplified captured material were determined by Qubit® 2.0 Fluorometer 

using the Qubit® dsDNA BR assay kit (Life technologies, Bleiswijk, The 

Netherlands) and Agilent 2100 bioanalyzer using the Agilent DNA 1000 Kit 

(Agilent Technologies, Santa Clara, CA, USA) following manufacturer’s 

instructions. Next, samples were pooled and purified using Ampure XP beads 

(Beckman Coulter, Inc, Brea, California) according to manufacturer’s instructions. 

Pooled samples were then paired-end sequenced (2 x 150 bp or 2 x 250 bp)  

using the MiSeq or NextSeq 500 Instrument (Illumina, Inc., San Diego, CA, USA) 

to achieve >30x coverage per bp.  

 

After a pilot experiment with 10 DNA samples, MIPs with a poor performance 

(15-30 reads) were rebalanced by adding a 5 fold concentration of early poorly 

performing probe to the original MIPs pool, and MIPs with no sequence reads 

were replaced by adding new MIPs to the original MIPs pool. Then, the pilot 

experiment was repeated as described above.  

 

Sequenced data was analyzed by using our in-house MIPs-targeted NGS data 

analysis pipeline. This pipeline aligns sequenced data to the human reference 

sequence GRCh37, trims probe arm sequences, de-duplicates the data on the 

basis of UMIs, and annotates variants according with information and frequencies 

form ExAC, dbSNP, cadd, Gencode, and calculates coverages per sample, 

number of bases, mean and median coverage per MIP target. Due to the 

coverage depth used for this approach, no copy number variant (CNV) analysis 

has been performed.  

TSCA-NGS 

One hundred and eighty-five oligonucleotides were designed to capture 

38.258 bp that represent all exons and exon-flanking intron sequences of nine 
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VGSC genes. The design of oligonucleotides was assessed by the free tool Design 

Studio, which is available on Illumina website (https://designstudio.illumina.com/ 

(Illumina Inc., San Diego, CA, USA)). Targeted regions were selected by entering 

the genes name to the tool and only coding exons were selected. All probes were 

fixed in to 50-mer in length (including the adapters) and the gap-fill length was 

set to 425 bp (amplicons size). In case that the tool failed to locate automatically 

the probes hybridization sites, due to the high CG content or high SNPs rates, we 

manually added the genomic regions by entering the chromosome coordinates. 

The a priori calculation of the target regions coverage using this tool provided 

better results when adapting 425 bp amplicon size, instead of the 250 bp option. 

Increasing the amplicon size resulted in costs reduction in terms of number of 

oligonucleotides probes spanning the entire target region. One pair of 

oligonucleotides was designed for each amplicon and provided as a pool in a 

single tube. 

 

TruSeq Custom Amplicon libraries preparation was performed according to 

manufacturer’s protocol (TruSeq Custom Amplicon Library Preparation Guide, 

Part # 15027983 Rev. C). In brief, 250 ng genomic DNA was hybridized to the 

custom made pool of oligonucleotides specific to the targeted regions of interest. 

Then, unbound oligonucleotides were removed by washing the samples on the 

provided filtering plate. Subsequently, DNA polymerase was added to extend 

from the upstream oligonucleotide through the targeted region, followed by 

ligation to the 5’ end of the downstream oligonucleotide using DNA ligase. The 

extension-ligation resulted in the formation of products containing the targeted 

regions of interest flanked by sequences required for PCR amplification. During 

amplification, the extension-ligation products were amplified using indexed-

primers that added sample multiplexing index sequences (i5 and i7) as well as 

common adapters required for cluster generation (P5 and P7). After purification 

with PCR Clean-Up AMPure XP beads (Beckman Coulter, Inc.), the library was 

normalized with Library Normalization Beads. Finally, equal volumes of 

normalized library were combined, diluted in hybridization buffer, and heat-

denatured for sequencing on the MiSeq instrument (paired-end sequenced 2 x 

250 bp) (Illumina, Inc., San Diego, CA, USA). No probe dosage adjustment was 

required for TSCA-NGS.  

 

To identify sequence variations in SCN3A, SCN8A-SCN11A, SCN1B-4B by TSCA-

NGS, Raw Fastq files were aligned to reference sequence GRCh37 by using CLC 

Genomics Workbench software (CLCbio, Qiagen, Hilden, Germany). Variant 
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calling, annotation and coverage analysis was performed CLC Genomics 

Workbench (CLCbio, Qiagen, Hilden, Germany). No CNV analysis was carried 

out for this approach.  

Sanger sequening 

Coding exons and exon-flanking intronic regions of SCN9A, SCN10A and 

SCN11A of 70 patients were amplified by PCR and sequenced by Sanger 

sequencing as previously described23, to assess the sensitivity and specificity both 

targeted-NGS methods.  

Cross-comparative analysis of genetic variations detection between 
MIPs-NGS and TSCA-NGS   

A cross-comparative analysis was performed in order to compare the sensitivity, 

specificity and reproducibility of genetic variations detection between MIPs-NGS 

and TSCA-NGS. Regions with high variation rates in exons or mapping at the 

ends of the reads were excluded to avoid mismatches due to the low quality of 

reads (Table 5.2). Variants covered less than 30x, with reads supporting the 

variant call less than 20%, or that were present in more than 90% of the tested 

samples were filtered-out to exclude potential artifacts. For the cross-comparative 

analysis, the overlap between each approach was determined. Disconcordant 

calls were qualitatively and quantitavely assessed. 

 
Table 5.2 Performance comparison between MIPs-NGS  and TSCA-NGS. 

Gene 
name 

Targeted region  
(bp) 

Number of probes 
 (n) 

Average coverage  
(%) 

Number of probes with no 
reads (n) 

MIPs-NGS TSCA-NGS MIPs-NGS TSCA-NGS MIPs-NGS TSCA-NGS MIPs-NGS TSCA-NGS 

SCN3A 7043 7175 55 33 99.6 99.3 0 0 
SCN8A 6943 6983 49 33 97.6 97.1 0 2 (ex 12*, 21*) 
SCN9A 6934 6974 49 32 98.7 95.8 0 1 (ex 27*) 
SCN10A 6871 6951 43 34 99.9 98.6 0 0 
SCN11A 6379 6416 46 32 99.9 91.6 1 (ex 1) 1 (ex 1) 
SCN1B 967 1216 13 6 93.6 91.3 1 (ex 1) 1 (ex 1) 
SCN2B 768 808 6 5 100.0 93.2 0 0 
SCN3B 808 848 6 5 100.0 98.7 0 0 
SCN4B 754 887 9 5 86.5 79.7 1 (ex 1) 1 (ex 1) 
Total 37467 38258 276 185 97.3 93.9 3 6 

*exon partially uncovered, bp: base pair, ex: exon. 
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RESULTS 

Performance of MIPs-NGS and TSCA-NGS 

We constructed two targeted enrichment kits, the MIPs-NGS kit which contains 

276 probes and TSCA-NGS which has 185 probes to capture all exons and exon-

flanking intron sequences (±20 bp) of the nine VGSC genes SCN3A, SCN8A-

SCN11A, and SCN1B-4B. To assess the performance, capture efficiency and 

sequencing coverage of the on-target regions for these nine VGSC genes, 

166 samples were captured and enriched by both methods. Data from this study 

showed a performance and capture efficiency for the SCN (SCN3A, SCN8A-

SCN11A, and SCN1B-4B) MIPs-NGS of 98.9% (n=273/276 MIPs), compared to 

96.7% for the TSCA-NGS (n=179/185 probes). To increase the overall 

performance for MIPs-NGS (>30x, number of unique sequencing reads needed 

to obtain accurate genotype call at certain position), 28 SCN MIPs were 

rebalanced by adding a 5 fold concentration of each poorly performing probe to 

the original MIPs pool, and seven MIPs with no sequence reads were replaced by 

added new MIPs to the original MIPs pool, prior to the testing of the 166 samples. 

Probes dosage adjustment for TSCA –NGS was unnecessary. 

 

The average targeted regions coverage (coverage >30x/bp) was 97.3% in MIPs-

NGS, and 93.9% in TSCA-NGS. Capture efficiencies of individual probes was 

highly reproducible per region and between different samples for both methods. 

No sequence reads were obtained for three MIPs (1.1%) (n=3/276) and for six 

TSCA probes (3.3%, n=6/185). The first coding exon of SCN1B, SCN4B and 

SCN11A genes failed completely to be captured and enriched by both 

approaches. The last coding region (exon 27) of SCN9A was partially covered by 

TSCA-NGS, while it was fully captured by MIP-NGS (Table 5.2).  

 

Seven exons of SCN3B (exon 2), SCN8A (exons 13, 16, 21 and 26), SCN10A 

(exon 13) and SCN11A (exon 14) tested by MIPs-NGS and three exons of SCN4B 

(exon 2), SCN10A (exon 13) and SCN11A (exon 14) tested by TSCA-NGS 

showed high variation in sequencing reads. 

Specificity and sensitivity of MIPs-NGS and TSCA-NGS 

To determine the specificity and sensitivity of both targeted NGS approaches, 

70 patients were analyzed for sequence variations in SCN9A, SCN10A and 

SCN11A by Sanger sequencing. Sixty-eight unique variants were identified in 
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these SCN9A, SCN10A and SCN11A, including 65 nucleotide substitutions and 

three indels, located either in the exonic regions or in the exon-flanking intron 

sequences (±20 bp). Sixty-four of the 68 variants are present in both MIPs-NGS 

and TSCA-NGS sets, including their status being homozygous or heterozygous. 

Four variants were missed by both methods, as these variants are located within 

regions with low quality or no coverage (one variant in exon 13 in SCN10A and 

three variants in SCN11A; one variant in exon 1 and two variants in exon 14). 

Based on these results, both capture panels demonstrated a 94.1% sensitivity for 

variant detection (n=64/68 variants). When we excluded Sanger sequencing 

variants located in regions with low quality or no coverage (4 variants) by MIPs-

NGS and TSCA-NGS (n=4 variants), we observed a perfect agreement (100%; 

no differences in number of variants and zygosity status of variants) between 

Sanger sequencing data and those obtained using MIPs-NGS and TSCA-NGS. 

 

By excluding regions with low quality (exons with high variation in reads), the 

overall false-positive rate in SCN9A, SCN10A, and SCN11A was 0% for MIPs-

NGS and TSCA-NGS. 

Cross comparative analysis of genetic variations detection  

To compare variants calls from MIPs-NGS versus TSCA-NGS, sequence data of 

the same 166 diabetic and idiopathic neuropathy patients was analyzed with our 

in-house data analysis pipeline. The overlap in on-target regions from all 166 

tested subjects was 3642 (123 unique variants) by MIPs-NGS and 3658 (122 

unique variants) by TSCA-NGS. We found that 3642 variants were correctly called 

by both methods and a true positive call of 99.6% was observed. The 16 

dissimilar variants (all the same unique variant present in 16 samples) (0.4%) 

were due to coverage differences between the two methods (low coverage or the 

coverage was just below the threshold). 

MIPs-NGS vs. TSCA-NGS workflow and costs 

MIPs-NGS and TSCA-NGS showed a high multiplexing level and require low 

sample DNA input (between 50-250 ng). Both protocols are straightforward, but 

hands-on time and the methodological complexity should be taken into 

consideration. MIPs-NGS is easier and less time-consuming than TSCA-NGS. The 

workflow for TSCA-NGS library preparation pass through 86 steps, combining 

enzymatic and PCR reactions, purification and normalization steps with filer plates 

and magnetic beads, while MIPs-NGS only required 7 steps to obtain the final 
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library pool.16,24,25 The hands-on time to create a library was 45 minutes for MIPs-

NGS versus 130 minutes for TSCA-NGS, regardless of sample size, DNA purity, 

and concentration of starting material (Table 5.1).  

 

In this study, costs per sample, including probes, chemical reagents and efforts 

was lower for MIPs-NGS compared to TSCA-NGS. However, when a large 

number of patients, e.g. 500 samples were included, the costs per sample for 

MIPs-NGS could drop to >5 times as cheap as TSCA-NGS (Table 5.3). 

 
Table 5.3 Price comparison MIPs-NGS  and TSCA-NGS on different sequencing platforms. 

 MiSeq NextSeq 500/550 NovaSeq600 

MiSeq 

Reagent 

Kit v2 (300 

cycles) 

MiSeq 

Reagent 

Kit v2 (500 

cycles) 

NextSeq 500/550 

High Output Kit v2.5 

(300 cycles) 

NovaSeq 6000 

SP Reagent Kit 

(300 cycles) 

NovaSeq 6000 

SP Reagent Kit 

(500 cycles) 

MIPs-NGS      

  Sample price* for 100 samples (€) 44.6 45.9 45.5 42.8 46.8 

  Sample price* for 300 samples (€) 23.5 24.9 24.5 21.7 25.8 

  Sample price* for 500 samples (€) 19.3 20.7 20.3 17.5 21.6 

  Sample price* for 1000 samples (€) 16.1 17.5 17.1 14.4 18.4 

TSCA-NGS      

  Sample price‡ for 100 samples (€) -1 163.9 -1 -1 192.5 

  Sample price‡ for 300 samples (€) -1 125.0 -1 -1 -2 

  Sample price‡ for 500 samples (€) -1 113.4 -1 -1 -2 

  Sample price‡ for 1000 samples (€) -1 103.3 -1 -1 -2 

* price per samle based on probes (€5.6/probe), reagents (€1.8), rebalancing, optimization and 

validation costs (€1575) and sequencing costs (varies from €1073 to €6246). Prices are without VAT, 

company discounts, labor and equipment costs. ‡ price per sample based on TruSeq® Custom 

Amplicon Kit v1.5 (€6142-€12488), TruSeq® Custom Amplicon Index Kit (€870) and sequencing 

costs (€1204-€5162). Prices are without VAT, company discounts, labor and equipment costs. 1 not 

calculated, read length 300 cycles (2 x 150 bp) too short for TSCA-NGS. 2 not calculated, maximum 

number of available sample indexes for TSCA-NGS was n=96. 

Discussion 

Selection of an approach for screening a panel of genes depends for most 

laboratories depends on a width range of criteria, including clinical use of the 

test, panel size, sensitivity and specificity for the genetic regions of interest, 

expected number of patients to be tested, turnaround time, approach flexibility 

and scalability, available equipment, work flow, costs, technical expertise, and 

availability of bioinformatics support. 
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In this study, we developed a MIPs-NGS and TSCA-NGS targeted re-sequencing 

panels for nine sodium channel genes (SCN3A, SCN8A-SCN11A, and SCN1B-

4B) known to be associated with neuropathic pain19,26, and compared their 

sensitivity, specificity, targeting efficiency, performance and cost effectiveness. The 

average targeted regions coverage was 97.3% in MIPs-NGS, and 93.3% in TSCA-

NGS. Sensitivity, specificity and performance of both methods were comparable 

(Table 5.2). However, MIPs-NGS has a more versatile assay design, and is 

flexible and cheaper than TSCA-NGS (Table 5.1 and Table 5.3). 

 

Molecular Inversion Probes (MIPs), also known as padlock probes, belong to the 

category of molecular techniques that capture sequences by circularization. This 

technology first described in 1994, was initially developed for multiplex target 

discovery and SNP genotyping27,28, and has recently been combined with next 

generation sequencing. TSCA-NGS is an amplicon-based approach for targeted 

re-sequencing. This approach is based on the design of synthetic oligonucleotides 

(probes), with complementary sequence to the flanking regions of the target DNA 

to be sequenced. Amplicon-based sequencing approaches are cheaper than 

Sanger sequencing, WES, and WGS, and characterized by high specificity and 

deep coverage. Moreover, MIPs-NGS and TSCA-NGS have been successfully 

employed  with good-quality DNA sources such as blood or frozen tissues, and 

with more challenging samples extracted from formalin-fixed and paraffin-

embedded tissues.29 

 

Development of a sensitive diagnostic custom targeted NGS enrichment kit 

requires proper design of specific primers or probes for candidate genes. For 

MIPs-NGS and TSCA-NGS probe design, we used the freely available tools, 

MIPgen software (http://shendurelab.github.io/MIPGEN/) and Design Studio, 

which is available on Illumina website (https://designstudio.illumina.com/),  

respectively. Both software tools were user-friendly, and simplify the probe 

designing process based on the criteria defined by the user.  

 

MIPs-NGS and TSCA-NGS showed high multiplexing level, low DNA input 

requirements (50-250ng) and no need for DNA shearing compared to other 

targeted enrichment methods.15,30 

 

MIPs-NGS and TSCA-NGS have, in general, straightforward laboratory workflow, 

however TSCA-NGS pass through many steps compared to MIPs-NGS. The 

hands-on time per library were 2.9 times shorter for MIPs-NGS compared to 
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TSCA-NGS (Table 5.1). In addition, development automated reaction setups is 

feasible for MIPs-NGS approach since small number of enzymatic reactions and 

processing steps are required to achieve targeted region capture and sample 

barcoding. Such an automated laboratory workflow was recently established for 

smMIP enrichment to detect genetic variations in BRCA1 and BRCA2.31 

Furthermore, this study concluded that smMIPs-NGS has a superior accuracy and 

turnaround time compared to other genetic testing methods for gene panels or 

targeted regions.31 

 

The performance and capture efficiency of MIPs-NGS and TSCA-NGS targeted 

approaches for SCN3A, SCN8A-SCN11A, and SCN1B-4B was high (98.9% for 

MIPs-NGS versus 96.7% for TSCA-NGS) and variation per read low; both 

required for a reliable variant detection. No sequence reads were obtained by 

MIPs-NGS and TSCA-NGS approaches for the first coding exon of SCN1B, 

SCN4B and SCN11A. These regions have a high GC content (>50%) which 

influence the capture efficiency. To avoid false positive variant calling, data of 

seven MIPs (1678 bp) versus three TSCA probes (794 bp) should be excluded 

from the analysis. To provide a full coverage for the SCN3A, SCN8A-SCN11A, 

and SCN1B-4B, 2321 bp (6.1%) for the MIPs-NGS approach versus 2467 bp 

(6.4%)  for TSCA-NGS should subsequently been analysed by Sanger sequencing 

(costs per sample excluding VAT are €29.70 for MIPs-NGS versus €24.75 for 

TSCA-NGS). 

 

The utility of custom targeted enrichment NGS panels may be limited in some 

contexts because the kits are inflexible in terms of adding or excluding targeted 

regions and usually expensive.32 In many diagnostic laboratories, adjusting 

existing diagnostic panels have gained popularity specially in investigating 

genetically heterogeneous disease.33 MIPs-NGS approach offered a higher 

degree in flexibility and in optimizing the probe performance compared to TSCA-

NGS and other targeted enrichment NGS methods.2,33 All MIPs were ordered 

individually, so each individual MIP can be combined into various panels and can 

be add to an existing pool. This means that changing the MIP kit content as the 

regions of interest change over time and to keep up with the ever-increasing 

numbers of diagnostics requests is possible. Moreover, the performance of poorly 

performing probes can be improved by individual MIP rebalancing or by 

redesigning new probes. In our study the performance of MIPs-NGS was 

improved by adding a 5 fold concentration of each poorly performing probe 

(n=28 MIPs) to existing probes pool without the need to order new probes. TSCA–
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NGS approch is less flexible because changing the kit content or optimizing 

specific probe(s) performance is dependent on manipulations by the supplying 

company. However, in this study probes dosage adjustment was not needed. 

 

Applying WGS as a comprehensive clinical testing approach is at this time still too 

expensive. Sequencing the entire human genome is associated with the 

generation of a massive amount of data and the need of complex downstream 

data analyses and variants interpretation. The majority of known disease- causing 

variants are located in exons; thus WES and targeted gene panels are often used 

to identify clinically relevant variants in known disease genes.34 WES -nearly- 

include all the exonic regions of the human genes, so using WES eliminates the 

need to select the gene panel content and exonic variants are more 

comprehensively assessed. However, the amount of data generated by WES is 

significantly higher than targeted gene panels which increase the computational 

requirements and data storage costs. In contrast to WES34, targeted NGS 

enrichment gene panels are often used for re-sequencing a selective group of 

phenotype-specific disease genes in common genetic disorders. This results in 

more manageable and easier data interpretation, usually with higher quality and 

depth at lower cost.35 

 

MIPs-NGS has a higher performance and capture efficiency for SCN3A, SCN8A-

SCN11A, and SCN1B-4B compared to the commonly used Agilent SureSelectXT 

Human All Exon v5 (Illumina) WES enrichment kit. Similar to our data (Table 5.2 

and Table 5.3), several studies demonstrated that MIPs-NGS is an efficient and 

inexpensive method to detect genetic variations in different diseases.31,36,37 For 

example, Zhang et al. and Pérez Millán et al. presented in their studies the use of 

MIPs based NGS panels to detect pathogenic mutations in early-onset colorectal 

cancer patients and in patients with hypopituitarism, respectively.36,37 Another 

potential application of MIPs-NGS is to target noncoding and low covered regions 

in WES.  

 

High throughput NGS platforms such as Nextseq 500/550 and NovaSeq6000 

(Illumina, Inc., San Diego, CA, USA) have enabled reductions in sequencing costs 

(see Table 5.3 for comparison costs of sequencing SCN3A, SCN8A-SCN11A, and 

SCN1B-SCN4B on MiSeq versus NextSeq 500/550 and NovaSeq) and time that 

have resulted in wide use in diagnostic laboratories. Nevertheless, full capacity 

high-throughput sequencing runs must be achieved to get the best cost-efficiency 

(based on maximum number of available sample indexes, 384 samples/run for 
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MIPs-NGS versus 96 samples/run for TSCA-NGS). MIPs-NGS and TSCA-NGS can 

be easily customized to individual needs. Multiple different targeted MIPs-NGS 

can be combined in one Mid-(48-96 samples) or High output run (96-384 

samples) without affecting  data quality and coverage for each individual sample 

by which in diagnostics a turn-around time of 2-4 weeks/sample from arrival to 

reporting can be achieved.  

 

When designing specific targeted enrichment NGS experiments, total number of 

samples involved, and cost of probes and reagents must be considered. Our data 

show that the costs of MIPs-NGS are lower than TSCA-NGS. Using MIPs with a 

gap-fill length of 220-230 nt,24 and TSCA probes with a region of interest of 

425 nt, the cost of MIPs-NGS compared to TSCA-NGS is around 5 times lower 

per sample (€20.70 for MIPs-NGS versus €113.40 for TSCA-NGS) when 

500 samples and more are planned to be tested with MIPs-NGS (Table 5.3).  

 

In conclusion, our results provide a validation and performance assessment of 

MIPs-NGS and TSCA-NGS as reliable methods for variant detection in a disease-

specific subset of genes. Our results suggests that MIPs-NGS is a more flexible 

and less expensive method for detection of genetic variations and is a reliable 

screening approach for laboratories involved in diagnostic service for patients 

with pain-related disorders.   
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Abstract 

Background 

Neuropathic pain is common in peripheral neuropathy. Recent genetic studies 

have linked pathogenic voltage-gated sodium channel (VGSC) variants to human 

pain disorders. Our aims are to determine the frequency of SCN9A, SCN10A and 

SCN11A variants in patients with pure small-fiber neuropathy (SFN), analyze their 

clinical features, and provide a rationale for genetic screening. 

 

Methods 

Between September 2009 and January 2017, 1139 patients diagnosed with pure 

SFN at our reference center were screened for SCN9A, SCN10A and SCN11A 
variants. Pathogenicity of variants was classified according to established 

guidelines of the Association for Clinical Genetic Science and frequencies were 

determined. SFN patients were grouped according to the VGSC variants detected, 

and clinical features were compared. 

 

Results 

Among 1139 SFN patients, 132 (11.6%) patients harbored 73 different 

(potentially) pathogenic VGSC variants, of which 50 were novel and 22 were 

found in ≥1 patient. The frequency of (potentially) pathogenic variants was 5.1% 
(n=58/1139) for SCN9A, 3.7% (n=42/1139) for SCN10A, and 2.9% 

(n=33/1139) for SCN11A. Only erythromelalgia-like symptoms and warmth-

induced pain were significantly more common in patients harboring VGSC 

variants.  

 

Conclusion 

(Potentially) pathogenic VGSC variants are present in 11.6% of pure SFN patients. 

Therefore, genetic screening of SCN9A, SCN10A and SCN11A should be 

considered in pure SFN patients, independently of clinical features or underlying 

conditions.  
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Introduction 

According to the International Association for the Study of Pain (IASP), pain is 

defined as an unpleasant sensory and emotional experience associated with 

actual or potential tissue damage. As in neuropathic pain the somatosensory 

nervous system is affected1, it is not surprising that pain is frequently reported in 

peripheral neuropathy, especially when the small diameter sensory nerve fibers 

are involved.2 Pure small-fiber neuropathy (SFN) is a peripheral neuropathy in 

which the thinly myelinated Aδ-fibers and unmyelinated C-fibers are selectively 

affected, leading to sensory symptoms and autonomic dysfunction.2 In general, 

neuropathic pain is the main symptom, reflected by allodynia and hyperalgesia, 

but also thermal sensory loss, pinprick loss, restless legs syndrome, sicca 

syndrome, accommodation problems, hyperhidrosis or hypohydrosis, micturation 

disturbances, impotence and/or diminished ejaculation or lubrication, bowel 

disturbances (constipation, diarrhea, irritability, gastroparesis, cramps), hot 

flushes, orthostatic dizziness, and cardiac palpitations may be present.2 

Pharmacotherapy for neuropathic pain in SFN is challenging since the efficacy of 

currently available medications is moderate and side-effects are often dose-

limiting.3,4 A better understanding of genetic causes and pathophysiology of 

peripheral neuropathy may provide a basis for development of more effective, 

personalized treatment. 

 

Voltage-gated sodium channels (VGSCs) are integral membrane polypeptides 

that are mainly present in excitable cells. The large α-subunit is constructed of 

four homologous domains (DI-DIV) with six transmembrane segments (S1-S6), 

forming an ion-selective pore. Associated smaller auxiliary β-subunits contribute 

to targeting and anchoring of the channel at specific sites in the plasma 

membrane, modulating gating properties of the α-subunit.5 VGSCs NaV1.7, 

NaV1.8, and NaV1.9, respectively encoded by SCN9A, SCN10A and SCN11A, 
are preferentially expressed in the small diameter dorsal root ganglion neurons 

(DRGs) and their peripheral axons. They play important roles in generation and 

conduction of action potentials in the physiological pain pathway.5,6 In addition, 

NaV1.7 is present in sympathetic ganglion neurons of the peripheral autonomic 

nervous system.5 

 

Gain-of-function VGSC variants or dysregulated VGSC expression can cause 

pathological pain states characterized by spontaneous and prolonged pain.6 A 

causal link between pathogenic SCN9A variants and multiple human pain 

syndromes has been reported. SCN9A variants that increase the excitability of 

DRG were initially found in inherited erythromelalgia (IEM), an autosomal 

dominant disorder characterized by episodic painful red discolored extremities 
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due to warm temperatures and exercise.7,8 Shortly thereafter, pathogenic SCN9A 

variants were shown to be responsible for the episodic pain and autonomic 

features in the ocular, mandibular and sacral regions in paroxysmal extreme pain 

disorder (PEPD).9,10 Several years later, SCN9A gain-of-function variants were 

demonstrated in 28.6% (n=8/28) of a cohort of patients with skin biopsy-

confirmed idiopathic pure SFN.11 Subsequently, pathogenic SCN10A and 

SCN11A variants were found in in SFN patients.12,13 

 

A follow-up study of 393 patients diagnosed with SFN, based on typical clinical 

features (neuropathic pain and autonomic complaints) in combination with an 

abnormal intraepidermal nerve fiber density (IENFD) in skin biopsy and/or 

abnormal temperature threshold testing (TTT), showed that 9.1% (n=34/393) 

harbored an SCN9A variant, 4.2% (n=15/359) an SCN10A variant, and 3.5% 

(n=12/345) an SCN11A variant.13,14 

 

Over the past years our SFN-cohort has expanded to 1502 patients. Aims of the 

current study were to provide more precise data on SCN9A, SCN10A and 

SCN11A variant frequencies and a rationale for the genetic screening of patients 

with pure SFN and to compare the clinical features of SFN patients with and 

without VGSC variants. 

Methods 

Study population and clinical characterization 

The retrospective study was conducted at the Departments of Neurology and 

Clinical Genetics of the Maastricht University Medical Centre+ (Maastricht 

UMC+), Maastricht, The Netherlands, a tertiary national referral center for 

patients with clinical symptoms of SFN. Between September 2009 and January 

2017, 1502 adult patients (age ≥18 years old) with SFN symptoms were 

examined in a structured day case setting. The following records were taken:  

i. Demographic data; age of onset of complaints; duration of symptoms; 

altered pain sensation; presence of erythromelalgia symptoms, itch or 

cramps; influence of temperature, exercise or rest on pain; medical history 

and family history; neuropathic pain medication used at moment of 

presentation;  

ii. Neurological examination (muscle strength, pinprick sensation, vibration- 

and position sense, tendon reflexes);  

iii. Nerve conduction studies (motor nerves: peroneal and tibial nerves to 

determine the compound muscle action potential amplitude, distal latency, 
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and conduction velocities; sensory nerves: ulnar and/or median and sural 

nerve to determine sensory nerve action potential amplitudes, distal latencies 

and conduction velocities); 

iv. Thermal threshold testing (TTT)15;  

v. Skin biopsy for determination of IENFD16; 

vi. Multiple questionnaires, including the Visual Analogue Scale (VAS) to assess 

pain intensity17; Neuropathic Pain Scale (NPS) to evaluate ten qualities of 

neuropathic pain18; and the SFN Symptom Inventory Questionnaire (SFN-

SIQ) which includes 13 SFN specific symptoms.19  

 

According to the international criteria, the diagnosis pure SFN was established 

when typical clinical symptoms were present in combination with a decreased 

IENFD in skin biopsy and/or abnormal TTT, without signs of large nerve fiber 

damage on neurological examination and/or NCS.2,20 Other underlying diseases 

or use of medication were excluded as possible causes. To search for associated 

conditions, patients diagnosed with pure SFN underwent extensive blood analyses 

as described previously.21 

Variant screening 

Genomic DNA was extracted from whole blood using NucleoSpin®8 Blood 

Isolation kit (Macherey-Nagel, Düren, Germany) according to manufacturer’s 

instructions. Coding exons and exon-flanking intronic regions of SCN9A, 

SCN10A and SCN11A were amplified by PCR and sequenced by Sanger 

sequencing. Sequences were compared with reference sequence GRCh37. 

Variants detected were annotated according to guidelines of the Human Genome 

Variation Society (http://www.hgvs.org/mutnomen/). Variants which were located 

in functional domain of the protein and/or at a highly conserved amino acid in 

mammalian paralogues/human VGSC orthologues were classified and reported 

according the Practice Guidelines of the Association for Clinical Genetic Science 

(ACGS) and recommendations of Waxman et al.22,23 Co-segregation of 

(potentially) pathogenic variants with the disease was tested, if possible, in cases 

with a positive family history. 

Statistical analysis 

The primary analysis was the comparison of clinical variables between pure SFN 

patients with and without VGSC variant. For categorical variables, the chi-square 

test was used or the Fisher exact test when necessary. For continuous variables, 

the independent student's t-test was chosen. Equal variances between two groups 

were tested with the Levene's test. For these analyses, a significance level of 0.05 

was used. 

http://www.hgvs.org/mutnomen/
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Post-hoc analyses were performed to investigate whether differences between 

patients with specific VGSC variants and without variants were present. In total six 

post-hoc analyses per variable were executed. The analyses were performed in 

the same way as the primary analyses, however, the significance level was 

adjusted for multiple testing with the Bonferroni correction (0.05/6). Therefore, 

post-hoc analyses were compared with a significance level of 0.0083. Missing 

values where not imputed or estimated. 

Results 

Patient characteristics 

The diagnosis of pure SFN was established in 1139 of 1502 patients (75.8%) 

referred to our center (Figure 6.1). More females (59.2%) were present than 

males. The mean age at presentation in our referral center was 52.1 years (SD 

13.2 years), with an age of onset of symptoms at 46 years (SD 14.6 years). In 

25.9% of patients the diagnosis of pure SFN was based on the clinical picture in 

combination with both an abnormal IENFD and TTT, in 6.9% of the patients only 

the IENFD was abnormal, while in 67.2% solely an abnormal TTT was found. In 

61.1% (n=696) of pure SFN patients, additional workup revealed no associated 

conditions. Autoimmune diseases were found in 21.7% (n=247), glucose 

intolerance in 10.6% (n=121), vitamin B12 deficiency in 6.6% (n=75), diabetes 

mellitus in 5.2% (n=59), alcohol abuse in 2.7% (n=31), chemotherapy in 2.2% 

(n=25), monoclonal gammopathy of undetermined significance in 1.1% (n=13), 

and haemochromatosis in 0.6% (n=7) of patients, which is in line with our 

previous reports.21 Multiple associated conditions can be found within 
one patient.  

Genetic screening of SCN9A 

Among 1139 pure SFN patients, 28 different (potentially) pathogenic 

heterozygous SCN9A variants were detected in 58 patients (5.1%, Figure 6.1 and 

Table 6.1). Six variants have already been published as pathogenic,11,24-27 one 

variant as probably pathogenic11, and two variants as risk factor.23 Eighteen 

variants were novel and classified as possibly pathogenic (n=3) or of uncertain 

clinical significance (VUS, n=15; Table 6.1). Eleven SCN9A variants were found 

in >1 patient. Nine patients harbored more than one variant in SCN9A (Table 

6.1). Finally, one patient was heterozygous for two SCN9A VUSs, c.1555G>A 

and c.2271G>A, and the pathogenic SCN11A c.3473T>C variant. 
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Figure 6.1 Patients with SFN analyzed for potentially pathogenic SCN9A, SCN10A and SCN11A 
variants in the Maastricht University Medical Center+. Diagnosis of pure SFN was made 
according to the international criteria by the clinical symptoms in combination with an 
abnormal intraepidermal nerve fiber density in skin biopsy and/or abnormal 
temperature threshold testing.2,18 Genetic screening of SCN9A, SCN10A and SCN11A 
was performed with Sanger sequencing. Variants which were located in the functional 
domain of the protein and/or at a highly conserved amino acid in mammalian 
paralogues/human VGSC orthologues were classified according to the practice 
guidelines of the Association for Clinical Genetic Science and recommendations of 
Waxman.22,23 Patients in this study were included between September 2009 and January 
2017. *One patient was heterozygous for two SCN9A variants and one SCN11A 
variant. SFN, small-fiber neuropathy. 

 

 

For 9 variants cell electrophysiology showed a gain-of-function of the NaV1.7 

channel11,24-29, Table 6.1. Co-segregation with pain in the family was demonstrated 

for 6 variants, was inconclusive for 3 variants, and not supportive for 2 variants 

(Table 6.1). 

 

Nine (potentially) pathogenic SCN9A variants detected in our cohort of pure SFN 

patients have been reported in patients with IEM, PEPD, paroxysmal itch, painful 

diabetic neuropathy and Dravet syndrome.30-34 Two SFN patients, positive for one 

of these SCN9A variants, had a history consistent with erythromelalgia (variant 

c.554G>A), two SFN patients suffered from diabetes mellitus (one patient with 

variant c.1552G>T and one patient with variant c.2215A>G), and three SFN 

patients complained of itch (variant c.2215A>G). None of the other patients 

carrying ≥1 of these SCN9A variants were positive for erythromelalgia, PEPD, 

paroxysmal itch, PDN or Dravet syndrome.  
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The clinical features of each individual patient harboring (potentially) pathogenic 

SCN9A variants is shown in the Supplementary Table S6.1. 

Genetic screening of SCN10A 

In SCN10A, 25 different (potentially) pathogenic heterozygous variants were 

detected in 42 pure SFN patients (3.7%, n=45/1139, Figure 6.1 and Table 6.2). 

One variant was already published as pathogenic35 and three variants as 

probably pathogenic.12,36 Twenty-one variants were novel for SFN and classified 

as probably pathogenic (n=2), possibly pathogenic (n=2) or VUS (n=17; Table 

6.2). Five SCN10A variants were present in >1 patient. Two patients harbored 

two SCN10A variants. For 3 variants cell electrophysiology showed a gain-of-

function of the NaV1.8 channel, and for one variant DRG neuron hyperexcitability 

was seen12,35,36, Table 6.2. Co-segregation tested for 3 patients was only positive 

for one variant (Table 6.2). 

 

Eight (potentially) pathogenic SCN10A variants detected in our cohort of pure 

SFN patients have been reported in patients with Brugada syndrome (BrS), atrial 

fibrillation (AF), sudden infant death syndrome (SIDS), Lennox-Gastaut syndrome 

(LGS), febrile infection-related epilepsy syndrome (FIRES) and autism.37-40 Only the 

SFN patient with variant c.41G>T had arrhythmia. The other previously reported 

conditions were not seen in our cohort of patients with ≥1 SCN10A variants.  

 

The individually clinical data of the 42 pure SFN patients with (potentially) 

pathogenic SCN10A variants is shown in the Supplementary Table S6.2. 

Genetic screening of SCN11A 

We found 20 different (potentially) pathogenic heterozygous variants in 33 pure 

SFN patients (2.9%, n=33/1139, Figure 6.1 and Table 6.3). Three variants were 

already published as probably pathogenic13,41, and one variant as possibly 

pathogenic and 5 variants as VUS.13 Eleven variants were novel and classified as 

possibly pathogenic (n=5) or VUS (n=6; Table 6.3). Six SCN11A variants were 

detected in >1 patient. Only one patient was heterozygous for two SCN9A VUSs 

(c.1555G>A and c.2271G>A) and the pathogenic SCN11A c.3473T>C variant. 

Cell electrophysiology showed a gain-of-function of 3 SCN11A variants13,41, while a 

loss-of-function of the NaV1.9 channel was seen for one variant.41 Co-segregation 

was tested for 2 variants, and only supportive for one (Table 6.3). All 25 

(potentially) pathogenic SCN11A variants detected in our cohort were specific for 

SFN. 
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The clinical features per patient harboring (potentially) pathogenic SCN11A 

variant is shown in the Supplementary Table S6.3. 

Pure SFN patients with or without VGSC variant 

The number of SFN patients with a VGSC variant and a decreased IENFD was not 

significantly higher than that of patients without a VGSC variant (37.9% vs. 

32.6%; p=0.328). Furthermore, in both groups TTT was almost equally abnormal 

(92.4% with VGSC variant vs. 93.2% without VGSC variant; p=0.741). Patients 

that harbor an SCN9A variant reported significantly more often erythromelalgia-

like symptoms compared to patients with an SCN10A variant or without VGSC 

variant (43.9% vs. 16.7%; p=0.004 and 43.9% vs. 26.4%; p=0.004). The 

proportion of SFN patients that experienced an aggravation of the pain by warm 

temperature was significantly higher in those with a VGSC variant compared to 

those without VGSC variant (45.2% vs. 30.9%; p=0.014). No differences were 

seen in other symptoms, obtained by history taking and various questionnaires 

(Figure 6.2-6.3 and Supplementary Table S6.4). In case patients were harboring 

multiple VGSC variants, in the same channel or in different channels, the type of 

complaints and severity was similar. In patients with a VGSC variant family history 

for SFN-related symptoms was more frequently positive than in the other pure 

SFN patients (33.9% vs. 24.6%; p=0.027; Supplementary Table S6.4). In 15.1% 

(n=66/436) of pure SFN patients with an underlying condition a (potentially) 

pathogenic VGSC variant was found. In the 132 SFN patients with a VGSC 

variant the following underlying conditions were demonstrated: in 22.0% (n=29) 

an immunological disease, in 6.8% (n=9) glucose intolerance, in 5.3% (n=7) 

vitamin B12 deficiency, in 3.0% (n=4) diabetes mellitus, in 2.3% (n=3) alcohol 

abuse, in 0.8% (n=1) a history of chemotherapy, and in 0.8% (n=1) a 

monoclonal gammopathy of undetermined significance. The number of patients 

per specific underlying condition was too small to study potential relationships 

between these conditions and particular VGSC variants.  

 

As all of the patients in our cohort suffered from painful SFN and no patients with 

painless SFN were included, it was not possible to investigate if the presence of 

VGSC variants in patients with an associated condition is related to the 

development of pain. Since this study had a retrospective design, it was not 

possible to collect data about the use of pain medication in a standardized way to 

provide reliable information on the response to treatment. However, the data on 

pain features and intensity, indirectly suggest the poor efficacy of the drugs 

(Supplementary Tables S6.1-S6.3). 
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Figure 6.2 Clinical features of pure small-fiber neuropathy patients with or without (potentially) 

pathogenic voltage-gated sodium channel variant. (A) Patients with pure SFN without 
VGSC variant versus all patients with pure SFN with VGSC variant. (B) Patients with pure 

SFN without VGSC variant versus patients with pure SFN with SCN9A variant or SCN10A 

variant or SCN11A variant. *<0.0083. Aggravation of the pain by warm temperature 
was significantly higher in those with a VGSC variant compared to patients without 

variant (A).  Erythromelalgia symptoms are significantly more frequently reported in pure 

SFN patients with a (potentially) pathogenic SCN9A variant compared to patients without 
VGSC variant or with an SCN10A variant (B). For exact data see Supplemental file. TTT 

= temperature threshold testing; IENFD = intraepidermal nerve fiber density. 
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Figure 6.3 Questionnaires pure small-fiber neuropathy patients with or without (potentially) 

pathogenic voltage-gated sodium channel variant. A: NPS: neuropathic pain scale. NPS 
pain qualities: 1=severity; 2=sharpness; 3=hotness; 4=dullness; 5=coldness; 

6=sensitivity; 7=itchiness; 9=unpleasantness; 10a=intensity deep pain; 10b=intensity 

surface pain. Each item is scored on an 11-point scale (0=not applicable to the 
experienced pain and 10=in the most severe form applicable to the experienced pain). 

An NPS score >3 is considered as a relevant pain quality. B: SFN-SIQ: small-fiber 

neuropathy inventory questionnaire. SFN-SIQ symptoms: 1=altered sweating pattern; 
2=diarrhea; 3=constipation; 4=micturation problems; 5=dry eyes; 6=dry mouth; 

7=orthostatic dizziness; 8=palpitations; 9=hot flashes; 10=sensitive skin legs; 

11=burning feet; 12=intolerance for sheets; 13=restless legs. The answer options of the 
SFN-SIQ include ‘never=1’, ‘sometimes=2’, ‘often=3’ and ‘always=4’. A symptom is 

considered to be present when the score is >1. No statistically significant differences in 

experienced pain qualities and small-fiber neuropathy symptoms were found between 
pure small fiber neuropathy patients with or without (potentially) pathogenic voltage-

gated sodium channel variant. For exact data see Supplemental file. 

 



Yield of peripheral sodium channels gene screening in pure small-fiber neuropathy 

133 

Discussion 

In our retrospective cohort, 132 of 1139 (11.6%) patients with pure SFN harbor 

potentially pathogenic heterozygous variants in SCN9A, SCN10A and/or 

SCN11A. SCN9A variants were found more frequently (5.1%, n=58/1139 

patients) than SCN10A (3.7%, n=41/1139 patients) and SCN11A (2.9%, 

n=38/1139 patients) variants. Fifty variants were novel for SFN and classified as 

probably pathogenic (n=2), possibly pathogenic (n=10) or VUS (n=38). In this 

cohort, erythromelalgia showed a significant relationship with the presence of 

SCN9A variants. Furthermore, warmth-induced pain was significantly increased 

with the presence of potentially pathogenic VGSC variants. Other clinical features 

of pure SFN, such as abnormal TTT, abnormal IENFD, abnormal pain sensation, 

itch, cramp and cold-, exercise- and rest-induced pain, were not significant 

different for patients with and without VGSC variants (Figure 6.2). Also, the NPS 

and SFN-SIQ, revealed comparable results for patients with and without VGSC 

variants (Figure 6.3).  

 
The frequencies of variants in the SCN10A and SCN11A genes in our pure SFN 

patients are slightly lower than those reported before; respectively 4.2-4.8% and 

3.5-3.8%.13,14,21 For SCN9A, however, the frequency has decreased over the 

years. At first, eight gain-of-function variants were identified in 28 subjects 

(28.6%) with biopsy-confirmed idiopathic pure SFN.11 Subsequently, in the cohort 

of 393 consecutive patients diagnosed with SFN, 17 potentially pathogenic 

variants were found in 34 patients (9.1%).13,14 Then, we reported in an extended 

cohort of 921 patients diagnosed with idiopathic pure SFN, 78 patients have ≥1 
potentially pathogenic SCN9A variants (8.5%)21, and here we report 58 subjects 

with ≥1 potentially pathogenic SCN9A variants in 1139 pure SFN patients 

(5.1%). The decline in frequency for SCN9A in the expanded cohort can be 

explained by less stringent inclusion criteria for the current cohort, more stringent 

variant classification criteria, extension of functional data obtained by cell 

electrophysiology and data of co-segregation analysis. For instance, variants with 

no change in channel function and/or co-segregation with the disease in affected 

family members, like c.3734A>G (p.Asn1245Ser) and c.3799C>G 

(p.Leu1267Val), were classified as unlikely to be pathogenic in the current study, 

while they were classified as VUS with frequencies respectively of 1.5% and 1.3% 

in the cohort of 393 SFN patients13,14, and 1.1% and 0.9% in the cohort of 921 

idiopathic pure SFN patients. 

 

To date, only one other cohort of painful neuropathy patients (n=217) has been 

tested for SCN9A, SCN10A and SCN11A gene variations.42 In this cohort, the 

number of patients with ≥1 low-frequency (minor allele frequency [MAF] <5% in 
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the NHLBI Exome Sequencing Project Exome Variant Server, European American 

[EVS-EA] population) missense variant in SCN9A, SCN10A and SCN11A was 

respectively 25%, 21% and 13%. From these low-frequency missense variants, 

8.7% SCN9A (n=19/217), 0.9% SCN10A (n=2/217) and 0.9% SCN11A 

(n=2/17) variants have been previously reported in patients with IEM, SFN or 

PDN, including SCN9A variant c.3734A>G (n=7/217, 3.2%) and c.3799C>G 

(n=1/217, 0.5%).42 Compared to our cohort, the incidence of potentially 

pathogenic variants in the 217 painful neuropathy patients was ~4-5-fold higher. 

The discrepancies in frequencies of reported variants between both cohorts are 

mainly caused by different variant filtering strategies (i.e. MAF <5% vs. <1%) and 

variant classification approaches (i.e. all missense mutations vs. highly conserved 

missense mutation). Different patient inclusion criteria and used sequencing 

platforms, may also have an effect the frequencies of variants detected. 

 

Nine (potentially) pathogenic SCN9A variants detected in our cohort of pure SFN 

patients have been reported as disease-causing variants in other pain phenotypes 

and Dravet syndrome.30-34 Multigenerational segregation with the disease in SFN 

families and/or functional testing in DRG neurons by cell electrophysiology 

support that these variants are causative for SFN (Table 6.1). As patients with SFN 

share clinical features with other pain-phenotypes, it is not surprising that these 

variants are reported for SFN, and IEM, paroxysmal itch and painful diabetic 

neuropathy. Features of Dravet syndrome have not been seen in our cohort, and 

no abnormal pain sensation have been reported for patients with Dravet 

syndrome and a (potentially) pathogenic SCN9A variant.43 For SCN10A variants, 

eight (potentially) pathogenic variants have been report as disease-causing in BrS, 

AF, SIDS, LGS, FIRES and autism.37-40 Multigenerational segregation with the 

disease in SFN families and/or functional testing in DRG neurons by cell 

electrophysiology indicate that the majority of the variants are causative for SFN 

(Table 6.2). Variant c.41G>T, p.(Arg14Leu), which has been described in 

patients with BrS and AF37,38, was identified four times in our cohort of SFN 

patients. Only one patient had SFN and arrhythmia. SIDS, LGS, FIRES and autism 

have not been seen in our pure SFN patients. For SCN11A, none of potentially 

pathogenic variants identified in the current study have been associated with other 

inherited disorders. Taken together, these findings suggest that one variant can 

produce multiple different disease outcomes, depending on cell-type-specific 

expression11,24,25 presence of additional disease-causing variants or modifiers23, 

and/or additional underlying conditions (e.g. diabetes mellitus or vitamin B12 

deficiency).21 

 

For variants where segregation with disease in multi-generations was confirmed, 

this should be considered supporting, though not definite evidence for 
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pathogenicity. A definite conclusion would require at least 10 meiosis, which is 

generally not the case. In this study, co-segregation of the variant with disease 

was only tested for 15 potentially pathogenic variants in 20 families, because 

most families were too small to test segregation with disease properly or the 

proband was not in contact with their relatives.  

 

About two-third of the potentially pathogenic SCN9A variants identified in our 

cohort of pure SFN patients have been localized to domain I (DI) and II (DII), and 

the intracellular linker between DI-DII and DII-domain III (DIII). This is in contrast 

with our findings for SCN10A, where approximately 70% of the SCN10A variants 

were localized to DIII and domain IV (DIV), the intracellular linker between DIII-

DIV and C-terminus of the protein. For SCN11A, the distribution of potentially 

pathogenic variants was all across the gene. No possible hotspots were identified 

in this gene.  

 

Patch clamp studies have shown that SCN9A variants associated with SFN 

produce gain-of-function channel changes, ranging from impaired slow-

inactivation to depolarized slow- and fast-inactivation, and induce DRG neurons 

hyperexcitability.11,24-29 Compared to PEPD, where most SCN9A variants were 

located in the intracellular linker between DIII-DIV and intracellular loop linking 

segments S4-S5 of DIII and DIV, effects on fast-inactivation of SFN SCN9A 
variants were relatively mild. IEM SCN9A variants exhibit hyperpolarized 

activation or enhanced ramp currents, and were mainly localized to 

transmembrane segment S4, S5 and S6, and the intracellular loop linking 

segments S4-S5.44 Functional IEM characteristics were not demonstrated for SFN 

SCN9A variants. Although most potentially pathogenic SCN9A variants in this 

cohort were localized to DI and DII, and the intracellular linkers DI-DII and DII-III, 

it is still unclear how this type of NaV1.7 channel dysfunction causes SFN. 

However, certain SFN SCN9A variants have been shown to impair regeneration 

and/or degeneration of sensory axons, suggesting that enhanced sodium 

channel activity and reverse Na-Ca exchange may contribute to a decrease in 

length of peripheral sensory axons.45 Besides SCN9A, variants in SCN10A and 

SCN11A have been shown to participate in the pathophysiology of SFN. DRG 

neurons expressing SCN10A or SCN11A mutant channels exhibit increased 

excitability and abnormal spontaneous firing activity.12,13,35,36,41 One SCN10A 

variant and nine SCN11A variants have been associated with other inherited pain 

disorders.46-50 Although different cell electrophysiology properties were seen for 

several of these variants12,13,35-37,41,46, functional data for SCN10A and SCN11A 

variants is too limited to correlate channel phenotype with clinical phenotype. 

In conclusion, in this cohort of 1139 pure SFN patients the overall frequency of 

potentially pathogenic SCN9A, SCN10A and SCN11A variants is 11.6%. 
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Erythromelalgia and warmth-induced pain were the only SFN-related clinical 

features that showed a significant relationship with the presence of VGCS 

variants. As genetic screening for all pure SFN patients is debatable, we believe 

that in the future, as the number of well-characterized variants of Nav channels 

increases, and an inter-expert concordance on variant classification is reached, 

the utility of genetic screening for clinical care will rise, and tailored treatments 

with specific sodium channel blockers can be developed. Furthermore, we have 

seen that certainty about the origin of symptoms, as well as, genetic counselling 

by which the patient and relatives are informed about the possibility of developing 

and transmitting the condition, is of great importance for patients with pure SFN. 

Therefore, genetic screening of SCN9A, SCN10A and SCN11A should be 

considered for patients with pure SFN, independently of clinical features or 

underlying conditions. 
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Abstract 

Background 

Neuropathic pain is a frequent feature of diabetic peripheral neuropathy (DPN) 

and small fiber neuropathy (SFN). Resolving the genetic architecture of these 

painful neuropathies will lead to better disease management strategies, 

counselling and intervention. Our aims were to profile ten sodium channel genes 

(SCG) expressed in a nociceptive pathway in painful and painless DPN and 

painful and painless SFN patients, and to provide a perspective for clinicians who 

assess patients with a painful peripheral neuropathy. 

 

Methods 

Between June 2014 and September 2016, 1125 patients with painful-DPN 

(n=237), painless-DPN (n=309), painful-SFN (n=547) and painless-SFN 

(n=32), recruited in four different centres, were analysed for SCN3A, SCN7A-
SCN11A and SCN1B-SCN4B variants by single molecule Molecular inversion 

probes-Next Generation Sequence. Patients were grouped based on phenotype 

and presence of SCG variants. 

 

Results 

Screening of SCN3A, SCN7A-SCN11A, SCN1B-SCN4B revealed 125 different 

(potential) pathogenic variants in 194 patients (17.2%, n=194/1125). A potential 

pathogenic variant was present in 18.1% (n=142/784) of painful neuropathy 

patients vs. 15.2% (n=52/341) of painless neuropathy patients (17.3% 

(n=41/237) for painful-DPN patients, 14.9% (n=46/309) for painless-DPN 

patients, 18.5% (n=101/547) for painful-SFN patients, and 18.8% (n=6/32) for 

painless-SFN patients). Of the variants detected, 70% were in SCN7A, SCN9A, 
SCN10A and SCN11A. The frequency of SCN9A and SCN11A variants was the 

highest in painful-SFN patients, SCN7A variants in painful-DPN patients, and 

SCN10A variants in painless-DPN patients.  

 

Conclusion 

Our findings suggest that rare SCG genetic variants may contribute to the 

development of painful neuropathy. Genetic profiling and SCG variant 

identification should aid a better understanding of the genetic variability in 

patients with painful and painless neuropathy and may lead to better risk 

stratification and the development of more targeted and personalized pain 

treatment. 
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Introduction 

Neuropathic pain (NP) arises due to damage or a disease of the somatosensory 

nervous system, involving peripheral fibers (Aβ, Aδ, and C fibers) and central 

neurons.1 NP is a frequent feature of peripheral neuropathy causing a significant 

impact on patients’ quality of life and health care costs.2 Not all individuals with 

neuropathy develop pain and it is not possible to predict who is more or less 

susceptible among those with similar risk exposure.  

 

In small fiber neuropathy (SFN), thinly myelinated Aδ and the unmyelinated C 

fibers are affected resulting in sensory symptoms and autonomic dysfunction.3 

Pure SFN can be diagnosed on clinical symptoms, a reduction in intraepidermal 

nerve fiber density and/or an elevation in temperature threshold testing (TTT). 

Diabetes mellitus (DM) and sodium channel gene genetic variants are associated 

with SFN.4 Establishing the underlying cause of SFN is important as some of these 

conditions can be treated.4 

 

Diabetic peripheral neuropathy (DPN) is the most commonly reported 

complication of diabetes, affecting 50-90% of patients.5 DPN is defined as a 

symmetrical, length-dependent sensorimotor polyneuropathy that develops as a 

consequence of longstanding hyperglycemia, associated metabolic 

derangements, and cardiovascular risk factors.6 Clinically, painful-DPN is 

characterized by burning, tingling or shooting pain which interferes with daily 

activities of living and social functioning with a significant decrease in the quality 

of life.7,8 The treatment of DPN relies on improved glycemic control and the use of 

medication to reduce pain. However, the currently available treatments for painful 

DPN are inadequate and are associated with side-effects which limits efficacy. A 

better understanding of the pathogenesis of painful DPN is urgently needed. 

 

Pathogenic genetic variants of voltage-gated sodium channels genes have been 

reported in patients with a painful neuropathy.9-13 These genes play an essential 

role in action potential generation in nociceptors and their propagation along the 

axons.14 Given the importance of sodium channel genes in the activity of 

nociceptors, exploration of these genes may extend our knowledge of the 

pathophysiology of neuropathic pain in DPN and SFN, leading to the 

identification of new molecular druggable sites, with a possibility to develop more 

effective, personalized, treatment strategies. 

 

Single-molecule Molecular Inversion Probes-Next Generation Sequencing 

(smMIPs-NGS) has recently been introduced for the re-sequencing of gene panels 

in large cohorts of patients. Using this relatively inexpensive and reliable 
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technique15, ten genes encoding the alpha-subunits of Nav 1.3 (SCN3A), Nav 1.6 

(SCN8A), Nav 1.7 (SCN9A), Nav 1.8 (SCN10A), Nav 1.9 (SCN11A), Nax (SCN7A) 

and beta-subunits (SCN1B, SCN2B, SCN3B and SCN4B) were sequenced in 

patients with painful-DPN, painless-DPN and painful and painless SFN. The aim 

of the current study was to profile these genes according to the different 

phenotypes and to provide a perspective for clinicians who assess patients with 

peripheral neuropathy. 

Methods 

Study population 

Patients (n=1325) were recruited in four different European centers from June 

2014 until September 2016. Patients with painful-DPN and painless-DPN were 

recruited for this study at the University of Manchester (United Kingdom) and the 

Deutsche Diabetes Forschungsgesellschaft EV (Germany), and patients with SFN 

were recruited at the Fondazione IRCCS Instituto Neurologico "Carlo Besta" (Italy) 

and the Maastricht University Medical Center+ (The Netherlands). Local Medical 

Ethical Committees of each center approved this study. Informed consent was 

given by patients to participate in this study. 

Inclusion- and exclusion criteria 

Patients who met the following inclusion criteria were eligible to participate in this 

study: 1. the diagnosis of sensory neuropathy, based on established clinical, 

nerve conduction studies (NCS) and/or skin biopsy findings6 with idiopathic or 

diabetic etiology, after ruling out other known causes of neuropathy including 

vitamin deficiencies, immune-mediated disorders like sarcoidosis, Sjögren 

syndrome, coeliac, leprosy, Epstein-Barr virus, toxins and drugs4; 2. Neuropathic 

pain was diagnosed based on the definition and grading system of Treede et al., 
2008.16 Patients with neuropathic pain for more than one year and pain intensity 

equal or more than 4 on the pain intensity numerical rating scale (PI-NRS)17 at the 

screening visit were defined as ´painful neuropathy´, whereas those with pain 

severity less than 4 were defined as ´non-painful neuropathy´; 3. Age of 18 years 

or older. 

Clinical assessments 

After written informed consent, all eligible patients underwent a screening visit 

and the following records and investigations were undertaken: medical and 

family history, neurological examination, quantitative sensory testing (QST) at the 
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feet to determine cold, warm, heat-pain and cold-pain thresholds (Mücke et al., 

2016), nerve conduction studies of the tibial, peroneal and sural nerves, skin 

biopsy at the distal leg for determination of intra-epidermal nerve fibers density 

(IENFD), Visual Analogue Scale (VAS) to measure pain intensity18, Neuropathy 

Pain Scale (NPS) to evaluate 10 qualities of neuropathic pain19 and the SFN-

symptom Inventory questionnaire (SFN-SIQ) to assess 13 SFN-related 

symptoms.20 Blood withdrawal from patients was done (2x6 mL EDTA blood) for 

genetic analyses. 

SCG mutation analysis by smMIPs-NGS 

Genomic DNA was extracted from whole blood using QIAamp DNA Blood Maxi 

Kit /Puregene® Blood Core Kit (Qiagen, Hilden, Germany) or NucleoSpin ®8 

Blood Isolation kit (Macherey-Nagel, Düren, Germany) according to 

manufacturer’s instructions. Coding exons and exon-flanking intron sequences of 

SCN3A, SCN7A-SCN11A, and SCN1B-SCN4B were sequenced by smMIP-NGS. 

Three-hundred-twenty-four smMIPs were designed using a modified version of 

MIPgen (http://shendurelab.github.io/MIPGEN/). The gap-fill length between the 

extension - and ligation arm (region of interest) of the smMIPs was fixed to 220-

230 nt. Probes were synthesized by Integrated DNA Technologies (IDT, Iowa, 

USA). 

 

Targeted capture with smMIPs was performed according to standard protocols.21 

In brief, after hybridization, gap filling and ligation, circularized DNA molecules 

were used as template in a PCR with universal primers complementary to the 

linker sequence. Sample-specific barcode sequences and Illumina adaptors were 

introduced during the PCR amplification step. Next, samples were pooled and 

purified using Ampure XP beads according to manufacturer’s instructions. Pooled 

samples were sequenced using an Illumina NextSeq500 system (Illumina, Inc., 

San Diego, CA, USA), with 2 × 150-bp paired-end reads (Illumina, Inc., San 

Diego, CA, USA). Sequenced data was analyzed by using an in-house smMIPs-

NGS data analysis pipeline. Variants were included for analysis with >30x 

coverage and an alternative variant call of at least 20%. Regions with a poor 

performance (n=9; coverage <30x, high false positive variant calling) were 

analysed by Sanger sequencing.22 

 

Patients’ coding and immediate flanking regions of SCN3A, SCN7A-SCN11A, 

and SCN1B-SCN4B were compared with reference sequence GRCh37. Variants 

detected were annotated according to the guidelines of the Human Genome 

Variation Society (http://www.hgvs.org/mutnomen/), and classified according to 

current classification guidelines23 using Alamut Mutation-Interpretation Software 

http://shendurelab.github.io/
http://www.hgvs.org/mutnomen/
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(Interactive-Biosoftware, Rouen, France). Variants of interest were confirmed by 

Sanger sequencing. 

Statistical analysis  

The primary analysis was performed to compare patients with painful SFN, 

painless SFN, painful-DPN and painless-DPN with and without SCG variants and 

to measure the frequencies of the identified variants in the ten genes in the tested 

patients. 

 

For categorical variables, the ÷2 test was used or the Fisher’s exact test when 

necessary. For continuous variables, the independent student’s t-test was chosen. 

Equal variances between two groups were tested with the Levene’s test. For these 

analyses, a significance level of 0.05 was used.  

 

Post hoc analyses were performed to investigate whether differences between 

patients with specific SCG variants and without variants were present. In total, six 

post hoc analyses per variable were executed. The analyses were performed in 

the same way as the primary analyses; however, the significance level was 

adjusted for multiple testing with the Bonferroni correction. 

Results 

Patient characteristics  

A total of 1.325 patients were recruited for this study. Two-hundred patients were 

excluded based on incomplete clinical or diagnostic data and/or low quality 

smMIPs-NGS data (Figure 7.1). Eventually, 1.125 patients, including 237 painful-

DPN, 309 painless-DPN, 547 painful-SFN and 32 painless-SFN patients, were 

profiled for gene variations in SCN3A, SCN7A-SCN11A, and SCN1B-SCN4B.  

 

Among the 1125 patients, males (55.2%) were represented more than females. 

The mean age of the patient at recruitment for this study was 58.9 years 

(SD±14.0 years). The median age of onset of complaints was 53.0 years 

(SD±15.4 years) and the mean duration of neuropathy was 7.0 years (SD±8.1 

years). One in five patients (20.2%) reported a family history of neuropathy.  

 

The mean VAS at recruitment was 46.0 (SD±26.9) for the painful patients versus 

21.8 (SD±23.38) for the painless patients, p<0.001. Of the DPN patients, 21.2% 

had type I diabetes, which was more prevalent in painless-DPN compared to 
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painful-DPN (25.6% vs. 15.6%, p=0.005). Patient characteristics per subgroup 

are given in Table 7.1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7.1 PROPANE study patients analysed for potentially pathogenic SCG variants by single 

molecule Molecular Inversion Probe-Next generation sequencing (smMIP-NGS). Between 

June 2014 and September 2016, patients with painful and painless diabetic peripheral 
neuropathy (DPN) and idiopathic small fiber neuropathy (SFN), recruited in four different 

centres, were screened for SCN3A, SCN7A-SCN11A, and SCN1B-SCN4B variants by 

smMIP-NGS. Variants’ pathogenicity was classified according to to current classification 
guidelines.23 UK, University of Manchester, United Kingdom; GER, Deutsche Diabetes 

Forschungsgesellschaft EV, Germany; IT, Fondazione IRCCS Instituto Neurologico "Carlo 

Besta", Italy; NET, Maastricht University Medical Centre+, the Netherlands; n, number; 
pts, patients; Painful-DPN, painful diabetic peripheral neuropathy; Painless-DPN, painless 

diabetic peripheral neuropathy; Painful-SFN, painful-idiopathic small fiber neuropathy; 

Painless-SFN, painless-idiopathic small fiber neuropathy; SCG, sodium channel genes. 
 

The quality of neuropathic pain was assessed by NPS and peripheral neuropathy 

related symptoms were evaluated using the SFN-SIQ per subgroup. As expected 

for the 10 qualities of NPS, there was a clear difference between patients with 

painful neuropathy and painless neuropathy. Comparing patients with painful-

DPN and painful-SFN, more patients experienced dullness, sensitivity, intensity 

deep and surface pain in the latter group, while the other qualities of the NPS 

scored similarly between both groups (Figure 7.2A). 
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Different SCG 

variants  

n=42 

Painless-SFN 

n=32 pts 

Patients with  

SCG variant(s)  

n=6 (18.8%) 

Different SCG 

variants  

n=10 

No MIPs-NGS data available 

n=51 pts  

UK 

n=225 pts 

GER 

n=417 pts 

IT 

n=263 pts  

NET 

n=420 pts 

Study population 

n=1125 pts 

Painful-SFN 

n=547 pts 

Patients with  

SCG variant(s)  

n=101 (18.5%) 

Different SCG 

variants  

n=71 



Chapter 7 

150 

 

T
a
b
le

 7
.1

 
P
a
tie

n
t 
ch

a
ra

ct
e
ri

st
ic

s 
o
f 
th

e
 s

tu
d
y 

p
o
p
u
la

tio
n
. 

 
P
a
in

fu
l-

D
PN

  

(n
=

2
3
7
) 

P
a
in

le
ss

-D
PN

 

(n
=

3
0
9
) 

P
a
in

fu
l-

S
FN

 

 (
n
=

5
4

7
) 

P
a
in

le
ss

-S
F
N

  

(n
=

3
2
) 

P
a
in

fu
l-

D
PN

 

vs
. 

Pa
in

le
ss

 

D
PN

 

P
a
in

fu
l 
S
F
N

 

vs
. 

Pa
in

le
ss

 

S
FN

 

P
a
in

fu
l 

D
PN

 v
s.

 

P
a
in

fu
l 

S
FN

 

P
a
in

fu
l 

D
PN

/S
FN

 v
s.

 

P
a
in

le
ss

 

D
PN

/S
FN

 

M
a
le

 (
n
) 

1
5
0

/2
3

7
 (
6

3
.3

%
) 

2
3
6

/3
0

9
 (
7

6
.4

%
) 

2
2
0

/5
4

7
 (
4

0
.2

%
) 

1
5
/3

2
 (
4

6
.9

%
) 

<
0
.0

0
1
 

N
S
 

<
0
.0

0
1
 

<
0
.0

0
1
 

M
e
a
n
 a

g
e
 a

t 
re

cr
u
it
m

e
n
t 
(i
n
 y

e
a
rs

 +
/-

 

S
D

) 

6
3
.7

0
 +

/-
 1

0
.4

2
  

(0
 m

is
si

n
g
) 

6
4
.9

2
 +

/-
 1

1
.8

8
 

(0
 m

is
si

n
g
) 

5
3
.5

6
 +

/-
 1

4
.0

9
  

(0
 m

is
si

n
g
) 

5
4
.6

9
 +

/-
 1

7
.1

1
  

(0
 m

is
si

n
g
) 

N
S
 

N
S
 

<
0
.0

0
1
 

<
0
.0

0
1
 

M
e
a
n
 a

g
e
 o

f 
o
n
se

t 
n
e
u
ro

p
a
th

y 
(i
n
 

ye
a
rs

 +
/-

 S
D

) 

5
8
.4

3
 +

/-
 1

1
.2

6
  

(6
9
 m

is
si

n
g
) 

6
2
.2

9
 +

/-
 1

1
.8

2
 

(1
2
8
 m

is
si

n
g
) 

5
3
.5

6
 +

/-
 1

4
.0

9
  

(0
 m

is
si

n
g
) 

4
5
.7

9
 +

/-
 1

4
.1

6
  

(1
3
 m

is
si

n
g
) 

0
.0

0
2
 

N
S
 

<
0
.0

0
1
 

<
0
.0

0
1
 

M
e
a
n
 d

u
ra

ti
o
n
 o

f 
n
e
u
ro

p
a
th

y 
(i
n
 

ye
a
rs

 +
/-

 S
D

) 

6
.7

0
 +

/-
 5

.8
6
 

(7
0
 m

is
si

n
g
) 

5
.6

2
 +

/-
 6

.6
0
 

(1
4
0
 m

is
si

n
g
) 

7
.9

1
 +

/-
 9

.6
5
  

(2
1
8
 m

is
si

n
g
) 

6
.4

2
 +

/-
 6

.3
0
  

(1
3
 m

is
si

n
g
) 

N
S
 

N
S
 

N
S
 

0
.0

1
0
 

Fa
m

ili
a
l 
ca

se
s 

o
f 
n
e
u
ro

p
a
th

y 
(n

) 
3
0
/1

6
2

 (
1
8
.5

%
) 

(7
5
 m

is
si

n
g
) 

2
4
/1

8
5

 (
1
3
.0

%
) 

(1
2
4
 m

is
si

n
g
) 

8
0
/3

1
4

 (
2
5
.5

%
) 

(2
3
3
 m

is
si

n
g
) 

0
/4

 (
0
%

) 

(2
8
 m

is
si

n
g
) 

N
S
 

N
S
 

N
S
 

0
.0

0
3
 

N
o
rm

a
l 
E
M

G
 (
n
) 
 

0
/2

3
7
 (
0

%
) 

0
/3

0
9
 (
0

%
) 

5
4
7

/5
4

7
 (
1

0
0
%

) 
3
2
/3

2
 (
1

0
0
%

) 
N

D
 

N
D

 
N

D
 

N
D

 

A
b
n
o
rm

a
l 
Q

S
T
 (
n
) 

 
 

 
 

N
D

 
 

N
D

 
N

D
 

A
b
n
o
rm

a
l 
sk

in
 b

io
p
sy

 (
n
) 
 

1
2
/1

2
 (
1

0
0
%

) 
* 

(2
2
5
 m

is
si

n
g
) 

N
/A

* 
1
3
7

/3
6

4
 (
3

7
.6

%
) 

(1
8
3
 m

is
si

n
g
) 

1
/4

 (
2
5
.0

%
) 

(2
8
 m

is
si

n
g
) 

N
D

 
N

S
 

N
D

 
N

D
 

V
A

S
 -

 c
u
rr

e
n
t 
p
a
in

 (
m

e
a
n
 +

/-
 S

D
) 

4
6
.4

4
 +

/-
 2

6
.4

6
  

(8
6
 m

is
si

n
g
) 

3
1
.9

4
 +

/-
 2

3
.5

3
  

(1
3
7
 m

is
si

n
g
) 

4
5
.7

8
 +

/-
 2

7
.2

5
  

(2
8
3
 m

is
si

n
g
) 

1
4
.2

5
 +

/-
 1

6
.4

6
  

(2
8
 m

is
si

n
g
) 

<
0
.0

0
1
 

0
.0

2
2
 

N
S
 

<
0
.0

0
1
 

V
A

S
 -

 m
a
xi

m
u
m

 p
a
in

 (
m

e
a
n
 +

/-
 S

D
) 
 

7
3
.6

5
 +

/-
 3

1
.3

0
  

(8
6
 m

is
si

n
g
) 

3
6
.0

1
 +

/-
 3

0
.4

8
  

(1
3
7
 m

is
si

n
g
) 

7
3
.3

7
 +

/-
 2

5
.8

8
  

(2
8
3
 m

is
si

n
g
) 

6
3
.2

5
 +

/-
 3

9
.1

8
  

(2
8
 m

is
si

n
g
) 

<
0
.0

0
1
 

N
S
 

N
S
 

<
0
.0

0
1
 

D
ia

b
e
te

s 
m

e
lli

tu
s 

ty
p
e
 1

 (
n
) 

3
7
/2

3
7

 (
1
5
.6

%
) 

7
9
/3

0
9

 (
2
5
.6

%
) 

3
/5

4
7
 (
0

.5
%

) 
0
/3

2
 (
0
%

) 
0
.0

0
5
 

N
S
 

<
0
.0

0
1
 

N
D

 

D
ia

b
e
te

s 
m

e
lli

tu
s 

ty
p
e
 2

 (
n
) 

1
9
8

/2
3

7
 (
8

3
.5

%
) 

2
2
8

/3
0

9
 (
7

3
.8

%
) 

2
5
/5

4
7

 (
4
.6

%
) 

0
/3

2
 (
0
%

) 
0
.0

0
6
 

N
S
 

<
0
.0

0
1
 

N
D

 

H
yp

e
rt

e
n
si

o
n
 (
n
) 

1
3
7

/2
3

7
 (
5

7
.8

%
) 

1
5
5

/3
0

9
 (
5

0
.2

%
) 

7
8
/5

4
7

 (
1
4
.3

%
) 

1
/3

2
 (
3
.1

%
) 

N
S
 

N
S
 

<
0
.0

0
1
 

N
D

 

H
yp

e
rc

h
o
le

st
e
ro

le
m

ia
 (

n
) 

1
1
3

/2
3

7
 (
4

7
.7

%
) 

1
3
1

/3
0

9
 (
4

2
.4

%
) 

5
0
/5

4
7

 (
9
.1

%
) 

0
/3

2
 (
0
%

) 
N

S
 

N
S
 

<
0
.0

0
1
 

N
D

 

C
a
rd

io
va

sc
u
la

r 
d
is

e
a
se

s 
(n

) 
8
4
/2

3
7

 (
3
5
.4

%
) 

1
0
5

/3
0

9
 (
3

4
.0

%
) 

3
3
/5

4
7

 (
6
.0

%
) 

0
/3

2
 (
0
%

) 
N

S
 

N
S
 

<
0
.0

0
1
 

N
D

 

* 
N

o
t 
re

q
u
ir
e
d
 f
o
r 

d
ia

g
n
o
si

s.
 P

a
in

fu
l-

D
P
N

, 
p
a
in

fu
l 
d
ia

b
e
tic

 p
e
ri

p
h
e
ra

l 
n
e
u
ro

p
a
th

y;
 P

a
in

le
ss

-D
P
N

, 
p
a
in

le
ss

 d
ia

b
e
tic

 p
e
ri

p
h
e
ra

l 
n
e
u
ro

p
a
th

y;
 P

a
in

fu
l-

S
FN

, 
p
a
in

fu
l-

id
io

p
a
th

ic
 s

m
a
ll 

fi
b
e
r 

n
e
u
ro

p
a
th

y;
 P

a
in

le
ss

-S
FN

, 
p
a
in

le
ss

-i
d
io

p
a
th

ic
 s

m
a
ll 

fi
b
e
r 

n
e
u
ro

p
a
th

y;
 n

, 
n
u
m

b
e
r;

 S
D

, 
st

a
n
d
a
rd

 d
e
vi

a
ti
o
n
; 

N
/A

, 
n
o
t 
a
p
p
lic

a
b
le

; 
N

S
, 
n
o
t 
si

g
n
if
ic

a
n
t;
 N

D
, 

n
o
t 
d
e
te

rm
in

e
d
. 

 



Genetic profiling of sodium channels in painful and painless diabetic and idiopathic SFN 

151 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 7.2 Clinical features in patients with painful and painless diabetic peripheral neuropathy 

(DPN) and idiopathic small fiber neuropathy (SFN). (A) Neuropathy Pain Scale (NPS) of 

painful-DPN (n=149), painless-DPN (n=125), painful-SFN (n=247) and painless-SFN 

(n=4) patients. Each item is scored on an 11-point scale (0=not applicable to the 
experienced pain and 10=in the most severe form applicable to the experienced pain). 
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An NPS score >3 is considered as a relevant pain quality. (B) Symptoms inventory 

questionnaire (SFN-SIQ) of painful-DPN (n=152), painless-DPN (n=172), painful-SFN 

(n=266) and painless-SFN (n=4) patients. The answer options of the SFN-SIQ include 
‘never=1’,‘sometimes=2’, ‘often=3’ and ‘always=4’. A symptom is considered to be 

present when the score is >1. Statistically significant differences are shown as * for 

p<0.05, **for p<0.01 and *** p<0.001 ***. Painful-DPN, painful diabetic peripheral 
neuropathy; Painless-DPN, painless diabetic peripheral neuropathy; Painful-SFN, painful-

idiopathic small fiber neuropathy; Painless-SFN, painless-idiopathic small fiber 

neuropathy. 
 

 

For the SFN-SIQ, 12 of the 13 symptoms were more often reported by patients 

with painful neuropathy compared to painless neuropathy, with only diarrhea 

being reported equally for both patient groups. Nine peripheral neuropathy 

related symptoms were reported significantly more often by patients with painful-

SFN compared to painful-DPN. Bowel problems, orthostatic dizziness and 

burning feet were reported equally in both painful neuropathy groups (Figure 

7.2B).  

 

Observations for the painless-SFN patients are shown in Figure 7.2, but were not 

formally compared as they may have been biased due to the low number of 

patients with painless-SFN. 

Performance of SCG- smMIPs-NGS 

To profile our study population for ten SCG variations, a smMIPs-NGS targeted 

enrichment kit was constructed smMIPs which contains 320 probes to capture all 

exons and intron-exon junctions (±20 bp) of ten sodium channel genes, SCN3A, 
SCN7A-SCN11A, and SCN1B-SCN4B. Targeted regions enrichment, capture, 

and library sequencing were performed for all patients with painful and painless 

diabetic and idiopathic SFN. To calculate the performance and capture efficiency 

of the sodium channel genes- smMIPs-NGS only data of patients with complete 

clinical and diagnostic evaluation and sufficient smMIPs-NGS data were included 

(n=1125 patients, Figure 7.1). 

 

The performance and capture efficiency for the ten genes smMIPs-NGS was 99.1% 

(n=317/320 smMIPs) and on average, 97.6% of the targeted regions were covered 

>30x. The average coverage of SCN3A=99.6%, SCN7A=100%, SCN8A=97.6%, 

SCN9A=98.7%, SCN10A=99.9%, SCN11A=99.9%, SCN1B=93.6%, 

SCN2B=100%, SCN3B=100%, and SCN4B=86.5%. No sequence reads were 

obtained for three smMIPs (0.9%, n=3/320). We were not able to capture and 

sequence the first exon of SCN1B, SCN4B and SCN11A genes by smMIPs-NGS. 

Furthermore, exon 2 of SCN3B, exons 13, 16, 21 and 26 of SCN8A, exon 13 of 

SCN10A and exon 14 of SCN11A showed high variation in sequencing reads. To 
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provide full coverage for SCN3A, SCN8A-SCN11A, and SCN1B, and SCN4B, 2321 bp were 

subsequently tested by Sanger sequencing. 

SCG variants in painful-DPN patients  

In our cohort of 237 patients with painful-DPN, smMIP-NGS of SCN3A, SCN7A-
11A, and SCN1B-SCN4B genes revealed 36 different potentially pathogenic 

heterozygous variants in 41 patients (17.3%, n=41/237, Figure 7.1). Twelve 

variants were previously associated with neuropathic pain9-12,24,25, of which six 

have been reported in patients with painful-DPN.12,13 Twenty-four variants were 

novel for neuropathic pain, and classified as VUS (Supplementary Table S7.1).  

 

Five variants were found in >1 patient. Two patients were positive for three 

heterozygous SCN9A variants; c.2794A>C, c.2971G>T and c.4612T>C. Cell 

electrophysiology has shown a gain-of-function of SCN9A variants, c.2215A>G, 

c.2794A>C/c.2971G>T10 and c.4612T>C24, SCN11A variant c.3473T>C25, 

and SCN2B variant c.325G>A12, and DRG neuron hyperexcitability for SCN10A 

variant c.4568G>A9. For patients with an SCG variant co-segregation data was 

not available. 

 

Twelve (potentially) pathogenic variants detected in our cohort of patients with 

painful-DPN have been reported in patients with epilepsy with or without 

neurodevelopment delay, autism spectrum disorder, atrial fibrillation, and sudden 

unexplained/infant death syndrome.26-30 None of our patients carrying ≥1 of 
these SCG variants reported a cardiac disorder. Other neurological complaints 

were not registered in this study. 

SCG variants in painless-DPN patients  

Among our cohort of 309 painless-DPN patients, 42 different potentially 

pathogenic heterozygous SCG variants were detected in 46 patients (14.9%, 

n=46/309, Figure 7.1) (Supplementary Table S7.2).  

 

Seven patients harboured more than one SCG variant. One patient was 

heterozygous for the pathogenic SCN9A variants, c.2794A>C and c.2971G>T, 

and two patients were heterozygous for the likely pathogenic SCN10A variants, 

c.472T>G and c.2441G>A. Four other patients were heterozygous for the VUSs 

SCN7A c.3461G>A and SCN10A c.1489C>T, SCN8A c.4748T>C and 

SCN10A c.41G>T, SCN10A c.2367C>A and c.4736G>A, and SCN10A 
c.5657C>T and SCN2B VUS c.625_626delinsCC, respectively. Co-segregation 

data was not available for any of the variants. 
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Eight variants have previously been reported in painful-DPN or painful-SFN; 

SCN9A c.2215A>G variants, c.2794A>C/c.2971G>T and c.3799C>G, 

SCN10A variants, c.41G>T, c.3803G>A and c.4568G>A, and SCN11A variant 

c.4282G>A.9-11,13 Except for SCN11A c.4282G>A, these variants have also been 

seen in patients with Dravet syndrome, Autism, Brugada syndrome, atrial 

fibrillation and long QT syndrome.26,28,31-33 

 

Five (potentially) pathogenic, SCN10A variants c.472T>G, c.2441G>A and 

c.5657C>T, SCN1B variant c.457G>A, and SCN3B variant c.583G>A, have 

not been seen in patients with painful-DPN and SFN, but three of them have 

functionally been tested and reported as disease causing for atrial fibrillation29 

and three VUSs have been reported in patients with Brugada syndrome, atrial 

fibrillation and long QT syndrome.34,35 Only one patient heterozygous for 

SCN10A variant c.5657C>T and SCN2B variant c.625_626delinsCC reported 

cardiac related complaints. 

SCG variants in painful-SFN patients  

For the 547 painful-SFN patients, 71 different potentially pathogenic 

heterozygous variants were found in 101 patients (18.5%, n=101/547, Figure 

7.1). Fourty-six variants were previously described in patients with a neuropathic 

pain phenotype, including SFN.9-11,13,24,25,32,36,37 Seven variants have already been 

published as pathogenic9-11, nine variants as likely pathogenic9,11,25,32, and 

28 variants as VUS for a pain phenotype.11,25,38 Twenty-seven variants were novel 

for painful-SFN, and classified as VUS (Supplementary Table S7.3).  

 

Twenty variants were seen in >1 patient. Eight patients harboured more than one 

SCG variant, of which one was heterozygous for SCN3A c.5583G>T, SCN9A 

c.2794A>C, c.2971G>T, c.4612T>C and SCN11A c.1560G>T. Two patients 

were heterozygous for SCN8A c.1426A>C and SCN9A c.2794A>C, 

c.2971G>T, c.4612T>C, one patient was heterozygous for SCN9A c.2794A>C, 

c.2971G>T and c.4612T>C, three patients were heterozygous for SCN9A 

c.2794A>C and c.2971G>T, one patient was heterozygous for SCN9A 

c.1555G>A and c.2271G>A and SCN11A c.3473T>C, and one patient was 

heterozygous for SCN9A c.3799C>G and SCN11A c.1142T>C.  

 

Sixteen variants were tested by voltage- and/or current-clamp electrophysiology 

and 13 showed a gain-of-function of Nav1.7, Nav1.8 or Nav1.9. Segregation with 

the disease was seen for 7 variants.  
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Sixteen (potentially) pathogenic variants detected in our patients with painful-SFN 

have been reported in patients with other neurological and cardiac disorders like 

epilepsy with and without neurodevelopmental delay, autism spectrum disorder, 

Brugada syndrome, atrial fibrillation and sudden infant death 

syndrome.26-28,31,32,39 Two patients carrying SCN10A variant c.4568G>A are 

known with a cardiac disorder. 

SCG variants in painless-SFN patients 

Ten different potentially pathogenic heterozygous variants were detected in six 

patients with painless-SFN (18.8%, n=6/32, Figure 7.1). Eight variants were 

reported previously in patients with a painful neuropathy.9-12,24,25 

 

SCN3A c.2077A>G and SCN4B c.298C>T were novel for a painful and painless 

neuropathy, and classified as VUS. Five variants were found in one patient 

(Supplementary Table S7.4). 

 

Seven (potentially) pathogenic SCG variants detected in our cohort of patients 

with painless SFN have been reported in patients with epilepsy with or without 

neurodevelopmental delay, autism spectrum disorder, and several cardiac 

disorders.27,28,31,32,40,41 None of the patients carrying ≥1 of these SCG variants 

reported a cardiac disorder. 

Shared SCG variants in painful and painless DPN and SFN  

In our cohort of 1125 patients with painful and painless-DPN and SFN, 

74 potentially pathogenic variants in 92 patients were specific for a painful 

neuropathy, and 28 potentially pathogenic variants in 26 patients were specific 

for a painless neuropathy. Twenty-three potentially pathogenic variant were 

shared, either between painful-DPN and SFN or painful-DPN/SFN and painless-

DPN. However, SCN9A c.2215A>G, c.3799C>G and c.4612T>C, SCN10A 

c.2972C>T and SCN11A c.3473T>C were more often seen in patients with 

painful neuropathy, while SCN10A c.41G>T and c.4568G>A were more often 

seen in patients with painless neuropathy.  

Mutation frequencies and distribition of SCG variants in painful and 
painless DPN and SFN patients 

In total 125 different (potential) pathogenic SCG variants were detected in 

194 patients (17.2%, n=194/1125). The overall SCG mutation frequency for 

painful-DPN patients was 17.3% (n=41/237), for patients with painless-DPN 
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14.9% (n=46/309), painful-SFN 18.5% (n=101/547), and painless-SFN 18.8% 

(n=6/32).  

 

More than 70% of identified (potential) pathogenic variants were found in 

SCN7A, SCN9A, SCN10A and SCN11A. The frequency of SCN9A and SCN11A 

variants in patients with painful-SFN was higher than in painful-DPN and 

painless-DPN, while the frequency of SCN10A variant was lower in patients with 

painful-DPN and painful-SFN compared to painless-DPN. No significant 

differences in mutation frequencies were seen for the other tested genes (SCN3A, 
SCN8A, SCN1B-SCN4B) between patients with painful DPN, painless-DPN and 

painful-SFN (Figure 7.3A). Data from the patients with painless-SFN was excluded 

from analysis due to the low number of patients included in the study. 

 

The majority of SCN9A variants identified in our cohort of patients with painful 

SFN were clustered in transmembrane domains I (DI) and II (DII), and in the 

intracellular linker between DI and DII (Supplementary Figure S7.1A). The 

distribution of SCN9A variants in patients with painful-DPN was all across the 

gene (Supplementary Figure S7.1B), while in patients with painless-DPN they were 

more localized to DII and domain III (DIII) (Supplementary Figure S7.1C).  

 

For SCN10A variants, the majority of variants were localized to DIII and domain 

IV (DIV), the intracellular linker between DIII-DIV and C-terminus of the protein in 

the patients with painful-SFN (Supplementary Figure S7.1D). In the patients with 

painless-DPN, the identified variants were localized to DI and DII (Supplementary 

Figure S7.1E). For patients with painful-DPN, no hotspot region for SCN10A 

variants could be identified (Supplementary Figure S7.1D). 

 

When the above data was corrected for variants that were not specific for a 

painful or painless phenotype the overall mutation frequency was 11.8% 

(n=28/237) for patients with painful-DPN, 7.4% (n=23/309) for painless-DPN, 

11.7% (n=64/547) for painful SFN, and 9.4% (n=3/32) for painless SFN. For 

patients with painful-DPN and painful-SFN, around 80% of the (potentially) 

pathogenic variants were identified in SCN7A, SCN9A, SCN10A, and SCN11A, 
while for patients with painless-DPN most variants were identified in SCN10A 

(Figure 7.3B).  

 

The localization of SCN9A variants detected in the patients with painful-SFN and 

painless-DPN did not change after exclusion of shared SCG variants. For painful-

DPN, only 3 variants were unique for a painful phenotype. One was localized in 

the N-terminus and the other 2 were localized in the linker between DI and DII. 

For SCN10A, the majority of the variants identified in the patients with painful-
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SFN were localized to domain IV of the protein. No localization of SCN10A 

variants to specific domains was seen in patients with painless-DPN and painful 

DPN. For SCN11A, most variants were unique for patients with painful-SFN. The 

distribution of these variants was all across the gene. For the others tested SCG, 

the mutation frequency were too low to identify possible hotspot regions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 7.3 SCG variant positive patients with painful and painless diabetic and idiopathic small fiber 

neuropathy. (A) Percentage of SCN3A, SCN7A-SCN11A and SCN1B-SFN4B positive 
painful-DPN (n=237), painless-DPN (n=309), painful-SFN (n=547) and painless-SFN 
(n=32) patients with ≥1 variant(s). (B) Percentages of SCN3A, SCN7A-SCN11A and 
SCN1B-4B positive patients with ≥1 variant(s) corrected for variants that were not specific 
for a painful or painless diabetic/idiopathic neuropathy. Painful-DPN, painful diabetic 
peripheral neuropathy; Painless-DPN, painless diabetic peripheral neuropathy; Painful-
SFN, painful-idiopathic small fiber neuropathy; Painless-SFN, painless-idiopathic small 
fiber neuropathy; SCG , voltage gated sodium channel. 
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Clinical features of painful-DPN, painless-DPN and SFN patients 
with and without SCG variants 

To provide a rationale for genetic profiling in patients with painful or painless 

DPN or SFN, clinical features of the 4 different subgroups with and without SCG 

variants were compared. Except family history in patients with painful-DPN with 

and without SCG variants (36.0% vs. 15.3%, p=0.023), no signifance differences 

were seen for any of the patients characteristics for any of the subgroups.  

 

When the comparison was corrected for variants that were not specific for a 

painful or painless phenotype, and the main patients characteristics were 

analyzed for all patient with or without SCG variants regardless of their 

phenotype, the patients with SCG variants more often reported a family history of 

neuropathy (33.3% vs. 18.8%, p=0.008).  

 

Patients with and without SCG variants were grouped into those with painful or 

painless neuropathy. In this analysis, the occurrence of coldness and hot flashes 

was significantly higher in patients with painful neuropathy and SCG variants 

versus patients with painful neuropathy without SCG variants (coldness, 65.1% vs. 

48.1%, p=0.036; hot flashes (77.1% vs. 60.3%, p=0.024). The data was further 

analysed according to the presence or absence of SCG variants. The duration of 

neuropathy was shorter for patients with painful-DPN with SCG variants than for 

patients with painful-DPN without SCG variants (3.19 [SD +/- 2.34] vs. 7.07 [SD 

+/- 6.00), p<0.001), while dry eyes was reported more often in patients with 

painful-SFN and painless-DPN with SCG variants than patients with painful-SFN 

and painless-DPN without SCG variants (painful-SFN, 91.2% vs. 75.0%, 

p=0.036; painless DPN 87.5% vs. 47.6%, p=0.033). All features analysed after 

correction for non-painful or painless specific SCG variants are given in 

Supplementary Table S7.5. 

Discussion 

There is a strong body of evidence implicating sodium channel genes in human 

painful disorders.42 Gain-of-function mutations in SCN9A, SCN10A, and 

SCN11A genes are associated with painful neuropathy as a consequence of 

dorsal root ganglion (DRG) neuron hyperexcitability. The pathogenic role of 

mutations in SCN9A, SCN10A, and SCN11A genes has triggered substantial 

interest in other sodium channels genes such as SCN3A, SCN7A, SCN8A and 
SCN1B-SCN4B. To date, this is the first study that has investigated in a large 

cohort of painful and painless diabetic and idiopathic small fibre neuropathy for 
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the presence of genetic variants in ten SCG (SCN3A, SCN7A-SCN11A, SCN1B-
SCN4B). 

 

In our cohort of 1125 patients we identified 125 different (potential) pathogenic 

SCN3A, SCN7A-SCN11A and SCN1B-SCN4B variants in 194 patients (17.2%, 

n=194/1125). Of the patients with painful neuropathy, 18.1% (n=142/784) 

were heterozygous for ≥1 SCG variant versus 15.2% (n=52/341) of those with 

painless neuropathy. Ten patients harbored (potentially) pathogenic sodium 

channel variants in more than one sodium channel gene (painless-DPN n=4, 

painful-SFN n=5, painless-SFN n=1). Considering the presence of SCG variants, 

the duration of neuropathy was significantly shorter and dry eyes and hot flashes 

were significantly more often reported by patients with SCG variants. 

 

For painful-SFN, (potentially) pathogenic SCN9A variants were found more 

frequently than sodium channel variants in other genes, followed by SCN10A and 

SCN11A variants. These mutation frequencies for SFN patients were similar to 

those reported previously.2,4,11,25 

 

For painful-DPN and painless-DPN, (potential) pathogenic variants were found 

more frequently in SCN10A than in other genes (painful-DPN, 5.5%, n=13/237; 

painless-DPN, 7.4%, n=23/309), followed by SCN9A (painful-DPN, 3.0%, 

n=7/237; painless-DPN, 2.9%, n=9/309), SCN7A (painful-DPN, 2.5%, 

n=6/237) and SCN11A (painful-DPN, 2.5%, n=6/237; painless-DPN, 1.6.%, 

n=5/309). Less frequent variants (<6 variants) were identified in SCN3A, 
SCN8A, and SCN1B-SCN4B. The mutation frequencies for SCN3A, SCN8A, and 

SCN1B-SCN4B did not differ significantly between painful and painless diabetic 

and idiopathic SFN.  

 

After correcting our data for variants that were not specific for a painful or 

painless phenotype we show that the frequencies of (potentially) pathogenic 

variants in SCN9A, SCN10A and SCN11A genes were 3.1% (painful-DPN, 1.3%, 

n=3/237; painful-SFN, 4.0%, n=22/547), 2.6% (painful-DPN, 1.7%, n=4/237; 

painful-SFN, 2.9%, n=16/547) and 2.6% (painful-DPN, 1.7%, n=4/237; painful-

SFN, 2.9%, n=16/547) respectively, in the patients with painful neuropathy, while 

they were 0.9% (painful-SFN, 1.0%, n=3/309; painless-SFN, 0%, n=0/32), 3.2% 

painful-SFN, 3.2%, n=10/309; painless-SFN, 3.1%, n=1/32) and 0.9% (painful-

SFN, 1.0%, n=3/309; painless-SFN, 0%, n=0/32) respectively, in the patients 

with painless neuropathy. Our data contrast with the study by Wadhawan et al. 

2017, who in a cohort of 457 patients showed no significant difference in the 

missense variant allele frequencies for SCN9A, SCN10A, and SCN11A between 

patients with painful and non-painful neuropathy.43 Several rare (potential) 
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pathogenic SCN9A variants were identified in patients with both painful-DPN and 

painless-DPN. Whereas, previously Blesneac et al., 2018 found that 10 out of 

111 patients with painful-DPN harboured rare Nav 1.7 variants (potentially 

pathogenic) compared to none of their patients with painless-DPN (n=78).13 

These differences may be explained by the use of different criteria to select 

patients, different populations and applying different variant filtering strategies. 

 

Shared SCG variants were identified between painful-DPN and painful-SFN, 

painless-DPN and painless-SFN, as well as painful-DPN/SFN and painless-

DPN/SFN. These findings suggest that a single genetic variant may be associated 

with different phenotypes depending on the presence or absence of other genetic 

variants in the SCG or other genomic regions and environmental factors. As 

several of these variants have been reported as gain-of-function mutations10,24,25, 

we suggest that these rare genetic variants in the SCG genes may act as risk 

factors and/or play a role in predisposing patients to develop a specific 

phenotype. 

 

A number of studies have shown that rare variants in genes belonging to sodium, 

calcium, potassium and transient receptor potential channel gene families are 

implicated in determining pain risk threshold and sensitivity44; while others have 

shown that specific polymorphisms in genes, like KCNS1, SCN9A, ADRB2, 
H2TRA, CACNG2, and IL16 play a role in increasing the risk of chronic pain or 

an increase in pain sensitivity.2,45-47 There are also reports of genetic variants in 

e.g. KCNQ2, KCNQ3, KNQ3, COMT, OPRM1, TRPV1, MC1R, GCH1, and 
CACNA2D3 genes that have been associated with pain protection or pain 

resilience.47-49 Moreover, it appears likely that development of peripheral 

neuropathy associated with voltage-gated sodium channel mutations involves 

“multi-hit” pathophysiology in which factors such as energetic run-down and 

changes in transmembrane ionic gradients interact with presence of the 

mutation.50,51 The localization of identified SCN9A and SCN10A variants in our 

painful-SFN patient cohort to specific protein domains was similar to previously 

published data.11 

 

Clustering of SCN9A and SCN10A variants was also seen in patients with 

painless-DPN, however, at different regions of the SCN9A and SCN10A variants 

identified in our painful-SFN cohort, respectively, in DII and DIII of Nav1.7, and 

DI and DII of Nav1.8. In our cohort with painful-DPN, no hotspot regions were 

identified for SCN9A and SCN10A variants. After exclusion of the non-painful 

and painless specific SCG variants, the localization of SCN9A variants detected in 

the patients with painful-SFN and painless-DPN did not change. For SCN10A, the 

majority of variants identified in the patients with painful-SFN were localized to 
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DIV, instead of DIII, DIV, the linker between DIII-DIV and C-terminus of the 

protein, whilst in patients with painless-DPN, the variants were located across the 

whole gene. Functional studies have shown that SCG variants are associated with 

both gain-of-function and loss-of-function leading to impaired inactivation and 

hyperexcitability or hypoexcitability of neurons.11,46,52,53 Unfortunately, functional 

data of variant localization in hotspot regions identified in this study are too 

limited to correlate channel characteristics with the clinical phenotype.  

 

In our cohort, males were represented more in DPN than SFN and the patients 

with DPN were older compared to patients with SFN. There was no difference in 

the duration of neuropathy or VAS between patients with DPN or SFN, although 

the duration of neuropathy was shorter in patients with painless compared to 

painful neuropathy. Of note, coldness and hot flashes were experienced more 

often by patients with painful neuropathy with SCG variants compared to those 

with painful neuropathy without SCG variants. Also VAS and unpleasantness of 

symptoms was higher in patients with painless neuropathy and SCG variants 

compared to patients with painless neuropathy without SCG variants. 

Furthermore, a complaint of dry eyes was reported more often in painful-SFN and 

painless-DPN patients with SCG variants rather than those without SCG variants. 

The duration of neuropathy was shorter in patients with painful-DPN and SCG 

variants than in patients with painful-DPN without SCG variants. This finding is in 

line with the results reported by Blesneac et al., who found that participants 

carrying rare Nav1.7 variants had been diagnosed for a significantly shorter 

duration.13 However, the difference we have seen with the SFN-SIQ for those with 

painful-SFN contrasts with Eijkenboom et al. 2018, who reported comparable 

NPS and SFN-SIQ in 1139 pure-SFN patients with and without (potentially) 

pathogenic SCN9A, SCN10A and SCN11A variants.11 This difference could be 

explained by the smaller cohort size in our study, testing of more VGCS genes (10 

versus 3), and correction for variants not specific for a painful or painless 

neuropathy phenotype. 

Conclusion 

In this large cohort of 1125 patients with painful-DPN and painless-DPN and 

painful-SFN and painless-SFN, 18.1% of patients with painful neuropathy and 

15.2% of patients with painless neuropathy carry a potential pathogenic SCG 

genetic variant. The presence of SCG variants in patients with painful neuropathy 

was associated with symptoms of coldness and hot flashes. Furthermore, VAS and 

the occurrence of unpleasantness was higher in patients with painless neuropathy 

with SCG variants.  
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The phenotypic expression and management of neuropathic pain is undoubtedly 

complex. Whilst SCG variants appear to play a key role in the development of 

neuropathic pain, identification of additional pain loci may be necessary to 

identify optimal therapeutic modulation and pain relief.  
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Figure S7.1 PROPANE study patients analysed for potentially pathogenic SCG variants by single 
molecule Molecular Inversion Probe-Next generation sequencing (smMIP-NGS). 

Between June 2014 and September 2016, patients with painful and painless diabetic 

peripheral neuropathy (DPN) and idiopathic small fiber neuropathy (SFN), recruited in 
four different centres, were screened for SCN3A, SCN7A-SCN11A, and SCN1B-
SCN4B variants by smMIP-NGS. Variants’ pathogenicity was classified according to to 

current classification guidelines.23 UK, University of Manchester, United Kingdom; 
GER, Deutsche Diabetes Forschungsgesellschaft EV, Germany; IT, Fondazione IRCCS 

Instituto Neurologico "Carlo Besta", Italy; NET, Maastricht University Medical Centre+, 

the Netherlands; n, number; pts, patients; Painful-DPN, painful diabetic peripheral 
neuropathy; Painless-DPN, painless diabetic peripheral neuropathy; Painful-SFN, 

painful-idiopathic small fiber neuropathy; Painless-SFN, painless-idiopathic small 

fiber neuropathy; SCG, sodium channel genes.  
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Figure S7.2 Clinical features of painful and painless diabetic peripheral neuropathy (DPN) and 

idiopathic small fiber neuropathy (SFN) patients. (A) Neuropathy Pain Scale (NPS) of 
painful-DPN (n=149), painless-DPN (n=125), painful-SFN (n=247) and painless-
SFN (n=4) patients. Each item is scored on an 11-point scale (0=not applicable to 
the experienced pain and 10=in the most severe form applicable to the experienced 
pain). An NPS score >3 is considered as a relevant pain quality. (B) Symptoms 
inventory questionnaire (SFN-SIQ) of painful-DPN (n=152), painless-DPN (n=172), 
painful-SFN (n=266) and painless-SFN (n=4) patients.  The answer options of the 
SFN-SIQ include ‘never=1’,‘sometimes=2’, ‘often=3’ and ‘always=4’. A symptom is 
considered to be present when the score is >1. Statistical significant differences of are 
shown as * for p<0.05, **for p<0.01 and *** p <0.001 ***. Painful-DPN, painful 
diabetic peripheral neuropathy; Painless-DPN, painless diabetic peripheral 
neuropathy; Painful-SFN, painful-idiopathic small fiber neuropathy; Painless-SFN, 
painless-idiopathic small fiber neuropathy. 
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Figure S7.3 SCG variant positive painful and painless diabetic and idiopathic small fiber 

neuropathy patients. (A) Percentages of SCN3A, SCN7A-SCN11A and SCN1B-SFN4B 
positive painful-DPN (n=237), painless-DPN (n=309), painful SFN (n=547) and 

painless-SFN (n=32) patients with ≥1 variant(s). (B) Percentages of SCN3A, SCN7A-
SCN11A and SCN1B-4B positive patients with ≥1 variant(s) corrected for variants that 
were not specific for a painful or painless diabetic/idiopathic neuropathy. Painful-

DPN, painful diabetic peripheral neuropathy; Painless-DPN, painless diabetic 

peripheral neuropathy; Painful-SFN, painful-idiopathic small fiber neuropathy; 
Painless-SFN, painless-idiopathic small fiber neuropathy; SCG , voltage gated sodium 

channel 
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Abstract 

Background 

Voltage-gated sodium channels are essential for the generation and conduction 

of electrical impulses in excitable cells. Sodium channel Nav1.7, encoded by the 

SCN9A-gene, has been of special interest in the last decades because missense 

gain-of-function mutations have been linked to a spectrum of neuropathic pain 

conditions, including inherited erythermalgia (IEM), paroxysmal extreme pain 

disorder (PEPD), and small fiber neuropathy (SFN).  

 

Methods 

In this case report, we present a 61-year old woman who was referred to our 

tertiary referral center in a standard day care setting with a suspicion of SFN. We 

performed additional investigations: skin biopsy to determine the intra-epidermal 

nerve fiber density (IENFD), quantitative sensory testing (QST) and blood 

examination (including DNA-analysis) for possible underlying conditions.  

 

Results 

The patient showed a clinical picture that fulfilled criteria of IEM, PEPD, and SFN. 

DNA-analysis revealed the heterozygous variant c.554G>A in the SCN9A-gene 

(OMIM 603415). This variant has already been described in all three human pain 

conditions separately, but never in one patient having symptoms of all three 

conditions. Because its pathogenicity has never been functionally confirmed, the 

variant is classified as a variance of unknown significance (VUS)/risk factor. This 

suggests that another genetic and/or environmental substrate play a role in the 

development in neuropathic conditions like described. 

 

Conclusion 

We have described this as the SCN9A-pain triangle phenomenon. Treatment 

should focus on pain management, genetic counseling, and 

improving/maintaining quality of life by treating symptoms and, if indicated, 

starting a rehabilitation program. 



The SCN9A- pain triangle phenomenon 

181 

Introduction 

Previous research showed that changes in the expression of voltage-gated sodium 

channels (VGSC) play a key role in the pathogenesis of neuropathic pain and that 

drugs that block these channels are potentially therapeutic.1 These channels are 

found in the peripheral dorsal root ganglion (DRG), trigeminal ganglion, and 

sympathetic ganglion neurons. 

 

Gain-of-function mutations in VGSC Nav1.7, that promote neuronal 

hyperexcitability, can cause human pain conditions. These pain syndromes are 

inherited erythermalgia (IEM), paroxysmal extreme pain disorder (PEPD), and 

small fiber neuropathy (SFN). IEM is a rare disorder characterized by recurrent 

attacks of red, warm and painful hands, and/or feet, with onset of symptoms 

during the first decade.2-7 PEPD is known for its severe pain episodes and skin 

flushing starting in infancy and induced by perianal probing or bowel movement. 

The pain progresses to ocular and mandibular areas with age.8-12 SFN patients 

typically manifest neuropathic pain in distal extremities, as well as autonomic 

dysfunction.13,14 All these conditions are linked to SCN9A missense variants. 

Pathogenic mutations in SCN9A, which encodes the VGSC Nav1.7, have been 

found. IEM is usually caused by enhanced Nav1.7 channel activation, whereas 

mutations that alter steady-state fast inactivation often lead to PEPD. 

 

In SFN, functional variants of Nav1.7 impairs channel slow inactivation and 

produces DRG neuron hyperexcitability that contributes to pain. Characteristics of 

SCN9A variants differ between and within the mentioned pain syndromes. 

Moreover, the same clinical phenotype may be associated with multiple different 

variants, and a single Nav1.7 variant can be associated with a range of clinical 

phenotypes.14 In this case report, we present a patient with a clinical picture of 

IEM, PEPD and SFN, which never have been reported in this combination. 

Symptoms could be explained by an SCN9A-variant, c.554G>A (OMIM 

603415). 

Case report 

A 61-year old woman was referred to the neurological outpatient clinic because 

she experienced neuropathic pain in her feet, which started four years ago. The 

pain in her feet became worse during walking. She described the pain as a 

burning and tingling sensation. A couple of months after initiation, the complaints 

extended to her legs. Furthermore, she developed complaints of itch  all over her 
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body, especially in her lower back and lower legs. Dysautonomic symptoms were 

present, such as hyperhidrosis during the night, hot flashes and palpitations. 

Sometimes she had complaints of obstipation.  

 

Furthermore, she described attacks of dull rectal pain, particularly during the 

nights and after defecation. Sometimes, she has attacks of allodynia in her legs 

and feet, only present on the left side of her body.  

 

She preferred cold circumstances and walking barefoot at home. She sleeps with 

air-conditioning at the footboard of her bed; even more, she daily brings cold 

packs to her working place to put these occasionally on her legs in order to 

reduce the burning sensation. Pressure on her feet during lying or walking with 

shoes are painful for her. She is not able to use a conventional bike because of 

the pressure on the pedals and rides more comfortably with an e-bike.  

 

Three years ago, the patient experienced painful feet with attacks of redness. 

Attacks last for 90 minutes and disappear with rest. Situational factors such as 

warm weather and/or exercise worsened these pain attacks. She was diagnosed 

with primary erythromelalgia. Clonidin was started to reduce the pain; however, it 

had no effect. Subsequently, amitriptylin was started, up to 25 mg ante noctem. 

She experienced side-effects such as nausea and vertigo. The dosage was 

lowered to 15 mg which resulted in some pain relief during the night. Yet, she 

was not able to sleep more than 3-4 hours, because pain intensity remained 

relatively high.  

 

The patient has a daughter and three sisters, without similar complaints. Her 

grandmother had diabetes mellitus type II without neuropathic pain symptoms. 

Level of daily functioning  

The patient works for more than 40 years in a factory where she has been 

exposed to toxic fluids and gases. She still works despite of her pain. She is not 

able to walk longer than 12 minutes due to painful feet. Driving a car is possible 

but may lead to dangerous situations if she gets into a pain attack. She and her 

husband adjusted their lives to the pain by avoiding activities that aggravate the 

pain, such as long walks, dining out, and city trips. However, they do everything 

to maintain their Quality of Life. 
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Clinical assessment and additional investigations 

During neurological examination, there were no indication for a central nervous 

system problem or involvement of large nerve fiber pathology. During 

examination, red feet and  a dry skin of the lower legs were noticed.   

 

Besides a high Vitamin B12 (>1000 pmol/L), other laboratory abnormalities that 

could be associated with SFN-like symptoms were not found.15 

 

Nerve conduction studies to test large nerve fibers were normal. Quantitative 

sensory testing (QST), according to the Levels method, showed an abnormal 

warmth sensation in both feet. Furthermore, the IENFD was 5.6/mm, which was 

normal according to the reported normative values (5th percentile: 3.2/mm; 

median: 8.7/mm).16 

 

DNA analysis of the SCN9A, SCN10A and SCN11A, by means of the Molecular 

Inversion Probes-Next generation sequencing (MIPs-NGS)17, showed the following 

variant: c.554G>A (version number AB839087.1) Iin the SCN9A gene, which is 

a gain-of-function variant which enhanced resurgent currents within the DRG 

neurons and renders DRG neurons hyperexcitable.18,19 The variant is classified as 

a variant of unknown significance(VUS)/risk factor13, according to the Practice 

Guidelines by the Association for Clinical Genetic Science (ACGS) and 

recommendations by Waxman et al..20 

Diagnosis 

The patient was diagnosed with the combination of IEM, PEPD, and SFN, based 

on clinical symptoms and an abnormal QST, and could be associated with the 

variant c.554G>A in the SCN9A-gene. 

Discussion 

In literature, the SCN9A-variant c.554G>A is known to cause several pain 

syndromes, namely IEM21, PEPD10 and SFN.22 In this case, signs and symptoms of 

all three pain syndromes that are associated with the missense mutation 

(c.554G>A) were present in the patient. Situational factors such as warm weather 

and/or exercise worsened the total package of her complaints. Therefore, this 

concept could be described as an ‘SCN9A pain triangle phenomenon’ (see Figure 

8.1).  
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Figure 8.1 The SCN9A-pain triangle phenomena. 
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conducted. However, it would be interesting to investigate whether other genetic 

factors (by whole exome sequencing) could be involved in the possible missing 

hereditability in healthy carriers of this SCN9A variant and provide novelty in the 

explanation of genotype-phenotype correlation. 

 

Nevertheless, it is important as a consultant to recognize (parts of) this triangle in 

order to put in the appropriate additional investigations and discuss treatment 

options. Genetic counseling is important to find out the underlying cause and/or 

the get informed about the future perspective and inheritance pattern for patients 

and their families with a pathogenic SCN9A mutation. Furthermore, clinical 

studies with Nav1.7-selective blockers have started to test pain relief1, but its 

clinical use is still scarce. Nowadays, the treatment of neuropathic pain should 

follow an algorithm not focusing on the physical aspects but also on 

psychological and socials aspects.25 

Patients’ perspective 

Our patient was complimented and encouraged to keep her life-style as active as 

possible. She accepted the illness as it is. Other pain medication such as 

pregabaline and carbamazepine was offered, but she was reluctant in taking 

pain medication due to its side effects. She tries to focus on activities which give 

her relaxation and energy such as playing the piano, reading books and working 

in the garden. She was informed to contact a rehabilitation consultant when she 

experienced significant limitations in her daily activities within her household 

and/or on society level.  

Main conclusion and relevance 

This is the first case that describes a combination of signs and symptoms of IEM, 

PEPD, and SFN. With genetic diagnostic screening, a missense variant in the 
SCN9A gene was found, which is classified as VUS/risk factor. This means that 

other genetic factors might play a role in this genotype-phenotype correlation. 

Previously, these three pain conditions have been linked separately to the same 

variant. In complicated pain conditions, it is evident to focus on the sound and 

loudness that the triangle produces. Perhaps more importantly, attention for 

factors that determine its tone and volume and its position in the societal 

orchestra are inevitable.  

 

The patient gave informed consent to share her clinical story for educational 

and/or scientific purposes.  
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According to the international criteria, the diagnosis small fiber neuropathy (SFN) 

is based on clinical symptoms and signs in combination with a reduced intra-

epidermal nerve fiber density (IENFD) in skin biopsy and/or abnormal 

temperature threshold testing (TTT) levels.1 

 

There is no golden standard for diagnosing SFN. To test whether assessments can 

improve the diagnostic algorithm, we intended to test non-invasive tools and 

determine whether they could contribute to the diagnosis of SFN (part I). In part II, 

we explored the significance of genetic screening in SFN.  

Summary 

After the general introduction and the outline of this thesis, as presented in 

chapter 1, we gave a review of the clinical presentations, actual diagnostic tools 

and genetic mutations, presenting SFN as part of a continuum in the genetic pain 

landscape, with Paroxysmal Extreme Pain Disorder (PEPD) and Inherited 

Erythermyalgia (IEM)  as other diseases (chapter 2).2 

 

In part I & part II, we outlined techniques that could be part of the diagnostic 

tools, to set the diagnosis of SFN.  

 

In chapter 3, we tested whether cornea confocal microscopy (CCM), a non-

invasive ophthalmic diagnostic technique, can identify peripheral 

neurodegeneration in patients with the suspicion of SFN. We found a moderate to 

high reproducibility for the manual analysis method; a high correlation was found 

with the full automated analysis for corneal nerve fiber length (CNFL) and corneal 

nerve fiber density (CNBD). However, we concluded that the CCM has no 

additional value in the diagnostic process to detect pure SFN, according to its 

moderate specificity (60.5%) and low sensitivity (39.3%) in comparison to the 

actual reference tests.  

 

In chapter 4, we concluded that the 5-point scale method to assess the degree of 

skin wrinkling of the fingertips after application with EMLA cream is not reliable 

for clinical use. Therefore, we introduced the Digit Wrinkle Scan to test whether 

this could increase the reliability of the examination of the wrinkles that are 

present. After evaluation in 82 participants, we concluded that this digitalized 

technique does not work optimally (yet) for the application in clinical practice in 

order to detect autonomic dysfunction. 
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In part III of this thesis, genetic variants’ frequencies were reported in both a 

national, and international setting. We presented the prevalence of genetic 

variants in pure SFN patients in the Netherlands and the prevalence of genetic 

variants in diabetic painless, diabetic painful, and non-diabetic SFN patients on 

European level. Lastly, we presented a case study with an unusual clinical picture 

in the presence of an SCN9A-gene variant.  

 

In chapter 5, we aimed to develop a reliable method to re-sequence multiple 

genes in a large cohort of painful neuropathy patients at low cost.3 We compared 

sensitivity, specificity, targeting efficiency, performance and cost effectiveness of 

Molecular Inversion Probes-Next generation sequencing (MIPs-NGS) and 

TruSeq® Custom Amplicon-Next generation sequencing (TSCA-NGS). Capture 

probes were designed to target nine sodium channel genes (SCN3A, SCN8A-
SCN11A, and SCN1B-SCN4B). The average targeted regions coverage for MIPs-

NGS was 97.3% versus 93.9% for TSCA-NGS. MIPs-NGS has a more versatile 

assay design and is more flexible than TSCA-NGS. The cost of MIPs-NGS is >5 

times cheaper than TSCA-NGS when 500 or more samples are tested. In 

conclusion, MIPs-NGS is a reliable, flexible, and relatively inexpensive method to 

detect genetic variations in a large cohort of patients. 

 

In chapter 6, we described the frequency of SCN9A, SCN10A and SCN11A 

variants in 1139 patients with pure SFN.4 We analyzed their clinical features and 

provided a rationale for genetic screening. Pathogenicity of variants was classified 

according to established guidelines of the Association for Clinical Genetic Science 

(ACGS) and frequencies were determined.5 Patients with SFN were grouped 

according to the VGSC variants detected, and clinical features were compared. 

Among 1139 patients with SFN, 132 (11.6%) patients harbored 73 different 

(potentially) pathogenic voltage gated sodium channel (VGSC) variants, of which 

50 were novel and 22 were found in ≥1 patient. The frequency of (potentially) 
pathogenic variants was 5.1% (n=58/1139) for SCN9A, 3.7% (n=42/1139) 

for SCN10A and 2.9% (n=33/1139) for SCN11A. (Potentially) pathogenic VGSC 

variants are present in 11.6% of patients with pure SFN.  Only erythromelalgia-

like symptoms and warmth-induced pain were significantly more common in 

patients harbouring VGSC variants. Therefore, genetic screening of SCN9A, 
SCN10A and SCN11A should be considered in patients with pure SFN, 

independently of clinical features or underlying conditions.  

 

In chapter 7, we explored the genetic differences between painful diabetic 

neuropathy, painless diabetic neuropathy and painful idiopathic SFN. Diabetes is 

the most important cause of neuropathic pain. Resolving the genetic architecture 

of painful/painless diabetic and idiopathic SFN patients will lead to better disease 
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management strategies. We reported genetic variants of ten sodium channel 

genes (SCN3A, SCN7A-SCN11A, and SCN1B-4B), expressed in the nociceptive 

pathway by means of molecular Inversion Probes targeted Next Generation 

Sequencing approach (MIP-targeted NGS). In total, 1094 patients with painful 

(n=237), painless diabetic neuropathy (n=309) and painful idiopathic SFN 

(n=548) were included from four centers, namely the University of Manchester 

(United Kingdom), Deutsche Diabetes Forschungsgesellschaft EV (Germany), 

Fondazione IRCCS Instituto Neurologico "Carlo Besta" (Italy) and the Maastricht 

University Medical Center+ (the Netherlands). Variants’ pathogenicity was 

classified according to the practice guidelines of the ACGS and co-segregation 

analysis. Variants were found in the three groups, with a prevalence varying 

between 14.9% and 18.4%. Functional assessment is essential for definitive 

variant pathogenicity classification.  

 

In chapter 8, we presented a patient with an SCN9A-gene variant who has 

clinical features of erythermalgia, PEPD and SFN and introduced the concept of 

the SCN9A-triangle phenomenon.6 

General discussion 

Improving understanding of the clinical picture of SFN 

The variability of the clinical presentation of SFN makes it difficult to set a 

diagnosis. Although the overall prevalence of SFN in the Netherlands in 2012 

was estimated on 53:100.0007, it is thought that this might be an 

underestimation of the real number, which makes it more important to recognize 

the clinical picture and its diversity for a physician or general practitioner. 

 

Fibromyalgia (FM) is a heterogeneous syndrome that has many symptoms that 

overlap with those found in SFN. Last years, publications have been increased 

where SFN is linked with fibromyalgia.8-10 A growing body of research has shown 

that approximately 40-60% of patients carrying a diagnosis of FM have evidence 

of small nerve fiber involvement on skin punch biopsy. However, underlying 

mechanisms are still unknown, and it remains unclear why symptoms may 

overlap in both conditions. Diagnostic tests with high specificity should be 

developed which help clinicians to differentiate between FM and SFN.  

 

Besides neuropathic pain symptoms, itch is a symptom that is present in a 

relatively high percentage of SFN patients. Itch is defined as ‘an unpleasant 

sensation that leads to scratch or desire to scratch’, a physiological behaviour 
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aimed to expel mechanical and chemical irritants.11 However, it can be 

pathological due to do an abnormal function of neurons.12 Several research 

groups reported paroxysmal and acute itch in patients with an SCN9A and 

SCN11A mutation.13,14 Pruralgia (itch along with painful sensations) on normal 

appearing skin, occurrence in attacks and symptomatic alleviation with cold/ice 

application should alert physicians for a possible neuropathic SFN-related origin 

of itch. A reduced IENFD can confirm the diagnosis of SFN.  

 

Another issue, relevant for pathophysiological and clinical purposes, regards the 

presence and entity of autonomic abnormalities. Some patients can have 

subclinical autonomic impairment, whereas others show a severe invalidating 

involvement of gastrointestinal or cardiovascular systems. Several tests have been 

proposed to improve the characterization of the autonomic involvement and 

increase the diagnostic efficacy.2 

 

A frequently asked question of patients concerns the prognosis of SFN. The 

natural course is still largely unknown. In a recently published study, which 

included 101 patients with biopsy proven SFN, with an average follow-up of 6.2 

years (2 to 12 years), it was concluded that SFN is a relatively static disease with 

rare progression to involve large nerve fibers (11.9%) or lead to significant long-

term disability (5.3%) and gait dysfunction (6.3%). Furthermore, the average 

number of neuropathic pain medication used per patient was more than 4 and 

long-term pain control remained the main challenge.15 However, the prognosis 

depends on many factors, such as the presence/absence of triggers and 

underlying disorders. Longitudinal studies with diagnostic testing over time can 

provide more information about the natural course and may support 

development of lead to disease-modifying strategies.  

Improving assessments in SFN 

Since the clinical picture and the aetiology of SFN greatly vary, we should 

reconsider the use of the best diagnostic tools to assess SFN. Ultimately, we may 

strive to an algorithm of diagnostic tools, where the clinical picture forms the base 

of the tests that will be applied to confirm the diagnosis SFN. Furthermore, for 

research purposes, we should look for another classification where the diagnosis 

SFN is accompanied with the main clinical outcome (autonomic/sensory) and a 

class of aetiology (genetic, idiopathic, obtained). In this case, we could not rule 

out the CCM and DWS in the assessment of SFN, because of the diversity of our 

study population. In this case, well-defined groups with respect to clinical picture 

and aetiology are needed. For example, CCM as diagnostic tool should be 
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considered in patients with neuropathy complaints and a medical history of 

diabetes mellitus or an impaired glucose intolerance.16-18 

 

Because a golden standard for diagnosing and classifying SFN is lacking, a series 

of different definitions and classifications have been suggested1,19,20, which may 

explain the large variation in frequencies of SFN in different samples reported in 

the literature.19,21-23 

 

The IENFD reflects the severity of distal axonal degeneration and is an objective 

and reliable tool. However, it has a moderate sensitivity to confirm the diagnosis 

SFN, resulting in false negative findings. It is known that IENFD decreases with 

age, but only one study has been performed to monitor IENFD during disease 

course.24 It is conceivable that the decrease of IENFD occurs faster in SFN than in 

healthy people. Besides, at the moment, only the distal IENFD is used to establish 

the diagnosis SFN. This location is chosen because of the length-dependent 

general acceptance of its pattern, although non-length dependent forms have 

been published.25 To show length-dependency, the proximal/distal IENFD ratio 

could be used. A study regarding this ratio is ongoing in our center. It is 

hypothesized that this ratio is higher in SFN than in healthy subjects. Both follow-

up of IENFD and determination of the proximal/distal IENFD ratio may have 

implications for the diagnostic strategy in patients with possible SFN, because 

IENFD may be normal at presentation and decrease to abnormal over time, or 

will remain within the normal range, but might show an increased proximal/distal 

ratio compared with healthy people.26 These additional approaches may increase 

the sensitivity of skin biopsy for the diagnosis SFN. 

 

Publications on CCM as a diagnostic tool are rapidly increasing. However, CCM 

has been mainly used in patients with diabetes mellitus type 1 and type 2.16,27-32 In 

the study, described in Chapter 3, we excluded patients with diabetic neuropathy, 

since there is a relatively high incidence of both large and small nerve fiber 

impairments. Our findings suggested that the CCM in an SFN group with a 

variety of underlying causes does not add value to existing diagnostic tools. 

 

CCM is an elegant method to visualize nerve fibers in the cornea. However, the 

morphology is complicated which can cause difficulties in the validity, in terms of 

the differentiation of the ultrastructure of nerve bundles. It might be a tool to 

evaluate therapeutic outcome, which have been shown in patients with diabetes 

and in patients with SFN.33,34 

 

Testing autonomic (dys)function in SFN is challenging. Several studies have been 

conducted to test whether available tests that investigate autonomic function can 
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be used in the diagnosis of SFN. In Chapter 2, an overview was presented of 

several tests that are used to examine autonomic function.2 Until now, there is no 

test available that correlates with sensory information, such as IENFD. We have 

explored the potential value of the skin wrinkling test and examined whether it 

could contribute to the diagnostic pallet of SFN. Current clinical practice 

recognizes a 5-grade visual scale of wrinkling. However, in our study (Chapter 4), 

we reported that the 5-grade  visual scale is not reliable enough to use it as 

diagnostic tool.35 We tried to quantify wrinkle changes by using a new software 

program approach, the Digit Wrinkle Scan. This method showed slightly better 

reliability scores, but reliability was still moderate to the best and thus not useful 

for diagnostic purposes. Recently, ultrasound imaging might be a valuable 

adjunct to the visual assessment of skin wrinkling of fingertips.36 The change of 

volume loss of skin wrinkling can be detected. The ultrasound measurements 

provide an alternative means of quantifying skin wrinkling at the level of fingertip. 

The count should correspond to the number of hyper-echogenic regions each 

surrounded by one hypo-echogenic area. When no visible wrinkling is seen after 

water immersion, the reduction in area of the hypoechogenic structures visualized 

on ultrasound provides an indirect estimate of fluid loss in the distal phalanx. 

 

Another test that has been suggested is the Sudoscan, which is a simple, non-

invasive, easy-to-perform sudomotor test.37 It was developed to allow the 

measurement of sweat gland function. The test is based on the electrochemical 

reaction between the chloride ions in sweat and stainless steel-based plate 

electrodes, on which the subject's hands or feet are placed. A low-voltage current 

(<4 V) is applied through the electrodes, attracting chloride ions from the sweat 

glands (which are densely concentrated on the palms and soles). A measurement 

of conductance for the hands and feet is generated from the derivative current 

associated with the applied voltage. Sudoscan testing is entirely painless, can be 

conducted in 3 min, and requires no special patient or equipment preparation. 

Several studies have described promising results in detecting small and/or large 

fiber dysfunction in diabetes mellitus.37-39 No studies have been done yet in pure 

SFN to determine the value of the sudoscan as a diagnostic tool. This study has 

recently been performed in our center. 

Despite the various tests examined, and efforts made to enrich the diagnostic 

arsenal of tools in SFN, to date the IENFD +/- QST approach remain the 

adopted “gold standard”. The proximal to distal ratio examination ongoing in our 

center, could increase as a variation the value of IENFD even further, but the 

results are still pending.  
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Understanding the pathophysiology 

Understanding the pathophysiology of pain and identifying plausible specific pain 

genotype-phenotype relations, may lead to improved and more personalized 

treatment strategies. Therefore, the focus should extend beyond the scope of 

peripheral mechanisms of the nervous system and should include searching for 

pain complex central, thus brain-based, mechanisms and patterns (a pain 

network of somatosensory, limbic and associate structures). Previous findings 

suggest that SFN is not a pure peripheral nervous system disorder. Pain-related 

brain networks tend to break into functionally independent components, with 

severity linked to the degree of skin nerve degeneration.13 

 

Furthermore, functional imaging studies have displayed specific brain activity 

patterns in patients with different types of pain syndromes.40-42 Also, one study 

with a small number of SFN patients reported changes in functional connectivity.43 

However, whether a specific activation pattern can be seen depends on many 

factors, such as type of brain imaging modality. It is conceivable that a particular 

type of pain (stimulus) may enhance a specific pain brain pattern, but also 

specific person factors (for example gender and genetic factors) may influence the 

pain activation network. Psychological modulation as well as chronicity of pain 

may influence the activation network, and should therefore be taken into account. 

Furthermore, the specific location of pain can display different kinds of patterns 

because of partially somatotopic organization, such as described in the S1 cortex. 

In our research group, functional MRI is used to study differences between SFN 

patients with abnormal IENFD, with and without SCN9A mutations, and healthy 

controls. It would be very interesting to determine the magnitude of a peripheral 

nerve disorder like SFN being centrally driven.  

Improving genetic assessments, functional testing and level of 
pathogenicity 

The science of pain has witnessed tremendous advances in the last decades. In 

particular, studies of pain genetics have identified markers for pain sensitivity and 

susceptibility to chronic pain. We found that 11.6% of our SFN population has a 

genetic variant which could be the underlying cause or risk factor for SFN.4 

 

The complexity of the relationship between hyperexcitability, neuropathy and pain 

in sodium channel gene mutations has recently been underscored. The Nav1.7 

I228M mutation is interesting because patients carrying this mutation experience 

its pain onset within the first three decades44,45 and it causes a significant 

reduction in neurite length.46 Also, reverse operation of the Na+/Ca2+ exchange 

and damaged mitochondrial energy metabolism may contribute to the impaired 



Chapter 9 

200 

neurite integrity present in I228M-transfected DRG neurons.46,47 However, all 

these potential pathophysiological and pathogenetic observations could be 

intertwined. Recently, by means of mouse lines, no evidence was found that a 

functional change alone induces genetically driven pain and neuropathy 

phenotype seen in patients with SFN carrying this mutation.48 A multi-hit model 

has been proposed to underlie the length and age-dependence of onset of 

peripheral neuropathies. Other underlying factors, such as systemic diseases, 

modifier genes or environmental factors, may be required, together with a 

mutation, for the onset of clinical signs and symptoms of SFN.  

 

Understanding the structure and function of the Nav-channels is of major 

biophysical, as well as clinical, importance given their key role in cellular 

pathophysiology. Modelling the single-channel structure and its atomic porous 

environment.49 

 

The PAIN-Net consortium aims to analyze in vitro the pathogenic potential of 

mutations in sodium channel genes identified in patients with neuropathic pain 

through clinical and genetic assessment. Also, the group has as purpose to use 

functional proteomics for identification and characterization of peripheral sodium 

channel signaling complexes.  

 

Until this time, sodium channels were of specific interest. However, potassium 

channels could also be of interest. Electrical signaling is terminated by activation 

of voltage-gated potassium channels which activate and inactivate over a longer 

time domain.50-53 Furthermore, a recent study found I228M neurons show a 

significant reduction in mitochondrial density and size, indicating dysfunctional 

mitochondria and as a consequence degeneration and loss of nerve fibers in 

SFN.47 

Consequences for pharmacological treatment 

Small nerve fibers have the highest regenerative capacity and prompt diagnosis 

and initiation of disease-modifying treatment of SFN may result in substantial 

regeneration and recovery, particularly in young and otherwise healthy patients.54 

Current treatments for painful neuropathies are largely inadequate. Less than 

50% of patients achieve 50% of pain relief with available drugs. This 

disappointing effect in painful neuropathies is due to the lack both of drugs acting 

on target sites for which there is strong evidence of pathogenicity and the inability 

to identify responder patients. Most of the available analgesics act at different 

levels (e.g. sodium channels, noradrenergic system, opioidergic system) and are 

prescribed to patients suffering from pain without any selection in terms of 
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pathogenesis and etiology. The choice of the medication is usually empirical 

following a “trial and error” process, and guided by safety profile, comorbidities, 

and concomitant medication. New strategies are urgently needed to achieve a 

better control of neuropathic pain.  

 

Immunologic mechanisms have been linked to the pathophysiology of SFN, 

because several immune-mediated disorders such as sarcoidosis, Sjögren 

disease, and systemic lupus erythematosus can be associated with SFN.55-59 

Because of the possible role of auto-immune mechanisms, treatment with 

intravenous immunoglobulins (IVIg) was propagated as a potential treatment.60 

However, a randomized placebo-controlled trial by our group showed no 

significant effect of IVIg compared to placebo in patients with painful idiopathic 

SFN. No significant differences were found in 1-point and 2-point responders on 

pain, patients' global impression of change (PGIC), overall disability, autonomic 

symptoms, and pain relief. Statistically significant differences were found in 

maximum night pain, daily sleep interference, intense and hot pain, and some 

domains of the quality of life; however they were inconsistent and were not 

considered to be clinically meaningful in the treatment goal of this highly 

expensive drug.61 In a small group of patients with diabetic neuropathy, pain 

reduction (> 50%) four weeks after IVIG-treatment was shown in 63.6% of the 

experimental group.62 However, this study had a small sample size and a short 

duration. The significant reduction of pain did not last at 8 weeks, and it is 

conceivable that the early significant difference came from other aspects.  

 

Many chronic pain syndromes are peripheral in origin and reflect hyperactivity of 

peripheral pain-signalling neurons. Current treatments are ineffective or only 

partially effective. 

 

Signatures of individual susceptibility to pain and analgesic responsiveness are 

urgently needed to improve patients´ management. For example, lacosamide 

was effective in pain treatment of SFN in patients with an SCN9A-mutation.64 The 

PAIN-Net programme will contribute to tailor-made pain treatment based on next 

generation sequencing, whole exome sequencing, epigenetics and 

pharmacogenomics studies, nociceptor and sodium channel functioning based on 

biophysics and proteomics studies, targeted analgesics based on high-throughput 

screening, targeted analgesic delivery based on encapsulated cell bioreactor 

implants, and to the development and extensive characterization of the first 

knock-in mouse models of sodium channel-related neuropathic pain based on 

the CRISP-Cas technology.  
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From the clinical perspective, the goal in future research should focus on the 

identification and development of biomarkers for pain to enable better patient 

stratification, mechanism-based treatment selection and targeted prevention 

strategies for high-risk individuals. 

Consequences for non-pharmacological treatment 

In a review, it was suggested that transcranial magnetic stimulation (TMS) can 

produce exitatory/inhibitory stimulation of the cerebral cortex or local areas (i.e., 

the primary motor cortex66,67), promote the remodelling of the nervous system, 

and that is has good application prospects for the localization of the injury, 

neuroprotection, and the promotion of nerve regeneration. TMS can also alleviate 

pain symptoms by changing the cortical threshold and inhibiting the conduction 

of sensory information in the thalamo-spinal pathway which can have a 

therapeutic potential effect.68This will be the topic of future research in Maastricht 

UMC+. 

Rehabilitation programme 

Chronic pain is not static. It may progress or remit. Over time, the initial events 

lead to alternations in sensation, central sensitization and changes in affective, 

cognitive and emotional states.69 Transformation from a healthy state to one that 

limits a patient’s ability to work and enjoy life may result in a negative cascade of 

failure of systems that worsen the condition, launching a negative feed-forward 

cycle. Therefore, it is important to define chronification of pain and develop 

treatments that halt or reverse it at the earliest possible time. To initiate the most 

appropriate treatment, it is important for the clinician to clarify the request for 

help. In most cases, patients would like to get rid of the pain. (Partial) pain 

reduction can be achieved by treating the underlying cause or starting 

symptomatic pain treatment with medication. Additionally, a start with a 

rehabilitation program, specialized on chronic pain can help patients from a 

holistic perspective, when pain is (still) significantly disturbing their daily living on 

several domains, such as mobility, house-hold activities, duties at work and/or 

social activities. SFN patients demonstrated a severe overall reduction in QoL.70 

Pain intensity, male gender and fear of falling were positively associated with 

disability in patients with painful diabetic neuropathy.71 Rehabilitation programs 

can focus on pain education and have continued oversight on the potential 

evolution of the pain condition with the help of a physical therapist, occupational 

therapist and/or behaviour therapist.  

 

Patients with a chronic pain syndrome, such as SFN, are helped with a 

multidisciplinary approach in a rehabilitation programme, using the ICF-model 
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(see Figure 9.1). This model conceptualises a person’s level of functioning as a 

dynamic interaction between her or his health conditions, environmental factors, 

and personal factors. It is a biopsychosocial model of disability, based on an 

integration of the social and medical models of disability. Follow up studies have 

shown that permanent changes over time only appear when there is a treatable 

cause of a health condition. In all other cases, patients have to live with the pain 

syndrome. There is no evidence for the efficacy of a rehabilitation programme for 

SFN; however, if SFN is considered a chronic pain syndrome and patients are 

focusing on functional goals which are important in their daily lives, programs 

such as graded activity or graded exposure could be helpful. A treatment protocol 

for patients with painful diabetic neuropathy has recently been suggested.72 

Integrative therapies such as mindfulness meditation or cognitive behavioural 

therapy (CBT) can also be part of a comprehensive pain management plan. 

Benefits include reduction of pain-related medication consumption, better 

treatment outcomes, improvement in comorbid conditions, such as anxiety and 

depression, as well as the lack of risk of addiction or abuse.73-75 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9.1 The International Classification of Functioning (ICF)-model. 

 

Future perspectives 

Improving assessments in a multifactorial way 

SFN is a chronic neuropathic pain condition which is more recognized nowadays. 

Neuropathic pain is to be distinguished from nociceptive or inflammatory pain, 

although in many cases both nociceptive and neuropathic components may 

contribute to pain. Because of this, patients with pure SFN may be misdiagnosed 

with another pain syndrome. The variety of clinical symptoms (i.e. the presence of 

autonomic symptoms) urge for a better and more intensive collaboration between 
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medical specialists. Patients with the suspicion of SFN are usually referred to 

neurologist. Indeed, the main symptoms (neuropathic pain) are most appropriate 

to the field of the neurologist, but other specialists should be aware that the 

clinical picture of SFN can start with autonomic symptoms. For example, if 

patients have symptoms of idiopathic obstipation and/or diarrhea, SFN should be 

in the differential diagnosis. In many cases, these patients are diagnosed with 

irritable bowel syndrome. Furthermore, pain syndromes like FM may overlap with 

the clinical picture of SFN. Cooperation with the rheumatologist is important to 

improve knowledge and understanding of the different chronic pain syndromes. 

Lastly, itch can be a manifestation of neuropathy (neuropathic itch), for which 

patients can initially visit the dermatologist.   

 

Understanding the natural history of SFN could be improved. For example, digital 

healthcare can help patients to monitor the course of the pain/disease which help 

physicians and/or researchers to understand the relationship between physical 

and additional examinations. Moreover, digital healthcare can contribute to self-

management and participatory health care. 

 

Overall, the ideal pain clinician would have expertise in pain neurobiology, 

behavioral medicine (including psychiatry/psychology), pharmacology and 

interventional procedures. Integrative care should target treatments for both 

symptom management and disease modification and be specific to individual 

patients. Moreover, greater cross-fertilization between clinicians and basic 

researchers would advance health care.  

Genetic structure and linkage to the clinical picture 

In this thesis, we presented the epidemiology of genetic mutations in our cohorts, 

nationally and internationally. A better description of pain phenotype-genotype 

can form the basis for personalized pain management, as reasons for some 

patients responding to treatment while other remain resistant will be better 

understood. Although pain can be linked to multiple genetic factors with its 

susceptibility, complex environmental factors also influence the individual 

variation in pain, such as race, ethnicity, gender and social context and 

interpretation of the pain experience.  

 

Although we are a long way from understanding what triggers neuropathic pain 

as a disease or a symptom or from knowing how to cure it, we have an exciting 

opportunity to use this new knowledge about chronic pain to guide new 

approaches to both understanding and treating chronic pain more efficiently.  
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Improving pain management  

Future research should focus on the identification and development of biomarkers 

for pain to enable better patient stratification, mechanism-based treatment 

selection and targeted prevention strategies for high-risk individuals. Furthermore, 

the use of uniform outcome measures in peripheral neuropathies, such as SFN, is 

important to improve the quality of randomized controlled trials, enabling 

comparison between studies. 

 

While attempts at personalized medicine for chronic pain may be tailored to the 

molecular and genomic profile of an individual, other issues including systems 

biology, psychological manifestations, therapeutic interactions (placebo response) 

and social issues all contribute to the chronic pain state and need to be 

considered. Future integrative approaches need to be performed in the context of 

defined, quantitative or objective measures. Understanding the factors that set 

individual risk levels for chronic neuropathic pain, including phenotypes such as 

anxiety, fear avoidance and catastrophizing, is central to improve pain 

management. 
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In this chapter, a reflection is presented on the scientific impact of the results of 

the research described in this thesis. 

 

The field of chronic neuropathic pain medicine is currently facing enormous 

challenges. The incidence of chronic neuropathic pain is increasing worldwide, 

particularly in the developed world. Epidemiological studies have shown that the 

prevalence in the general population may be as high as 7 to 8%1,2, accounting 

for 20 to 25% of individuals with chronic pain. As a result, chronic neuropathic 

pain is imposing a growing burden on Western societies in terms of cost of 

medical care and loss of productivity. From a health care perspective, the total 

average annual costs of clinically referred patients undergoing skin biopsy and/or 

quantitative sensory testing (QST) in proven small fiber neuropathy (SFN) in 2020 

amounted to €29.8 million and from a societal perspective €147.7 million 

(submitted, own data). The development of objective measurements of 

neuropathic pain is critical to improve pain management in the long-term to 

determining modulation of the nervous system that may take place over time. Due 

to the current inadequate treatments for pain currently available, these patients 

represent a major concern for the public health system.  

 

Diabetes is one of the main causes of painful neuropathy, up to 25% of diabetic 

patients with moderate to severe pain in most. Patients are limited in their general 

functioning and their ability to sleep and often experience anxiety and 

depression.3 As a consequence, high health care costs due to hospitalizations and 

outpatient visits are seen. The total annual cost of diabetic peripheral neuropathy 

(DPN) and its complications in the United States was estimated to be between 4.6 

and 13.7 billion US dollars. Up to 27% of the direct medical cost of diabetes may 

be attributed to DPN.4 Moreover, (severe) painful DPN had significantly greater 

healthcare resource utilization and costs than patients with diabetes only.5 In 

addition, the painful symptoms cause impaired work productivity and annual lost 

productivity cost increased with pain severity.6 Estimated annual productivity losses 

based on several European countries were €5.646, €10.552, and €16.597 for 

mild, moderate, and severe painful DPN, respectively.6 Previous retrospective 

studies show that 1-year excess health costs for DPN, can be high as $8500.7 

Listening to patients 

Medicine and medical research starts with questions and concerns that are 

originated from experiences of people’s life. Without a patients’ story or request 

for help, we have no work to do. Therefore, the patients’ clinical picture is the 
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starting point for medical research and ask questions like ‘why’, ‘how’, ‘when’ 

etc, the so-called gold circle but now applied in health care. 

Improving assessments  

It is important to recognize as general practitioner and consultant the clinical 

picture of SFN and/or pain related syndromes. Doing research and publishing 

both negative and positive results will help to develop more knowledge and to get 

more publicity. If a clinical picture is not recognized, patients undergo additional 

investigations that might be irrelevant and misdiagnosis arises driving costs of 

health care. From a patients’ perspective, the overuse of diagnostic tests is 

considered as annoying and time-consuming. Patients frequently report that, even 

the pain is still present after diagnostics, clarity of the clinical picture and its 

diagnosis is more important for them.  

 

In this thesis, we intended to explore the value of additional diagnostic tests in 

order to improve the diagnostic algorithm of SFN. Nowadays, patients are 

referred to our center, Maastricht University Medical Center+ (Maastricht UMC+), 

since we are the most experienced center with a unique setting in the Netherlands 

for diagnosing SFN. Even more, patients from abroad are seen in our center. 

Because of this, the waiting list for patients before they are invited for diagnostic 

testing can run up to 12 months. Ideally, if we find more simple, cheaper, 

sensitive and easily applicable tests to diagnose SFN, diagnostics does not have 

to take place in our expertise center but could be applied in every center in our 

country, or internationally. In the literature, CCM and SSW seemed promising 

existing diagnostic tools to quantify small nerve fibers in the eyes and test the 

autonomic function of these fibers, respectively. We concluded in this thesis that 

both tests do not have an additional value in the diagnostic process of SFN. 

Further investigation should be done in order to find their diagnostic position. 

Specifically, research has to be focused on the improvement of the skin wrinkling 

analysis and/or the applicability of CCM in SFN subgroups (i.e. those with 

glucose intolerance) or as a biomarker after pharmacological treatments. 

 

However, until now, we still need to focus on the skin biopsy and temperature 

threshold testing since this is the ‘golden standard’ for the diagnosis of SFN and 

no other test to date have changed this pattern. 
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Treatment options 

The current treatment approaches in neuropathic pain are essentially ‘educated 

trial and error’ where specific treatments are offered, usually within the focus of a 

clinical domain (e.g. interventional, alternate, behavioral etc). Even within 

treatment domains (e.g. pharmacological), medications are tried, nearly a 

random trial for each individual, beginning with the least invasive treatment and 

progressing along an increasing gradient of treatment side effects to find a 

strategy that provides some measure of relief. In addition to be inefficient, this 

‘trial and error’ approach may create conditions under which subsequent 

treatments are less or more effective than if administered to naïve patients, so 

effective solutions may be missed or not fully understood.  

Understanding pathogenicity  

The knowledge in genetics is growing. Previous studies showed that in more than 

50% of SFN is idiopathic.8 Patients should be explained that idiopathic SFN does 

not mean that their complaints does not have a cause. However, they should be 

told that our knowledge is limited, meaning that not all causes (“cryptogenic 

status”) are detected yet. In this thesis, we showed that a variety of genetic 

components can be an underlying condition and/or risk factor for SFN. This 

means that SFN might have a familial component, which can help diagnosing 

SFN in family members with the same complaints. Zebra-fish models can help us 

to understand the relation between specific DNA change and pain severity. 

Furthermore, these models help us to figure out whether existing and new 

pharmacological treatments could relief pain (behavior). We also reported that 

new, valid and rapid techniques are applicable for the detection of genetic 

mutations and should therefore be implemented in the overall diagnostics for 

SFN. 

 

Overall, the PROPANE-study had a strong translational value that can be 

identified both in the diagnostic and treatment approaches to neuropathic pain. 

The approach to neuropathic pain as a whole condition influenced by a genetic 

background, irrespective of the clinical feature, led to include subgroups of 

patients with peculiar phenotypes, like itch or diffuse pain, in whom the diagnosis 

has been defined and a new gene has been identified thus far.  
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Respecting social impact 

Although it is important to focus on the pathogenicity of neuropathic pain, we 

should bear in mind that patients with neuropathy cannot wait until we have 

found personalized solutions in pain relief. So, attention for their daily functioning 

in life is inevitable.  

 

Chronic neuropathic pain, which means pain more than six weeks, is a society 

problem with important consequences for the functioning of the human being. 

For many patients, pain interferes with social activities such as household, work or 

family activities. A rehabilitation process could help patients to adjust with chronic 

neuropathic pain, such as therapies with Graded Exposure and/or Graded 

Activity. However, there is no literature to support this and more research should 

be done on integrated biopsychosocial interventions in patients with SFN.  

 

Research and innovation might focus on creating effective ways of monitoring 

and evaluating neuropathic pain symptoms. For example, fill out diaries on a 

mobile device with the possibility to monitor on distance the pain and level of 

functioning (activities and participation) might help to intervene when it is needed 

and most efficient. This method is not expensive (beside data storage), costs a 

patient little time and helps interventions being more effective than before. 

 

Nowadays, value-based healthcare is important, where we try to provide new 

diagnostic tests or other ways to improve health care, and in particular with low 

costs. Still, the emphasize of good clinical practice should be in the contact with a 

patient and not in lowering health care costs. 
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Dunnevezelneuropathie (DVN) wordt gekenmerkt door neuropathische pijn en 

autonome stoornissen. De functies die aangedaan zijn verlopen automatisch en 

kunnen we niet actief en/of bewust beïnvloeden, zoals het hartritme, het 

zweetpatroon en problemen met mictie en defecatie. Op dit moment wordt de 

diagnose DVN gesteld op basis van het klinische beeld in combinatie met een 

afwijkend temperatuurdrempelonderzoek en/of afwijkend huidbiopt, zonder 

afwijkingen op elektromyografie (EMG). Soms zien we patiënten die wel de 

klachten hebben van neuropathische pijn en autonome klachten passende bij 

DVN maar kunnen we het helaas niet met de genoemde onderzoeken vaststellen. 

We kunnen derhalve op dit moment dus nog niet spreken over een gouden 

standard. Om die reden onderzoeken we of bestaande technieken een 

(aanvullende) bijdrage kunnen leveren bij het stellen van deze diagnose. 

Daarnaast hebben we in dit proefschrift gekeken naar de genetische bijdrage 

aan DVN. 

 

In Deel I en deel II werd een overzichtsartikel gepresenteerd waarin 

wetenschappelijke literatuur omtrent diagnostiek bij DVN; daarnaast werd in dit 

deel twee bestaande technieken onderzocht om na te gaan wat hun 

toepasbaarheid is bij het vaststellen van DVN en/of autonome dysfunctie.  

 

In Hoofdstuk 1 wordt een overzicht gegeven van het ziektebeeld DVN en een 

uiteenzetting van het proefschrift: de noodzaak van verbetering van de huidige 

diagnostiek en een toevoeging van genetische diagnostiek als onderdeel van de 

analyse naar DVN. 

 

Hoofdstuk 2 geeft een overzicht van het ziektebeeld DVN met daarbij 

verschillende klinische testen die worden verricht om zowel de kwantificering als 

de functie van de dunne zenuwvezels te testen. In dit hoofdstuk werd een beknopt 

overzicht gegeven over varianten die zijn gevonden en die gerelateerd lijken te 

zijn aan DVN. Daarnaast werd uiteengezet dat DVN deel uitmaakt van een 

continuüm in het pijnlandschap met een genetisch onderliggende oorzaak. De 

pijnsyndromen Paroxysmal Extreme Pain Disorder (PEPD) en Inherited 

Erythermyalgie (IEM) zijn onderdeel van dit continuüm.  

 

In Hoofdstuk 3 werd een prospectieve studie beschreven waarbij 183 

proefpersonen werden onderzocht naar de aanwezigheid van dunne zenuwvezels 

in het hoornvlies (cornea) van beide ogen door middel van een speciale 

microscoop, genaamd de corneale confocale microscoop (CCM). Voorafgaand 

aan de inclusie van de patiëntengroep met de verdenking DVN, is gekeken of 

gezonde proefpersonen voldeden aan de normaalwaarden die eerder door een 

onderzoeksgroep uit Manchester zijn gepubliceerd. Dit bleek het geval te zijn. De 
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patiëntengroep werd vóór het onderzoek met de CCM onderzocht door een 

oogarts (in opleiding) om oogafwijkingen uit te sluiten. Indien hier geen 

noemenswaardige afwijkingen naar voren kwamen, werden de ogen voorbereid 

met een verdovingsdruppel en ooggel in beide ogen. De ooggel vormt een 

barrière tussen het oog en de microscoop waardoor er geen direct contact 

plaatsvindt tussen de lens van de microscoop en het oogoppervlak. Door de 

verdovingsdruppels is het tevens een niet-pijnlijk onderzoek. Het duurt per oog 

maximaal twee minuten om de dunne zenuwvezels in kaart te brengen. Deze 

werden nadien beoordeeld op onder andere de lengte, dichtheid en 

krommingen. Er werd een middelmatig tot hoge reproduceerbaarheid van de 

handmatige analyse gevonden. Daarnaast werd een hoge correlatie gevonden 

met de volledig automatische analyse voor enkele parameters, te weten de 

zenuwvezel lengte en -dichtheid. Er werd geen verschil in corneale parameters 

gevonden in de groep waarbij, op basis van de gouden standaard, DVN werd 

aangetoond ten opzichte van patiënten waarbij het (nog) niet werd aangetoond. 

Er werd gevonden dat patiënten met een onderliggende glucose intolerantie 

mogelijk vaker afwijkingen op dit onderzoek vertoonden. De relatie tussen 

afwijkingen in zenuwen en glucose-intolerantie of diabetes mellitus type 2 werd 

door eerder onderzoek al aangetoond. Uit dit onderzoek werd geconcludeerd dat 

de CCM geen meerwaarde heeft binnen de huidige diagnostiek naar DVN.  

 

In Hoofdstuk 4 werd de studie beschreven van de digitale huidrimpeltest. Met 

deze studie werd geprobeerd een betere methode te vinden dan de huidige 

methode waarop de vingers op dit moment wordt beoordeeld, middels een 

categorische 5-puntsschaal. Tijdens dit onderzoek werd er normaalwaarden 

verzameld en de interbeoordelaarsbetrouwbaarheid bepaald. In totaal werden er 

82 gezonde proefpersonen geïncludeerd. Er werd een verdovingscrème op acht 

vingertoppen gesmeerd en na een half uur gekeken wat de mate van rimpeling 

was in de vingers. Vóór het aanbrengen en na het verwijderen van de crème 

werden er foto's van de vingertoppen worden gemaakt. Deze foto's werden met 

een nieuw computerprogramma (Digit Wrinkle Scan©) geanalyseerd om zo de 

mate van rimpeling op een kwantitatieve wijze te beoordelen. Er werd 

geconcludeerd dat de 5-puntsschaal geen betrouwbare methode is voor de 

klinische praktijk om de mate van rimpeling na te gaan. Middels de nieuwe 

software, vonden we voor twee vingers redelijke betrouwbaarheid. Echter is dit 

niet voldoende om deze methode in de klinische praktijk toe te kunnen passen. 

Daarnaast is de vraag hoe specifiek deze test zal zijn, om bijvoorbeeld DVN aan 

te tonen en te onderscheiden van andere ziektebeelden met een autonome 

dysfunctie.  
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In Deel III van dit proefschrift werd gekeken naar de methode om genetische 

varianten te meten en de frequenties van genetische varianten, op zowel 

nationaal als internationaal niveau. De prevalentie van genetische varianten in 

DVN in Nederland werd onderzocht evenals de genetische varianten in 

diabetische en non-diabetische patiënten, met én zonder pijnklachten in vier 

Europese centra. Tenslotte werd een casus-omschrijving gepresenteerd met een 

ongebruikelijk klinisch beeld bij een SCN9A-variant.  

 

In Hoofdstuk 5 werd een diagnostische, relatief goedkope, methode beschreven 

die meerdere genen kan achterhalen in een grote groep patiënten met pijnlijke 

neuropathie. Twee technieken (Molecular Inversion Probes-Next generation 

sequencing (MIPs-NGS) en TruSeq® Custom Amplicon-Next generation 
sequencing (TSCA-NGS)) werden met elkaar vergeleken op gebied van 

sensitiviteit, specificiteit, efficiëntie, uitvoering en kosteneffectiviteit. Beide 

methoden zijn ontwikkeld om negen natrium-kanaalgenen te achterhalen 

(SCN3A, SCN8A-SCN11A en SCN1B-SCN4B). Ten opzichte van de TSCA-NGS, 

zagen we dat de MIPs-NGS een grotere dekkingsgraad bood (97.3% versus 

93.9%). Daarnaast zagen we dat MIPs-NGS een veelzijdiger ontwerp heeft; is 

flexibeler dan TSCA-NGS. De kosten van MIPs-NGS zijn meer dan 5 maal 

goedkoper dan TSCA-NGS wanneer 500 of meer DNA-monsters worden getest. 

Kortom, MIPs-NGS is een betrouwbare, flexibele en relatief goedkope methode 

om genetische variaties in een groot cohort patiënten te detecteren. 

 

In Hoofdstuk 6 beschreven we de frequentie van SCN9A, SCN10A en SCN11A 

varianten bij 1139 patiënten met DVN. We analyseerden hun klinische 

kenmerken en voerden een genetische screening uit. Pathogeniciteit van 

varianten werd geclassificeerd volgens vastgestelde richtlijnen van de Association 

for Clinical Genetic Science (ACGS) en frequenties werden bepaald. Patiënten 

met DVN werden gegroepeerd volgens de gevonden genetische varianten en 

klinische kenmerken werden vergeleken. Van de 1139 patiënten met DVN 

hadden 132 (11.6%) patiënten 73 verschillende (potentieel) pathogene varianten 

in de spanningsafhankelijke natriumkanalen, waarvan 50 nieuwe varianten 

waren en 22 varianten werden gevonden bij meer dan één patiënt. De frequentie 

van (potentieel) pathogene varianten was 5.1% (n=58/1139) voor SCN9A, 3.7% 

(n=42/1139) voor SCN10A en 2.9% (n=33/1139) voor SCN11A. Klinisch 

vonden we dat bij patiënten met een genetische variant er vaker sprake was van 

erythermyalgie-achtige klachten en pijnklachten die opgewekt wordt door 

warmte. We concludeerden dat screenend onderzoek naar deze drie genen 

belangrijk is om na te gaan of er sprake is van een genetisch onderliggende 

oorzaak/risicofactor voor het ontwikkelen van klachten passende bij DVN.    
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In Hoofdstuk 7 onderzochten we de genetische verschillen tussen pijnlijke 

diabetische neuropathie, pijnloze diabetische neuropathie en pijnlijke 

idiopathische DVN. Diabetes is de belangrijkste oorzaak van neuropathische pijn. 

Het oplossen van de genetische architectuur van pijnlijke/pijnloze diabetische en 

idiopathische DVN-patiënten zal leiden tot betere behandelingsstrategieën. 

We rapporteerden genetische varianten van tien natriumkanaalgenen (SCN3A, 

SCN7A-SCN11A en SCN1B-4B), die allen onderdeel zijn van de nociceptieve 

route. Het onderzoek vond plaats door middel van het in door hoofdstuk 5 

beschreven methode, de MIPs-NGS. In totaal werden 1094 patiënten met pijnlijke 

(n = 237), pijnloze diabetische neuropathie (n = 309) en pijnlijke idiopathische 

DVN (n = 548) geïncludeerd uit vier centra in Europa, te weten University of 

Manchester (Verenigd Koninkrijk), Deutsche Diabetes Forschungsgesellschaft EV 

(Duitsland), Fondazione IRCCS Instituto Neurologico "Carlo Besta" (Italië) en 

Maastricht University Medical Center+ (Nederland). Er werd een prevalentie 

binnen de drie groepen, liggende tussen de 14.9% en 18.4%. Functioneel testen 

is essentieel voor een definitieve classificatie van een genetische variant. 

 

In Hoofdstuk 8 presenteerden we een patiënt met een variant in het SCN9A-gen. 

De casus presenteerde zich met de klinische kenmerken van erythermalgie, PEPD 

(Paroxysmal Extreme Pain Disorder) en DVN.  

Algemene conclusie en discussie 

DVN is een chronisch pijnsyndroom die tegenwoordig meer wordt (h)erkend. 

Neuropathische pijn moet worden onderscheiden van nociceptieve of 

inflammatoire pijn, hoewel in veel gevallen zowel nociceptieve als neuropathische 

componenten kunnen bijdragen aan pijn. Hierdoor kunnen patiënten met DVN 

onterecht gediagnosticeerd worden met een ander pijnsyndroom. De 

verscheidenheid aan klinische symptomen dwingt ons tot een betere en 

intensievere samenwerking tussen medisch specialisten, wanneer er bijvoorbeeld 

ook sprake is van autonome symptomen. Patiënten met het vermoeden van DVN 

worden meestal doorverwezen naar de neuroloog. De belangrijkste symptomen 

(neuropathische pijn) zijn inderdaad het meest geschikt voor het vakgebied van 

de neuroloog, maar andere specialisten moeten zich ervan bewust zijn dat het 

klinische beeld van DVN kan beginnen met autonome symptomen. 

Deze variabiliteit van de klinische presentatie van DVN maakt het dus moeilijk om 

een diagnose te stellen. Hoewel de totale prevalentie van DVN in Nederland in 

2012 werd geschat op 53:100.000, wordt aangenomen dat dit een 

onderschatting is van het werkelijke aantal, waardoor het belangrijker is om het 



Nederlandse samenvatting 

225 

klinische beeld en de diversiteit ervan te herkennen voor de huisarts en medisch 

specialist. 

Een veel gestelde vraag van patiënten betreft de prognose van DVN. Het 

natuurlijke beloop is nog grotendeels onbekend. In een onlangs gepubliceerde 

studie, waaraan 101 DVN patiënten met een afwijkend huidbiopt aan deelnamen 

werd geconcludeerd dat DVN een relatief statische ziekte is met zeer langzame 

progressie waarbij grote zenuwvezels betrokken zijn (11.9%) of leiden tot 

aanzienlijke langdurige invaliditeit (5.3%) en loopstoornissen (6.3%). In deze 

studie was er sprake van een gemiddelde follow-up duur van 6.2 jaar. Bovendien 

was het gemiddelde aantal neuropathische pijnmedicatie dat per patiënt werd 

gebruikt meer dan vier en bleef pijnbestrijding op de lange termijn de grootste 

uitdaging. De prognose hangt echter van veel factoren af, zoals de 

aanwezigheid/afwezigheid van triggers en onderliggende aandoeningen. 

Longitudinale studies kunnen meer informatie verschaffen over het natuurlijke 

beloop en kunnen de ontwikkeling van ziekte-modificerende strategieën helpen. 

Daarnaast kan digitale zorg patiënten de mogelijkheid bieden om het beloop van 

de pijn/ziekte te monitoren, waardoor artsen en/of onderzoekers inzicht krijgen in 

de relatie tussen lichamelijk en aanvullend onderzoek. Bovendien kan digitale 

zorg bijdragen aan zelfregie en participatieve zorg. 

Toepassen van diagnostiek 

Aangezien het klinische beeld en de etiologie van DVN sterk variëren, moeten we 

het gebruik van de beste diagnostische technieken om DVN te beoordelen, 

heroverwegen. Uiteindelijk wordt gestreefd naar een algoritme van diagnostische 

mogelijkheden, waarbij het klinisch beeld de basis vormt van de tests die zullen 

worden toegepast om de diagnose DVN te bevestigen. Bovendien moeten we 

voor onderzoeksdoeleinden zoeken naar een andere classificatie waarbij de 

diagnose DVN gepaard gaat met de belangrijkste klinische uitkomst 

(autonoom/sensorisch) en een klasse van etiologie (genetisch, idiopathisch, 

verworven). In dit proefschrift kwamen we tot de conclusie dat de CCM en 

huidrimpeltest in de huidige vorm geen toegevoegde waarde heeft binnen de 

diagnostiek naar DVN. Hiervoor zijn beter gedefinieerde groepen in het klinisch 

beeld en de etiologie nodig. Zo moet CCM als diagnostisch hulpmiddel worden 

overwogen bij patiënten met neuropathische pijn en een medische 

voorgeschiedenis van diabetes mellitus of een gestoorde glucose-intolerantie. 

Echter, in de literatuur is er ook sprake van een diversiteit aan DVN classificatie. 

De reeks aan  verschillende definities en classificaties maakt dat er een grote 

variatie ontstaat waardoor studies moeizaam met elkaar te vergelijken zijn.  

Publicaties over CCM als diagnostisch hulpmiddel nemen snel toe. CCM wordt 

echter voornamelijk gebruikt bij patiënten met diabetes mellitus type 1 en type 2. 
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In de studie, beschreven in hoofdstuk 3, hebben we patiënten met diabetische 

neuropathie uitgesloten, omdat er een relatief hoge incidentie is van zowel grote 

als kleine zenuwvezelstoornissen. CCM is een elegante methode om zenuwvezels 

in het hoornvlies zichtbaar te maken. De morfologie is echter gecompliceerd, wat 

problemen kan veroorzaken bij de validiteit, in termen van de differentiatie van 

zenuwbundels op micro-niveau. Het kan mogelijk wel een goede test zijn om 

therapeutische uitkomsten te evalueren. 

Tot nu toe is er geen test beschikbaar die correleert met sensorische informatie. 

We hebben de potentiële waarde van de huidrimpeltest onderzocht en bekeken 

of deze zou kunnen bijdragen aan het diagnostisch palet van DVN. De huidige 

klinische praktijk past een visuele schaal voor rimpels toe, in vijf categorieën. In 

ons onderzoek (Hoofdstuk 4) hebben we echter beschreven dat deze categorische 

schaal niet betrouwbaar genoeg is om deze als diagnostische test te gebruiken. 

We hebben geprobeerd rimpelveranderingen te kwantificeren door een nieuwe 

software te gebruiken, de Digit Wrinkle Scan© (DWS). Deze methode liet iets 

betere betrouwbaarheidsscores zien, maar dit varieerde tussen matig tot zeer 

goed. Dit lijkt dus ook geen verbetering te zijn op het huidige diagnostische palet.  

Het is belangrijk om als medici het ziektebeeld van DVN en/of pijngerelateerde 

syndromen te herkennen. Het doen van onderzoek en het publiceren van zowel 

negatieve als positieve resultaten zal helpen om meer kennis te ontwikkelen en 

meer publiciteit te krijgen. Als een klinisch beeld niet wordt herkend, ondergaan 

patiënten aanvullende onderzoeken die mogelijk niet relevant zijn en ontstaat er 

een verkeerde diagnose die de kosten van de gezondheidszorg verhoogt. Vanuit 

het perspectief van de patiënt wordt het overmatig gebruik van diagnostische tests 

als vervelend en tijdrovend ervaren. Patiënten geven vaak aan dat, zelfs als de 

pijn na diagnostiek nog steeds aanwezig is, duidelijkheid van het ziektebeeld en 

de diagnose voor hen belangrijker is. 

Genetische pathofysiologie van neuropathische pijn 

Het begrijpen van de pathofysiologie van pijn en het identificeren van specifieke 

pijn genotype-fenotype relaties kan leiden tot verbetering van en meer 

gepersonaliseerde behandelstrategieën. De wetenschap van pijn heeft de 

afgelopen decennia enorme vooruitgang geboekt. We ontdekten dat 11.6% van 

onze DVN-populatie een genetische variant heeft die de onderliggende oorzaak 

of risicofactor voor DVN zou kunnen zijn. Er is een zogenoemd multi-hit-model 
voorgesteld die ten grondslag ligt aan de lengte- en leeftijdsafhankelijkheid van 

perifere neuropathieën. Andere onderliggende factoren, zoals systemische 

ziekten, modificerende genen of omgevingsfactoren, kunnen nodig zijn, in 

combinatie met een mutatie, voor het ontstaan van klinische tekenen en 

symptomen van DVN. Het begrijpen van de structuur en functie van de 
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spanningsafhankelijke natrium-kanalen is van groot biofysisch en klinisch belang 

gezien hun sleutelrol in cellulaire pathofysiologie. Tot op heden is voornamelijk 

onderzoek verricht naar in de invloed van natriumkanalen. Kaliumkanalen 

kunnen echter ook van belang zijn. Elektrische signalering wordt beëindigd door 

activering van spanningsafhankelijke kaliumkanalen die gedurende een langere 

tijdsdomein worden geactiveerd en gedeactiveerd. Ook werd in eerder onderzoek 

aangetoond dat een significante vermindering van de mitochondriale dichtheid 

en grootte bij een SCN9A-mutatie kan leiden tot degeneratie en verlies van 

zenuwvezels in DVN. 

Eerdere studies toonden aan dat in meer dan 50% van SFN idiopathisch is. Aan 

patiënten moet worden uitgelegd dat idiopathische SFN niet betekent dat hun 

klachten geen oorzaak hebben. Ze moeten echter worden verteld dat onze kennis 

beperkt is, wat betekent dat nog niet alle oorzaken ("cryptogene status") zijn 

gedetecteerd. In dit proefschrift hebben we aangetoond dat een verscheidenheid 

aan genetische componenten een onderliggende aandoening en/of risicofactor 

voor DVN kan zijn. Dit betekent dat DVN mogelijk een familiale component 

heeft, wat kan helpen bij het diagnosticeren van DVN bij familieleden met 

dezelfde klachten. Zebravis-modellen kunnen ons helpen de relatie tussen 

specifieke DNA-verandering en de ernst van de pijn te begrijpen. Bovendien 

helpen deze modellen ons te achterhalen of bestaande en nieuwe 

farmacologische behandelingen pijn(gedrag) kunnen verlichten. In dit proefschrift 

is ook een nieuwe, valide en snelle techniek beschreven die toepasbaar is voor de 

detectie van genetische varianten. Deze zou dus  geïmplementeerd moeten 

worden in de algehele diagnostiek naar DVN. 

Medicamenteuze behandelmogelijkheden 

Dunne zenuwvezels hebben het hoogste regeneratieve vermogen en een snelle 

diagnose en start van een bijbehorende behandeling van DVN kan resulteren in 

substantiële regeneratie en herstel, vooral bij jonge, relatief gezonde patiënten. 

De huidige behandelingen voor pijnlijke neuropathieën, gericht op 

symptomatische pijnbestrijding, zijn grotendeels ontoereikend. Minder dan 50% 

van de patiënten bereikt 50% pijnverlichting met beschikbare medicijnen. De 

meeste beschikbare analgetica werken op verschillende niveaus (bijv. 

natriumkanalen, noradrenerge systeem, opioïderge systeem). 

In dit proefschrift hebben we de epidemiologie van genetische mutaties in onze 

cohorten beschreven, zowel nationaal en internationaal. Een betere beschrijving 

van pijnfenotype-genotype kan de basis vormen voor gepersonaliseerde 

pijnbehandeling, omdat de redenen waarom sommige patiënten op de 

behandeling reageren terwijl andere resistent blijven, beter zullen worden 

begrepen. Hoewel pijn kan worden gekoppeld aan meerdere genetische 
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factoren, beïnvloeden complexe omgevingsfactoren ook de individuele variatie in 

pijn, zoals ras, etniciteit, geslacht en sociale context en interpretatie van de 

pijnervaring. 

De huidige behandeling van neuropathische pijn is in wezen ‘trial-and-error’ 
waarbij behandelingen worden aangeboden, bijna op basis van een willekeurige 

proef voor een individu, beginnend met de minst ingrijpende behandeling om 

vervolgens een strategie te vinden die enige mate van verlichting biedt.  

Niet-medicamenteuze behandelingen 

Na verloop van tijd kan chronische pijn leiden tot wisselingen in sensatie, centrale 

sensitisatie en veranderingen in affectieve, cognitieve en emotionele toestand. De 

transformatie van een gezonde toestand naar een toestand die het vermogen van 

een patiënt beperken op het fysieke/mentale/sociale domein, kan resulteren in 

een negatieve cascade van falen van systemen die de toestand verergeren, 

waardoor een negatieve feed-forward-cyclus op gang komt. Daarom is het 

belangrijk om de ontwikkeling van deze pijn te definiëren en behandelingen te 

ontwikkelen die deze pijn zo snel mogelijk kunnen stoppen of omkeren. Om de 

meest geschikte behandeling te starten, is het belangrijk dat de behandelaar de 

hulpvraag verduidelijkt. In de meeste gevallen willen patiënten  van de pijn af. 

(Gedeeltelijke) pijnvermindering kan worden bereikt door de onderliggende 

oorzaak te behandelen of door symptomatische pijnbehandeling te starten met 

medicatie. Daarnaast kan een start met een revalidatieprogramma, 

gespecialiseerd in chronische pijn, patiënten vanuit een holistisch perspectief 

helpen wanneer pijn hun dagelijks leven (nog) aanzienlijk verstoort op 

verschillende domeinen, zoals mobiliteit, huishoudelijke activiteiten, taken op het 

werk en/of in sociale activiteiten. Een eerdere studie beschreef dat DVN-patiënten 

een ernstige algehele vermindering van kwaliteit van leven ervaren. 

Revalidatieprogramma's kunnen gericht zijn op pijneducatie en houden 

voortdurend toezicht op het opheffen van beperkingen in het dagelijks 

functioneren, ondanks de aanwezigheid van pijnklachten, onder begeleiding van 

een revalidatiearts, fysiotherapeut, ergotherapeut en/of gedragstherapeut. 

Toekomstperspectief 

Over het algemeen zou de ideale pijnbehandelaar expertise hebben op het 

gebied van pijnneurobiologie, gedragsgeneeskunde (inclusief psychiatrie/ 

psychologie), farmacologie en behandelprocedures. Integratieve zorg moet 

gericht zijn op behandelingen voor zowel symptoombeheersing als ziekte-

modificatie en moet specifiek zijn voor individuele patiënten. Bovendien zou een 

grotere kruisbestuiving tussen clinici en onderzoekers de gezondheidszorg vooruit 

kunnen helpen. 
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Hoewel we nog lang niet begrijpen wat neuropathische pijn als ziekte of 

symptoom veroorzaakt, of weten hoe we het kunnen genezen, hebben we een 

geweldige kans om deze nieuwe kennis over chronische pijn te gebruiken om 

nieuwe benaderingen uit te werken voor zowel het begrijpen als behandelen van 

chronische pijn.  

Impact op de samenleving 

Het gebied van chronische neuropathische pijngeneeskunde staat voor enorme 

uitdagingen. De incidentie van chronische neuropathische pijn neemt wereldwijd 

toe, vooral in de beter ontwikkelde landen. Epidemiologische studies hebben 

aangetoond dat de prevalentie in de algemene bevolking kan oplopen tot 7 tot 

8%, wat neerkomt op 20 tot 25% van de personen met chronische pijn. Als 

gevolg hiervan legt chronische neuropathische pijn een steeds grotere last op de 

Westerse samenlevingen in termen van kosten van medische zorg en 

productiviteitsverlies. Vanuit zorgperspectief bedroegen de totale gemiddelde 

jaarlijkse kosten van klinisch doorverwezen patiënten die een huidbiopsie en/of 

kwantitatief sensorisch onderzoek ondergaan bij bewezen DVN in 2020 € 29.8 

miljoen en vanuit maatschappelijk perspectief € 147.7 miljoen (gegevens 

Maastricht UMC+). De ontwikkeling van objectieve metingen van neuropathische 

pijn is van cruciaal belang om pijnbeheersing op de lange termijn te verbeteren 

voor het bepalen van modulatie van het zenuwstelsel die in de loop van de tijd 

kan plaatsvinden. Vanwege de huidige ontoereikende behandelingen voor pijn 

die momenteel beschikbaar zijn, vormen deze patiënten een groot probleem voor 

de volksgezondheid. 
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