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Introduction

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.'?

The clinical picture of SFN is characterized by positive and negative symptoms
and/or signs related to pain, temperature and autonomic functions.*> 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).® SFN generally presents as a length dependent pain syndrome
although non-length dependent patterns do occur.”® 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.’

SFN is associated with various underlying conditions including diabetes mellitus,
autoimmune diseases (e.g., celiac disease, sarcoidosis, Siégren’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.1°
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Chapter 1

Diagnostic assessments

Based on diagnostic criteria, SFN can be graded into possible, probable or
definite SFN.' 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."" 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.'2'3 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 QST>', 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.'? It is a reliable tool to confirm the diagnosis SFN,
by using age- and gender specific normative values.'®> 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.'?'¢
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.51917.18 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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Introduction

QST is used to determine the functional impairment of small nerve fibers by
measuring warm, cool and pain thresholds.”® 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.!?2
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.?'

Sensitivity of skin biopsy and specificity of the QST are moderate. Nevertheless,
the diagnostic criteria for SFN have been defined®>', 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.?2¢6

13



Chapter 1

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.?’

CCM is also a surrogate endpoint for evaluating therapeutic efficacy in clinical
trials of patients with diabetic neuropathy?®, even to detect regeneration of small
nerve fiber, after pancreas transplantation.?’

In SFN, CCM was also reported to be sensitive and to correlate with a variety of
parameters in a small group of SFN patients.® International normative reference
values has been documented for these CCM parameters.®! 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.3? 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.*

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.?* For example, skin elasticity, extensibility and echogenicity all
decrease with age.®®> 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

14



Introduction

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 SCN94, SCNT10A, and SCNT]A genes encoding for three sodium
channels (Na,1.7, Na,1.8 and Na,1.9 respectively)®¢-4°, 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.*' 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 Na,1.7 acts within the dorsal horn to
facilitate synaptic transmission of pain signals to second-order pain-signaling
neurons.*? Based on its distribution and physiological features, Na,1.7 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 Na,1.7, was first found in two rare
human painful conditions: inherited erythromelalgia (IEM) and paroxysmal
extreme pain disorder (PEPD).**** 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. |EM, 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 jow 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 pattern*S, which can alternate between the left and right
sides of the body during different pain episodes.*® Attacks can be triggered by
factors such as defecation, cold wind, eating, and emotion. Furthermore, gain-of-
function mutations of voltage-gated sodium channels Na,1.7, Na,1.8 and Na,1.9
have been identified in SFN and may play a key role in the pathogenesis of SFN
and axonal degeneration.?®47-50 |ncreased Na™ influx into axons expressing
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Chapter 1

mutant Na,1.7 channels might trigger calcium influx into IENF and their small-
diameter parent axons via reverse (Ca?*-importing) Na,-Ca?* exchange leading
to axonal degeneration.*

Moreover, in vitro studies showed a decreased length of DRG neurites expressing
the Na,1.7 gain-of-function variant 1228M.5" Estacion et al. found neurite
degeneration after several weeks in vitro in Na,1.7 mutant G856D challenged
with two stressors, including extended depolarization and inhibition of glycolysis.*’
No degeneration was observed in wildtype Na,1.7—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, SCN/A-SCNT 1A,
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© (DWSO) 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 SCN2A SCNI10A and SCNITI1A
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-SCNTTA, 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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Chapter 1

In chapter 8, we present a patient with an SCN9A-variant and clinical features of
IEM, PEPD and SFN, as an example of an SCN2A-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 A3 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 Na,1.7, Na,1.8 and Na,1.9
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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Small fiber neuropathy

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 Ad-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 distribution', although a non-length-dependent pattern of
symptoms may also occur.?® 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.®”

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.® 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.?'? 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.’®'

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.'®

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.'¢1?

Quality of Life

SFN leads to a significant reduction in the overall Qol?, at least in part due to
pain and autonomic symptoms. Thermal thresholds and reduced IENFD have
been reported to correlate with the detferioration of QolL.2' 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.??
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Furthermore, greater adjusted direct and indirect costs were reported at
increasing levels of pain in idiopathic SFN.%2

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.? 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
intfraepidermal nerve fiber density (IENFD) at the ankle and/or abnormal

thermal thresholds.'?425

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.?> Furthermore, according to this
definition, the diagnosis SFN should be considered only in patients with pure or
isolated impairment of the AS 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.?®

Diagnostic tests

In the past years, new technologies for the assessment of peripheral neuropathies,
including SFN, have become available.??” 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 festing
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 festing
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.?628 |[ENF are unmyelinated sensory endings with
exclusive somatic function that arise from nerve bundles of the sub-papillary
dermis.?? They lose the Schwann cell ensheathment as they cross the dermal-
epidermal junction®®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.?
Recent studies have shown that right and left-side |[ENFD 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.3

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.®*

IENFD decreases with ageing?® and values in upper arm and proximal thigh are
significantly higher than in wrist and distal leg, respectively.®> 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 syndrome®¢, meralgia paraesthestica®’, notalgia®®, Ehlers-Danlos
syndrome®’, and fibromyalgia*°, and non-painful disorders, such as Parkinson's

41-43 44-46

disease and related disorders*'*®, amyotrophic lateral sclerosis*“¢, critical

illness*’, and peripheral arterial diseases.*®

New fechniques to determine the IENFD with indirect immunofluorescence*’,
automated PGP9.5 immunofluorescence staining (laboratory developed test)®
and 3D-analysis®’ 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.’? Results showed that ENFLD is

comparable with [ENFD in differentiating between SFN and healthy individuals.>?
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.®® 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.>3

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.3? Indeed, several methods have been described to obtain a morphometry

of sweat gland and pilomotor muscle innervation.5#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.® It allows an /n vivo evaluation of disease or

surgery-induced alterations of corneal nerves.5’: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.>?

CCM is a non-invasive tool with high repeatability.®® Studies in patients with non-
length dependent SFN¢' and length-dependent SFN%2 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

3 and ofter contfinuous

patients after kidney and pancreas transplantation®
subcutaneous insulin therapy in comparison with injections without improvement

in the IENFD and QST.¢*

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.®3-%® Conversely, research on
patients with Parkinson’s showed an increase in CNBD and CNFL.#!
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Assessment of the function of small nerve fibers

* Quantitative sensory festing

Quantitative sensory testing (QST) is a non-invasive psychophysical method that
guantifies the thresholds of sensory perception carried by large and small nerve
fibers.®” QST is considered a diagnostic tool in SFN.3479 A recent consensus
meeting has provided recommendations for clinical use of QST’!, 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).”?”> 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.”

Thermal threshold deterioration was associated with intensity of pain in peripheral
neuropathy.”” 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.”® Furthermore, QST requires the patient to be alert
and cooperative, the test cannot discriminate between central and peripheral
nervous system diseases’” and may be influenced by malingering or other
nonorganic factors.8-8 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.?

* 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.® The use of
microneurography is increasing in disorders affecting the peripheral nervous
system.8-8? 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.?®

* Nociceptive Evoked Potentials

Nociceptive evoked potfentials can be used to investigate the conduction
properties of small nerve fibers in a fashion not dependent on patients’

7' These nociceptive evoked potentials can be

cooperation and atftention.
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 A3- and C-fiber activation, whereas induction of pain-related evoked
potentials (PREPs) involves the preferential stimulation of Ad-fibers.?? Skin
denervation induced by topical capsaicin causes the decrease of LEP amplitude.”®
LEPs are a validated technique to investigate the neural bases of nociception.?*?3
LEP amplitudes correlate with the reported intensity of perceived pain?®, and

97

negatively with age.”” Moreover, it is modulated by opioids’® and pain

expectation.??100

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

101

nerves, plexus, roots, spinal cord or brainstem)'®', 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.'%2 More recently, a strong correlation between CHEP amplitudes
with the degree of skin innervation was found in a large SFN cohort.'®® Patients
with sensory neuropathy and an IENF loss have lower-amplitude CHEPs.104-1%
However, CHEPs cannot be recorded in all healthy participants, which makes the
clinical interpretation of absent CHEPs difficult.'2

Intraepidermal electrical stimulation (IES) has also been described as a potential
additional tool in detecting functional changes in Ad-fibers and C-fibers in
SFN'7.108 "qnd in patients with neuropathic pain.'"

Imaging

* Perijpheral 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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10 'indicating changes in structure or morphology

index matched healthy controls
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.!"'"''? 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

113 114,115, sugges’ring

regions in the brain''3, especially in diabetic neuropathic pain
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.'¢
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
patient-specific factors (i.e. gender, genetic and epigenetic factors) may influence
the pain activation network.''®12% Psychological modulation as well as chronicity
of pain may influence the activation network, and should therefore be taken into

account. 21126

Autonomic testing

Changes in peripheral autonomic nervous system function may be an early
manifestation in SFN.'?” 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).'%

* 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.'?® 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 festing (RSART)

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.'271%0 |t 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.?®

* 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.’®! 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.'28

* 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.”%132

* Flectrochemical 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.!'3%1% The Sudoscan measures the electrochemical
skin conductance.'®1¥ 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.'35138139 A recent review concluded that normative values are
inconsistent across publications, and large combined data sets do not support a
high sensitivity and specificity.'*° 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 Il compound.™' 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.'*? The eutectic mixture of local anaesthetics (EMLA®) cream can also be
used as a vasoconstrictive factor with similar results.*145 In clinical practice, SSW
is usually performed in the hands and graded using a published 5-point-
scale.' 48 Foot skin wrinkling is hardly ever performed, as wrinkling is poor
because of higher sympathetic nerve activity to the lower limbs.’*” Reduced SSW
was found in patients with diabetic neuropathy'*%132 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.!'%3154

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.'5

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.’™® 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.'¢

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.?* 2% 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.'” 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.%8
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.'?
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Early degeneration of small nerve fibers can occur in the pre-symptomatic stage

of patients carrying transthyretin  mutations'®®, whereas patients with a

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

' Even in patients with a known possible aetiology, additional

neuropathy.'é
underlying causes can be found in 27% of patients.’” It is therefore
recommended fo 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.

Haemochromatosis:

MGU

Chemotherap

Alcohol abus

Vitamin B12 deficien

Diabetes mellitus:
Sodium channel gene mutations
Immunological conditions:

o o K
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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, Nay1.8 and Nay1.9, encoded by genes SCNZA, SCNT10A and SCNT 1A,
are preferentially expressed in peripheral neurons and are known to play a role in
human pain disorders.'%?

Gain-of-function SCN9A variants have been described in three painful human
pain conditions: inherited erythermyalgia (IEM), paroxysmal exireme 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

163,164

channelopathies paved the way for the development of isoform-selective

blockers as a targeted treatment modality.'63-167

Na,1.7 in [EM

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.’817° In most patients with
IEM, symptoms start in early childhood (prior to 5-6 years of age); occasional

.17 Except for reddening of the skin of

172

families show an older age at onse
affected body parts due to vasomotor dysregulation during attacks'’2, autonomic

symptoms, such as in SFN, has been rarely reported in IEM."¢?

IEM is an autosomal dominant painful neuropathy, caused by variants in
SCNGA.1$9171173 Gain-of-function variants that shift activation of Na,1.7 in a
hyperpolarizing direction, slow deactivation, and enhance ramp currents cause
[EM. Over 20 different IEM mutations have been discovered in Na,1.7, and
almost all mutations investigated so far result in a hyperpolarizing shift of
activation, allowing Na,1.7 to open at lower potentials compared with the wild
type!’4187 in familial cases'”?18-10 and children.'®'?! This left shift of activation
enhances excitability, intuitively explaining the pain phenotype.'741921%% The

189,194-199

phenotype, however, can be complex and variable , even within families

carrying the same variant.’®? The 1234T-mutation, which causes IEM-like pain

198,200 ond

phenotype, exhibits a complex phenotype that includes automutilation
bilateral congenital corneal anesthesia.?®' 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.?°? Several
variants have been reported without functional testing.2932%4 Recently, a Na,1.8

variant has been linked to a syndrome with clinical characteristics similar to
[EM.205

Na,1.7 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,
aond bradycardia that sometimes requires insertion of a pacemaker. PEPD is
caused by gain-of-function Na,1.7 variants that mostly result in impaired fast-
inactivation. So far, 10 variants in Na,1.7 are known that cause PEPD.2052'2 |t s
thought that the variant induces a depolarizing shift of steady-state fast
inactivation, hampering channel closure during action potential electrogenesis.

Na,1.7 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). SCNYA 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.?'322 Partial
deletion of pain perception was also described.??* The clinical phenotype of
patients with reduced pain sensibility due to Na,1.9-variants is different than
Na,1.7-associated CIP.225-227

Large hyperpolarizing shifts in the voltage dependence of activation in the
mutated Na,1.9 channels in these cases are associated with insensitivity to pain.
This evokes a massive degree of membrane depolarization that renders DRG
neurons hypoexcitable.?28

Nay1.7 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.?2? 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 Na,1.7 variant can be associated with a
range of clinical phenotypes, and the same clinical phenotype may be associated
with multiple different variants.'2229-236 The [228M variant, for example, may
present with facial pain, or with a distal SFN.2! Most SFN variants in Nav1.7 are
associated with distal pain, but the G856D variant was linked to a more complex
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phenotype of very severe pain, together with erythema, dysautonomia and small
hand and small feet (acromesomelia).?®* 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 Nay1.7 may adversely affect
limb morphogenesis during development.’! Furthermore, some variants present
with severe autonomic symptoms, while others do not. This differential effect of
certain Nay1.7 variants, rendering DRG neurons hyperexcitable and sympathetic
ganglion neurons hypoexcitable, can be explained by the presence or absence of
Nay1.8 in dorsal root ganglion versus sympathetic ganglion neurons,
respectively.'’2232 |n addition to providing a mechanistic basis for pain and
autonomic symptoms in SFN, the presence of gain-of-function mutations in Nay
channels may provide insights about the mechanisms that lead to degeneration
of axons in SFN. In vitro studies have demonstrated that reverse-mode (Ca?*
-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.'

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 Nay1.7 variant but with different pain profiles,
demonstrated that a variant of a second gene, in a potassium channel, can
infroduce a degree of resilience to pain.??” Some patients with painful SFN can
develop diabetes years after SFN becomes clinically manifest. It has been
speculated that Na,1.7 mutations, present in pancreatic 3-cells as well as DRG
neurons, may increase susceptibility for development of diabetes via B-cell injury
and produce painful neuropathy via a distinct effect on DRG neurons.?®® This
hypothesis remains to be experimentally tested.

Na,1.8 in SFN

The Na,1.8 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.'4329-241 Gain-of-function variants in Na,1.8 have been found in

242 which had an enhanced channel response to

patients with painful neuropathy
depolarization and produced hyperexcitability in DRG neurons, including reduced

current threshold, increased firing frequency and spontaneous activity. Other
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Na,1.8 variants have also been linked to SFNZ#324  some with a clinical
phenotype that includes a clinical picture that suggests severe dysautonomia.?
Variants in Nay1.8 were found in almost 5% of a group of 921 consecutive
patients with SFN.1%7

Na,1.9 in SFN

Nay1.9 is preferentially expressed in small-diameter DRG neurons, trigeminal
ganglion neurons, and infrinsic myenteric neurons.?*® Several human pain
disorders have been linked to dominant gain-of-function Nay1.9 variants,

247-249

including early-onset pain in distal extremities , cold-aggravated pain®°, and

SFN.?*1252 The expression of Na,1.9 in myenteric neurons can explain the
gastrointestinal symptoms reported by patients harbouring SCN7 1A variants.?48
Finally, gain-of-function variants in Nay1.9 have been reported in patients with a
complex clinical syndrome that includes insensitivity to pain.?26227.2%3 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.?%

Overlap between pain disorders

With the description of painful SFN caused by Nav1.7 variants, it has become
clear that the phenotype of Nay1.7 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.'822? Facial and diffuse or widespread pain can be seen in SFN
and PEPD204229.231 qnd also in IEM.'7° 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.?>*

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 Na,1.7 channels in smooth
muscle cells and sympathetic fibers innervating skin vessels may contribute to this
phenomenon.?>®> 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 PEPD?%¢ or SFN.2%
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 [EM and PEPD, respectively.??” 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.2%8
Overall at the structural level, most IEM variants tend to be located within the
domains | and Il of the protein, while PEPD variants are commonly located in the
domains Il and IV. The structural dichotomy parallels the biophysical effects of
the two types of variants.?>’

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 2.1.2¢0 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 Na,1.7, Na,1.8, and
Na,1.9 can cause pain disorders, it is important to discriminate disease-causing
variants, from disease-contributing variants and variants of uncertain
significance.”?¢ IEM and PEPD are due to rare, high impact, fully penetrant
variants in Na,1.7. 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 /n silico mutation-prediction programs is at best moderate, since
these algorithms do not always accurately predict changes in channel function.?
Consensus has been reached that newly described gene variants of SCNYA,
SCNI10A, and SCN11A should be assessed in the context of phenotype, family
history, in-silico analysis, and functional profiling of the variant channel, and urge
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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. 2%

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.?’ 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.?? At present, tfreatment 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

263,264 gnd the development of a new generation

165-167

targeting of existing medication
of specific sodium channel blockers.

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.?¢> Physical therapy modalities and rehabilitation techniques are
important options.?%¢ 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.?¢’

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 festing”, “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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