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Chapter 1.1

CLINICAL ASPECTS OF
SMALL FIBER NEUROPATHY
Symptoms and signs
Small fiber neuropathy refers to a subtype of polyneuropathies in which (only or
predominantly) small nerve fibers are affected: thinly myelinated A-delta fibers
(cutaneous cold perception and nociception), unmyelinated C fibers (thermoperception
and both chemical, pressure and heat nociception), and thinly myelinated preganglionic
and unmyelinated postganglionic autonomic fibers. Patients typically complain of
burning, lancinating pain and may have decreased temperature or pinprick sensation
as the only sign at examination. Autonomic symptoms can occur, such as dry eyes or
mouth, orthostatic intolerance, bowel disturbances (constipation, diarrhea, gastroparesis,
cramps), micturation disturbances, sweat changes (hyper- and hypohydrosis),
accommodation problems, impotence, ejaculation problems or diminished lubrication,
hot flashes, and cardiac palpitations.1-3 A symmetrical distal neuropathy seems more
prevalent, but small fiber neuropathy may be non-length dependent.4-6.
Diagnosis
No gold standard exists for the diagnosis of small fiber neuropathy. The combination of
typical symptoms, signs, and absence of large fiber involvement is required. Therefore,
nerve conduction studies (large fiber function) should be normal, while tests showing
small nerve fiber deficit may be abnormal..
Temperature and pain sensation is relayed by small nerve fibers, and several devices
and protocols have been developed for temperature threshold testing and (heat)
pain detection.7, 8 However, though quantitative measurement is possible, the test
result is still considered subjective.9 Registration of brain potentials, evoked by laser or
thermofoil heat pulses, provides objective results.10
Various function tests for the autonomic nervous system exist, examining pupillomotor,
cardiac, vasomotor, sudomotor, uro-genital and gastro-intestinal function.11 However,
sensitivity may be low, as has been demonstrated in the past.12-14
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CLINICaL aSPeCTS of SMaLL fIBer NeuroPaTHY

Historically, sural nerve biopsy was necessary to examine (both large and small)
peripheral nerve fibers. An invasive test one can only perform twice in one patient,
usually resulting in a permanent sensory deficit. With the ongoing development of
immunohistochemical techniques, small nerve fiber endings in epidermal layers of
the skin and other organs can now be visualized in small tissue biopsies15 (Figure 1).
Determination of intraepidermal nerve fiber density (IENFD) is considered a reliable
technique to assess loss and regeneration of small nerve fibers and is considered the
best surrogate marker for the diagnosis SFN. Guidelines have been published on the
use of skin biopsies in the diagnosis of SFN.16
figure 1. Skin biopsy.

intraepidermal
nerve fiber
epidermis

basal membrane

dermal nerve fiber

dermis

40x

dermal nerve bundle

A 3mm punch biopsy of the distal leg, immunostained with PGP 9.5.

For patients with Diabetes Mellitus, a definition of SFN has been proposed, emphasizing
clinical features and additional investigations:
• Possible SFN: length-dependent symptoms and/or clinical signs (pinprick and
thermal sensory loss and/or hyperalgesia).
• Probable SFN: length-dependent symptoms, clinical signs of small fiber damage
and normal nerve conduction studies of sural nerves.
• Definite SFN: length-dependent symptoms, clinical signs of small fiber damage,
normal nerve sural nerve conduction studies, and altered intra-epidermal nerve
fiber density at the ankle and/or abnormal quantitative sensory testing of thermal
thresholds at the foot.17
Others strongly recommend using these criteria in SFN of any cause, irrespective of
whether the neuropathy is length- or non-length dependent.18, 19
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Causes
SFN is associated with various disorders, such as metabolic, infectious, inflammatory
and genetic diseases. Table 1 provides an overview of SFN related disorders. Etiological
diagnosis is important in patients with SFN, since underlying causes may need
treatment. However, despite a thorough workup, the proportion of patients with
idiopathic or cryptogenic SFN remains substantial, ranging from 24% up to 93%.1, 20, 21
In patients with diabetes mellitus, a disease with increasing incidence and prevalence,22
an estimated 16-20% suffers from a painful neuropathy.23, 24 This is reported to be largely
attributed to small fiber involvement. 25
Voltage gated sodium channels play a cardinal role in neuronal action potentials,26
and several syndromes have been described in genetic Nav 1.7 abnormalities.27, 28 In
a recent study, gain-of-function SCN9A gene mutations have been described in SFN
patients.29 Recently, also mutations in Nav1.8 and Nav1.9 have been found in SFN. 30-32
Table 1 Conditions associated with small fiber neuropathy.
Pure SFN

Metabolic

Immune
mediated

Infectious

Toxic

Heredetary

Idiopathic

Neuro
-degenerative

Progression to mixed
polyneuropathy

Reduced IENFD, no
clear SFN

Impaired glucose tolerance 33, 34
Diabetes 17, 25
Rapid glucose control 35
Chronic kidney disease 38
Hyperlipidemia 36 Hypothyroidism 37
Sarcoidosis 39
Amyloidosis 44
Sjögrens’ syndrome 40
Vasculitis 45
Coeliac disease 41 Inflammatory Systemic lupus erythematodes
46
bowel diseases 42
Paraneoplastic neuropathy 43
Guillain-Barré syndrome 47
Leprosy 48
HIV 50
Epstein-Barr virus 49
Hepatitis C 51
Lyme neuroborreliosis 52
Antiretroviral drugs 53, Bortezomib 54
Hypervitaminosis B6 60
Metronidazole 55
Flecainide 56 Nitrofurantoin 57
Alcohol abuse 58, 59
Erythromelalgia 28
Familial amyloidosis 65
Nav1.7-mutations 29, 61
Fabry disease 62
Nav1.8-mutations 30, 31
Tangier’s disease 66
Nav1.9-mutations 32
Friedreich ataxia 67
Fabry disease 62
Cerebrotendinous
Ross’ syndrome,63
xanthomatosis 68
Haemochromatosis64
Hereditary sensory
autonomic neuropathies 69
70
Idiopathic small fibre neuropathy
Complex regional
Burning mouth syndrome71
pain syndrome
type I 72
Spinobulbar
muscular atrophy
(Kennedy’s disease) 73
Amyotrophic
lateral sclerosis 74
Parkinson’s disease75
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Treatment
Treatment so far relies on identification of underlying diseases/agents/toxins and
appropriate treatment (or cessation of toxin) if possible. This may lead to improvement
of complaints.55, 76-78 Special attention should be given to diabetic patients, as a tight
glycemic control may prevent or ameliorate symptoms.17 However, rapidly induced
glucose regulation invokes a painful neuropathy.35
Otherwise, only symptomatic relief of complaints is available. Usually, drugs to reduce
neuropathic pain are prescribed such as amitriptylin, pregabalin, carbamazepin.79
Unfortunately, only a proportion of patients will respond favorable to these drugs.
Prognosis
The overall prognosis of a patient, of course, depends on the underlying disease. In
idiopathic small fiber neuropathy, spontaneous symptom reduction, stable disease and
symptom progression have been described. Also, with varying underlying diseases,
progression to mixed fiber neuropathy may occur.20
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Chapter 1.2

OUTLINE OF THE THESIS
In this thesis, the diagnostic approach of small fiber neuropathy will be presented,
followed by a discussion of some clinical and clinimetric aspects.
In chapter two, first, Dutch normative values for intraepidermal nerve fiber density
at the distal leg are presented. The normative values are validated for clinical use by
comparing the healthy subjects with sarcoidosis patients with and without small fiber
neuropathy. Second, it is described how reference data for intraepidermal nerve fiber
density at the distal leg from nine collaborative laboratories around the world are
pooled and examined, validating our institutional findings, and creating worldwide
clinically applicable IENFD normative values.
A systematic review of temperature threshold testing is presented in chapter three,
discussing the great variability that exists in assessing TTT with regard to basic
equipment, testing methodology, and site of examination. It provides a series of
recommendations to improve its future use in patients with peripheral neuropathies.
The evaluation and optimization of the TTT protocol at the MUMC is thereafter
discussed, aiming for a more time efficient and patient friendly (with less burden)
protocol.
Normative values for contact heat evoked potentials, a possible complimentary
diagnostic test, are presented in chapter four.
The incidence and prevalence of small fiber neuropathy are important to recognize
the impact on population level and the results of a survey are presented in chapter
five.
In chapter six pain and autonomic dysfunction, key features in small fiber neuropathy
are evaluated in patients with SFN.
Last but not least, in chapter seven impact of small fiber neuropathy on quality of life
is discussed.
To provide a systematic overview, chapters eight and nine contain a summary and
general discussion, concluding with future perspectives.
Finally, chapter ten deals with valorization, the practical implementation of this study.
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Part II
DIAGNOSIS OF SMALL
FIBER NEUROPATHY

Chapter 2.1

INTRAEPIDERMAL NERVE
FIBER DENSITY AND
ITS APPLICATION
IN SARCOIDOSIS

M. Bakkers1, I.S.J. Merkies 1,2,3, G. Lauria 4, G. Devigili 5, P. Penza 4, R. Lombardi 4,
M.C.E. Hermans 1, S.I. van Nes 3, M. De Baets 6, C.G. Faber 1.
Department of Neurology, Maastricht University Medical Center, the Netherlands
2
Department of Neurology, Spaarne Hospital, the Netherlands
3
Department of Neurology, Erasmus Medical Center Rotterdam, the Netherlands 4Neuromuscular
Diseases Unit, IRCCS Foundation, “Carlo Besta” National Neurological Institute, Milan, Italy
5
Neurologic Clinic, University of Ferrara, Ferrara, Italy
6
School for Mental Health and Neuroscience, the Netherlands.
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INTRAEPIDERMAL NERVE FIBER DENSITY AND ITS APPLICATION IN SARCOIDOSIS

ABSTRACT
Background: Intraepidermal nerve fiber density (IENFD) is considered a good
diagnostic tool for small fiber neuropathy (SFN).
Objectives: To assess stratified normative values for IENFD, and determine its reliability
and validity in sarcoidosis.
Methods: IENFD was assessed in 188 healthy volunteers and 72 sarcoidosis patients
(n=58 with SFN symptoms, n=14 without SFN symptoms). Healthy controls were
stratified (for age and gender), resulting in six age groups (20-29, 30-39,...up to ≥70
years) containing at least 15 men and 15 women. A skin biopsy was taken in each
participant 10 cm above the lateral malleolus and analyzed in accordance with the
international guidelines using bright-field microscopy. Interobserver/intraobserver
reliability of IENFD was examined. In the patients, a symptoms inventory questionnaire
(SIQ; assessing SFN symptoms) and the Vickrey Peripheral Neuropathy Quality-of-Life
Instrument-97 (PNQoL-97) were assessed to examine the discriminative ability of
normative IENFD values.
Results: There was a significant age-dependent decrease of IENFD values in healthy
controls, with lower densities in men compared with women. Good interobserver/
intraobserver reliability scores were obtained (κ values ≥0.90). A total of 21 patients
with sarcoidosis had a reduced IENFD score (<5th percentile; 19 [32.8%] in patients
with SFN symptoms, 2 [14.3%] in patients without SFN symptoms). The validity of the
normative IENFD values was demonstrated by distinguishing between the SIQ scores
and various PNQoL-97 values for the different patient groups.
Conclusion: This study provides clinically applicable distal intraepidermal nerve fiber
density normative values, showing age-and sex-related differences.
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INTRODUCTION
Investigating sensory symptoms can be a diagnostic challenge. When a neuropathy
is considered, neurologic examination and nerve conduction studies generally do
not reveal abnormalities if predominantly small fibers are affected.1 There is no gold
standard for diagnosing small fiber neuropathy (SFN), though a sensory neuropathy
may present with small fiber involvement or indicate a disease causing pure small
fiber dysfunction.2 Typically, patients with SFN report burning pain in the extremities,
combined with autonomic dysfunction, such as dry eyes, changes in sweating, and
gastrointestinal and urogenital dysfunction.3
Quantitative sensory testing such as temperature detection thresholds, sudomotor
axon reflex, and cardiovascular autonomic testing are available techniques to
determine small nerve fiber function. However, some tests have disadvantages, such
as subjectivity, high burden for patients, or low sensitivity and specificity.4 In SFN, loss
of intraepidermal nerves is considered an objective diagnostic feature.5
There are several potentially treatable illnesses that may cause SFN. Diabetes mellitus is
the most frequent underlying disease, but several other metabolic, inflammatory, and
hereditary disorders cause SFN.2 Recently, SFN was demonstrated to occur in sarcoid
osis.6 Only a small sample of patients with sarcoidosis has been examined so far.
Determination of intraepidermal nerve fiber density (IENFD) is considered a reliable
technique to assess loss and regeneration of small nerve fibers. Several techniques
have been adopted; the most commonly used are bright field immunohistochemistry
and indirect immunofluorescence on punch biopsies.7-9 Reported interobserver/
intraobserver variability is good.10
The aims of the current study are to present normative IENFD values, stratified for age
and sex, for a collaborative group (Maastricht, The Netherlands; Milan and Ferrara, Italy),
and to examine the interobserver/intraobserver reliability and discriminatory validity
of IENFD in a cohort of patients with sarcoidosis.

METHODS
Participants
Healthy controls
Healthy controls were recruited from hospital personnel, from relatives and friends of
patients, at sports accommodations, and at informal meetings for the elderly, in The
Netherlands and Italy. Healthy individuals were stratified for age and sex, forming 6
age groups (20–29, 30–39, 40–49,...up to 70 years and older) consisting of at least 15
men and 15 women each. Eligibility criteria were lucid consciousness, no neurologic
symptoms, no history of alcohol misuse (defined as >4 IU/day), no use of drugs or
history of diseases that may cause sensory deficit (e.g., chemotherapeutic agents in
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the past, malignancy, diabetes mellitus, thyroid dysfunction, renal failure, peripheral
vascular disease, skin disorders), and normal findings at neurologic examination.
Patients
From October 2006 to June 2008, patients referred to the Maastricht Sarcoidosis
Management Center, a referral center for sarcoidosis in The Netherlands, were screened
for eligibility. Inclusion criteria for the study were age older than 18 years, no alcohol
abuse, no use of immunosuppressant or neuropathy-causing drugs, no concomitant
disease possibly causing SFN (normal laboratory findings for glucose, thyroid function,
blood count, and renal and liver function tests), and a neurologic examination without
signs of large fiber neuropathy or CNS involvement. Furthermore, nerve conduction
findings (assessing median, peroneal, and tibial motor nerves, and median and sural
sensory nerves under predefined conditions) had to be normal. All patients were
diagnosed as having sarcoidosis in accordance with postulated diagnostic guidelines.11
We only recruited therapy-naive patients or patients who had not received immuno
-suppressive therapy in the 6 months before inclusion, because the effect of these
medications on small nerve fibers is unknown.
Assessments
Skin biopsy
Published European guidelines on the use of skin biopsy in the diagnosis of SFN were
used.7 A 3-mm punch biopsy was performed under local anesthesia (1% lidocaine)
10 cm above the right lateral malleolus in all subjects. All biopsies were fixed in 2%
paraformaldehyde-lysinesodiummetaperiodate and stored at -80°C in a cryoprotective
solution (20% glycerol) before further processing. After cutting (Microm, HM560
Cryostar, Walldorf, Germany), the 50 μ thick sections were immunostained using a
free-floating method: after bleaching, the sections were blocked with goat serum,
incubated with the panaxonal marker PGP 9.5 (Ultraclone, Wellow, Isle of Wight,
UK), and secondary antibody (biotinylated anti-rabbit immunoglobulin G, Biozol,
Eching, Germany). The reaction was then visualized after endogenous peroxidase
blocking, with the Vectastain ABC kit and Vector SG substrate kit (Vector Laboratories,
Burlingame, CA). Epidermal length was measured and sections were counted with
bright field microscopy on a stereology workstation (Olympus BX50 with PlanApo
objective 40x[oil; NA= 1.0], Tokyo, Japan, and stereology software Stereo-Investigator
version 7.00.3, Micro-BrightField, Williston, VT), applying the established counting
rules.12 In brief, the rules state that to be counted, intraepidermal nerves have to cross
or originate at the dermal-epidermal junction, and secondary branches and fragments
are not counted. After fixing the specimens, at least 3 sections were analyzed under
the light microscope. IENFD is reported as the mean IENF of these 3 sections per
millimeter.
SFN symptoms inventory questionnaire
A simple SFN symptoms inventory questionnaire (SIQ) was constructed, based on
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international guidelines.13, 14 The SIQ includes 12 inquiries addressing the following
aspects: presence of palpitations, flushes, constipation or diarrhea, urination problems
(incontinence or hesitation), changes in sweating pattern, restless legs, orthostatic
dizziness, dry eyes or mouth, oversensitivity and sheet intolerance of the legs. Items
focused on the presence or absence of these symptoms (0 “no symptoms” to 12
“maximum number of symptoms”).
Vickrey Peripheral Neuropathy Quality-of-Life Instrument-97
The Vickrey Peripheral Neuropathy Qualityof-Life Instrument-97 (PNQoL-97) has the
Short-Form 36Item Health Survey as a generic core, supplemented with specifically
neuropathy related questions, resulting in a 97-item scale, with 91 items distributed
among 16 multiscale domains and 6 separately scored questions.15, 16 The domains
are physical functioning (11 items), role limitations due to physical health problems
(6 items), pain (7), energy/fatigue (5), upper extremities (6), balance (8), self-esteem
(6), emotional well-being (7), stigma (3), cognitive function (3), role limitations due to
emotional problems (3), general health perceptions (7), sleep (5), social functioning (9),
sexual function (2), and health distress (3).16 Each domain has a scoring range from 0
to 100. A high score indicates better health. For the purpose of the current study, the
original PNQoL-97 was translated–back-translated by 2 independent translators into
Dutch in accordance with international guidelines.14 Ambiguous items were discussed
until uniformity was obtained on all items. The Vickrey PNQoL-97 physical and mental
component summary score (V-PCS, V-MCS) values were calculated.16-18
Standard protocol approvals, registration, and patient consent
The study was approved by the medical ethical committees of all participating centers
and the CCMO (Central Committee for Human Related Research, identifier number
p06.0066L/MEC 05-224). Written informed consent was obtained from all participants
before inclusion.
Study design
General aspects
Examination occurred in a comfortable, temperature-controlled room. All participants
underwent a standardized interview, neurologic examination, and skin biopsy by a
skilled investigator (M.B.). All selected patients were recruited at the department of
neurology of the Maastricht University Medical Center (MUMC), The Netherlands. A
patient was classified as having SFN symptoms when he or she reported at least 1
of the following symptoms, not otherwise explained: burning pain in extremities,
dry mouth or eyes, changes in sweating, flushes, gastrointestinal dysfunction (con
stipation, diarrhea), cardiac symptoms (palpitation, dizziness on standing up), and
urogenital dysfunction (sexual dysfunction, incontinence). Those without any of these
symptoms were classified as having no SFN symptoms (patient control group). All
patients completed the SIQ and PNQoL-97.
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Reliability studies
All biopsies were coded, thus blinding the examiners. The IENFD of all participants at the
MUMC was counted by 1 researcher (M.B.). Fifty randomly selected slides (25 patients
plus 25 healthy controls) were also analyzed by a second examiner (C.G.F.) (local IENFD
interobserver reliability). These 50 slides were recounted by the examiners (interval at
least 2 weeks) for the IENFD intraobserver reliability scores of both examiners, without
having access to the earlier findings. To determine interobserver reliability between
laboratories, examiners at Milan (R.L.), Ferrara (G.D.), and Maastricht (M.B.) each counted
30 arbitrarily selected slides (healthy controls; 10 slides per center, circulating between
institutes).
The SIQ was completed twice (interval: 2–4 weeks) to examine its test-retest reliability.
Validity studies
The validity of the IENFD normative values was examined through discriminatory
studies with the SIQ and PNQoL-97 domains and component sum scores in the pa
tient group. In particular, we examined whether the normative data would help to
discriminate between the obtained scores in these outcome measures that are based
on patients’ own perception (sarcoidosis patients without SFN symptoms vs those pa
tients with SFN symptoms but normal IENFD scores vs those with SFN symptoms and
abnormal IENFD).
Statistical analysis
Data handling and normative values
Data collection, entry, and management were performed using the Teleform
automated processing system, striving to reduce the number of manual data entry
errors.19 All analyses were performed using Stata 10.0 for Windows XP (StataCorp LP,
College Station, TX). A value of p < 0.05 was considered significant.
Normative IENFD reference values were calculated in healthy controls (5th percentile
values, corresponding to a chosen specificity of 95%), depending primarily on age
and sex. Quantile regression analyses were performed to obtain the normative data. A
patient’s IENFD was considered to be abnormal if the corresponding value was below
the normative data 5th percentile lower limit, because this cutoff value has previously
been used.20 Weight and height were analyzed for possible correlating confounding
impact on IENFD normative values.
Reliability studies
Interobserver and intraobserver reliability scores for the IENFD and SIQ test-retest
reliability were determined using weighted κ statistic measures.21 The weights of the
were defined as 1-[(i-j)/(k-1)]2 (i = rows and j = columns of the ratings by two observers
or by the patients twice in time, k = maximum number of possible ratings).
Validity studies
The discriminative capacity of the obtained IENFD normative values was investigated
in 3 subgroups of patients (subgroup A: sarcoidosis patients without SFN symp

30

toms; subgroup B: sarcoidosis patients with SFN symptoms but normal IENFD values;
subgroup C: sarcoidosis patients with SFN symptoms and impaired IENFD scores [< 5th
percentile lower limit]) by comparing the obtained scores for SIQ plus PNQoL-97 values
in the patient subgroups (analysis of variance with corrections according to Bonferroni
multiple comparison tests for continuous variables; X2-test for ordinal variables).

RESULTS
General aspects
Recruitment was performed between January 2006 and June 2008. Skin biopsies were
collected in 188 healthy volunteers (Maastricht n = 105, Milan n = 44, Ferrara n = 39),
stratifying for age decade and sex (15 men and 15 women per age decade, range
20–82 years and older, forming 6 age decades). Most volunteers were white (97%).
Between October 2006 and June 2008, 211 patients with sarcoidosis were referred to
the MUMC (see Figure 1). Reasons for exclusion were immunosuppressive treatment
(65), comorbidity that could cause neuropathy (30), CNS involvement (11) and large
nerve fiber involvement found at neurologic or nerve conduction studies (21), and
inability or unwillingness to attend examination (9). Eventually, 72 patients met the
inclusion criteria and declared willingness to participate. Of these 72 patients, 58 were
categorized as having symptoms not otherwise explained and possibly caused by
SFN, and 14 were categorized as not having any SFN-related symptoms. All patients
mentioned fatigue as one of their main problems. The participants’ characteristics are
presented in Table 1. No complications were encountered in either healthy volunteers
or patients due to the skin biopsy.
Normative values
Normative IENFD reference values were calculated in 188 healthy controls. There was
a significant age-dependent decrease of IENFD values, with lower scores for men
compared with women (Figure 2).
Height and weight did not have any significant impact on the IENFD scores. The
obtained normative scores were subsequently translated per age span and sex for
clinical use, using the 5th percentile as a cutoff value (Table 2).
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Not meeting inclusion criteria (127)
Refused to participate (9)

Enrollment

Figure 1. Inclusion flowchart.
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We cannot provide a flowchart for the inclusion of the healthy controls, as we addressed people also
at meetings, specifically mentioning exclusion criteria, and did not register the number of people
attending. So those that we examined were already a subset of those that were approached.
We cannot provide a flowchart for the inclusion of the healthy controls, as we addressed people also
at meetings, specifically mentioning exclusion criteria, and did not register the number of people
attending. So those that we examined were already a subset of those that were approached.

Table 1. Basic characteristics of healthy controls and sarcoidosis patients, with or without small fiber
neuropathy complaint.
Healthy controls

Sarcoidosis patients
with SFN complaints

Sarcoidosis patients
without SFN complaints

188

58

14

97 (51,6%)
91 (48,4%)

25 (43,1%)
33 (56,9%)

7 (50%)
7 (50%)

47.0 (15.8), 20-82

45.4 (9.2), 29-70

46.5 (9.5), 27-65

Duration of complaints in years (SD),
range

-

7.9 (6.0), 1 - 32

9.4 (7.3), 2-28

Main initial reported symptom1

-

Burning feet 1.7%
Pain2 27.6%
Pulmonary3 32.8%
Fatigue 6.9%

Pain2 28.6%
Pulmonary3 28.6%
Fatigue 7.1%

Main current reported symptoms1

-

Burning feet 29.3%
Pain2 53.4%
Pulmonary3 6.9%
Fatigue 96.6%

Pain2 28.5%
Pulmonary3 42.9%
Fatigue 85.7%

Number
Gender (%)
Female
Male
Age, mean years (SD), range

1
Does not add up to 100% due to not separately mentioned symptoms (skin abnormalities, different
autonomic symptoms, uveitis, fever and weight loss).
2
Various pain modalities were addressed: thoracic pain, joint pain, other pain in extremities such as muscle pain.
3
Dispnea and cough were mentioned as the main pulmonary complaints.
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Figure 2. IENFD of 188 healthy individuals.
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Scatter plot showing normative intra epidermal nerve fiber density (IENFD) scores in healthy individuals
stratified for age and gender (5th and 50th centiles shown).
Table 2. Intra-epidermal nerve fiber density (IENFD) normative values for clinical use.
Females (97)
Age (years)

20 – 29
30 – 39
40 – 49
50 – 59
60 – 69
≥ 70

Males (91)

0.05 quantile IENFD
values per age span

median
IENFD values
per age span

0.05 quantile IENFD
values per age span

median
IENFD values
per age span

6.7
6.1
5.2
4.1
3.3
2.7

11.2
10.7
9.9
8.7
7.9
7.2

5.4
4.7
4.0
3.2
2.4
2.0

9.0
8.4
7.8
7.1
6.3
5.9

Reliability and discriminative validity studies
Good intraobserver reliability values were obtained for both researchers in Maastricht
(MB.: weighted κ = 0.95; C.G.F.: 0.90), with good interobserver scores as well (0.94). There
was also a good interobserver reliability between the examiners at the 3 institutes:
Maastricht-Milan: weighted κ = 0.78; Maastricht-Ferrara: 0.83; Milan-Ferrara: 0.91.
In the subgroup of patients with sarcoidosis and possible SFN symptoms (n = 58),
19 patients (32.8%) had impaired IENFD scores. In contrast, all patients without SFN
symptoms except 2 (14.3%) had normal IENFD values (X2-test: p=0.17). For further
discriminative validity studies, we divided the patients with SFN symptoms into those
with IENFD being normal and those with IENFD < 5th percentile lower limit, ultimately
having 3 subgroups for comparison (subgroup A: sarcoidosis without SFN symptoms,
n = 14; subgroup B: sarcoidosis with SFN symptoms, normal IENFD findings, n = 39;
subgroup C: sarcoidosis with SFN symptoms and abnormal IENFD values, n = 19).
Figure 3 illustrates that more SFN-related symptoms as reported by SIQ are present in
patients with abnormal IENFD, with a gradual transition between the 3 subgroups (X2test between subgroups: p<0.001). Hypersensitivity is reported by 14% in subgroup A,
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by 69% in subgroup B, and by 79% in subgroup C. Similar differences for symptoms of
dry mouth (50%, 72%, 79%) and orthostatic intolerance (36%, 67%, 84%) were found.
Presence of SFN symptoms in subgroup A was comparable to that in healthy controls
(data not shown). The SIQ demonstrated good test-retest reliability (weighted κ = 0.88).
figure 3. Discriminative validity of IENFD values related to the symptoms inventory questionnaire (SIQ)
score in sarcoidosis.
Reported SFN complaints by patients with sarcoidosis using a
symptoms inventory questionnaire
100%
21.3%

Sarcoidosis classified having no SFN
complaints

37.9%
75%

Sarcoidosis with SFN complaints
and normal IENFD

20.8%
89.0%

Sarcoidosis with SFN complaints
and impaired IENFD

100%
50%

57.9%

51.8%

25%

10.3%

11.0%

0%
0-3

4-7

8 - 11

12

 Amount of reported symptoms by patients

Bar chart showing patients with few (0-3), some (4-7), al lot (8-11) and all 12 symptoms, divided per subgroup:
Subgroup A, black (n=14): patients classified having no SFN complaints; Subgroup B, white (n=39): patients
classified having SFN symptoms, but normal IENFD at examination; Subgroup C, grey (n=19): patients
classified having SFN symptoms and abnormal IENFD.

A significant discriminative validity was obtained when comparing the results of the
PNQoL-97 domains between the 3 subgroups for pain, balance, energy/fatigue, upper
extremity function, cognitive functioning, and social functioning. Also, the physical
component score of this scale (V-PCS) showed a discriminative trend between the 3
subgroups of patients (Table 3). In general, these PNQoL-97 domains and V-PCS did not
significantly differentiate between subgroups B and C, patients with SFN symptoms,
but showed a trend of more reduced quality-of-life features in those with abnormal
IENFD (Table 3). The remaining domains and V-MCS did not show any difference
between the subgroups of patients.

34

Table 3. Comparison of PNQoL domain scores between subgroups of sarcoidosis patients.
Domain

subgroup comparison1

A versus B2

A versus C2

B versus C2

p<0.0001
p<0.0001
p=0.01
p=0.004

p<0.0001
p=0.003
p=NS
p=0.01

p<0.0001
p<0.0001
p=0.02
p=0.005

p=0.057
p=NS3
p=NS
p=NS

Cognitive
functioning

p=0.04

p=0.01

p=NS

p=NS

Social
functioning

p=0.04

p=0.03

p=NS

p=NS

Physical
component
score

p=0.0004

p=0.002

p<0.0001

p=NS

Pain
Balance
Energy/fatigue
Upper
extremities
function
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Overall result from ANOVA with corrections according to Bonferroni multiple-comparison tests.
Subgroup A: patients without SFN related symptoms; subgroup B: patients with SFN related symptoms and
normal IENFD; subgroup C: patients with SFN related symptoms and reduced IENFD.
3
NS=Not significant.
1
2

DISCUSSION
In the current study, we described the determination of the largest series of normative
distal leg IENFD values, stratified for age and sex. We demonstrated good interobserver/
intraobserver reliability and acceptable IENFD validity scores through association with
questionnaires. This series of skin biopsies is available for other researchers interested
in joining a quality control program and in enlarging their normative reference values.
Normative data for IENFD have been reported previously for the same location.20, 22-24 Our
results differ (lower values) from previous reports on IENFD normative values, which is
most probably explained by differences in sample size of healthy controls and in count
ing rules. We found lower IENFD values in men compared with women, and an agerelated decrease in IENFD, which is in conformity with these earlier reports.
Several neurologic tests have shown decreased function in healthy elderly, such as
diminished grip strength, temperature and vibration sensation, and nerve conduction
studies.25-28 Also, women have been reported to be more sensitive in quantitative
sensory testing.29, 30 On the structural level, age-related decline is noted too, for example,
in Meissner and Pacinian corpuscles.31, 32 The reasons for age-related decline and sex
differences may be related to differences in hormonal status.33 Progesterone and its
metabolites, for example, stimulate axonal growth and myelinization. Though it is also
synthesized in the nervous system, in female rats, it is more abundant because of the
gonadal production, and in experimental studies, nerve sprouting, regeneration, and
remyelinization are more rapid and more complete in female animals.34, 35
In our series, we were able to identify one-third of sarcoidosis patients with SFN using
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only sex-and age-related cutoff IENFD normative values. Our IENFD sensitivity turned out
to be lower compared with reported literature findings, which is most probably related to
differences in population of patients examined and differences in IENFD cutoff values.36-38
We only included patients with pure small fiber–related symptoms and excluded patients
with large fiber neuropathy. Others have examined patients with sensory neuropathy
symptoms (thus having thick nerve fiber involvement) and have demonstrated higher
sensitivity of reduced IENFD in these patients compared with those with only small nerve
fiber involvement.37, 38 Progression from pure SFN to large fiber involvement in patients
over time with further reduction of IENFD in these patients has also been reported, hence
underlining the notion of a continuum and progressive disease pattern.36
The current article addresses discriminatory validity between subgroups of patients with
sarcoidosis, translating pathology (small fiber findings in skin biopsy) to impairments
(SFN symptoms) and partly to quality-of-life expectations, by demonstrating differ
ences between sarcoidosis patients without SFN symptoms vs those with SFN
symptoms but normal IENFD vs those with SFN symptoms and impaired IENFD. Similar
findings have been reported in patients with various forms of inflammatory neuropa
thies.39 Although not significant, patients with SFN symptoms and impaired IENFD had
more physically oriented symptoms, such as more pain, less energy, and more balance
problems, and more social dysfunction compared with the other subgroups. Emotional
items scores did not differ between subgroups, thus excluding emotional problems as
an explanation for patients’ dysfunction. Hence, low IENFD contributes to the patients’
daily symptoms and physical burden and helps clinicians in understanding its impact
in patients with sarcoidosis.
There are some methodologic issues that should be addressed. First, a gold standard for
the diagnosis SFN was proposed: the presence of at least 2 abnormal results at clinical,
QST, and skin biopsy examinations.36 However, the validation of this proposition is beyond
the scope of the current study. Second, some caution is required when interpreting the
results, because the sample sizes of the various subgroups were relatively small. Third,
efforts were taken to subdivide the 72 selected patients into 3 subgroups based on a
systematic interview focusing on the presence of SFN symptoms. Despite these efforts,
patients of the subgroup without any SFN symptoms (subgroup A) reported through
the SIQ questionnaire some presence of symptoms, although relatively low compared
with the other 2 subgroups of patients (Figure 3). However, the presence of symptoms
in subgroup A was similar to that in healthy controls. Finally, we have not systematically
examined whether skin type or occupation might have any influence on IENFD.
The current study presents clinically applicable distal leg IENFD values, supporting
previously reported age-and sex-related differences. Validity through association with
an SFN-specific and generic quality-of-life questionnaire was acceptable. Hence, IENFD
is suggested as an alternative endpoint in future clinical trials in neuropathies, as has
been addressed previously.40 Further study in patients with SFN and validation of a
possible gold standard are recommended.
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ABSTRACT
The diagnostic reliability of skin biopsy in small ﬁber neuropathy depends on the
availability of normative reference values. We performed a multicenter study to
assess the normative values of intraepidermal nerve ﬁber (IENF) density at distal leg
stratiﬁed by age deciles. Eight skin biopsy laboratories from Europe, USA, and Asia
submitted eligible data. Inclusion criteria of raw data were healthy subjects 18 years
or older; known age and gender; 3-mm skin biopsy performed 10-cm above the
lateral malleolus; bright-ﬁeld immunohistochemistry protocol, and quantiﬁcation of
linear IENF density in three 50-μm sections according to published guidelines. Data
on height and weight were recorded, and body mass index (BMI) was calculated
in subjects with both available data. Normative IENF density reference values were
calculated through quantile regression analysis; inﬂuence of height, weight, or BMI
was determined by regression analyses. IENF densities from 550 participants (285
women, 265 men) were pooled. We found a signiﬁcant age-dependent decrease of
IENF density in both genders (women p < 0.001; men p = 0.002). Height, weight, or
BMI did not inﬂuence the calculated 5th percentile IENF normative densities in both
genders. Our study provides IENF density normative reference values at the distal leg
to be used in clinical practice.
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INTRODUCTION
Skin punch biopsy with measurement of intraepidermal nerve ﬁber (IENF) density
has become a valuable tool in the evaluation of patients with neuropathy. For some
patients, especially when small nerve ﬁbers appear to be predominantly affected,
this may be the only test that objectively shows abnormalities and thus conﬁrms
the diagnosis of small ﬁber neuropathy (SFN).1, 2 Although skin biopsy with IENF
quantiﬁcation has become standard and many laboratories have reported their
own normal values, questions remain. First, two different techniques are used (e.g.,
bright-ﬁeld immunohistochemistry and indirect immunoﬂuorescence with or without
confocal microscopy), which diagnostic yield has not been compared so far. Second,
and most important, the effect of anthropomorphic and demographic parameters,
including age, height, weight, and body mass index (BMI) on IENF density values is
unknown and stratiﬁed normative data are lacking. Indeed, most articles reported the
difference between cohorts of patients and healthy subjects in terms of mean, median,
or cut-off values.3-20 Some have demonstrated differences between men and women,
a decline of IENF density with increasing age, or confounding inﬂuence of height and
weight.3, 21-23 More recently, some of us reported the results of a multicenter study
showing age and gender-dependent IENF density values in healthy subjects.24 Because
it is debated whether these values are representative for other centers, we aimed to
calculate the normative reference values of IENF density at the distal leg through a
worldwide multicenter collaboration in order to support a general standardized use of
skin biopsy in the diagnosis of SFN.

MATERIALS AND METHODS
Participants
Nine groups who previously reported normative IENF density values at the distal leg
using bright-ﬁeld immunohistochemistry were approached for collaboration. They
were invited to provide the coordinating center (Milan, Italy) with their available IENF
density data for healthy subjects. Eight centers decided to participate in the project.
Eligibility criteria for inclusion of raw data were: (1) healthy subjects 18 years or older,
free of neurological signs and symptoms, and conditions known to be at risk for
neuropathy; (2) known age and gender; (3) specimens obtained through 3-mm punch
skin biopsy 10 cm above the lateral malleolus, in the territory of the sural nerve; (4) use
of bright-ﬁeld immunohistochemistry protocol according to published guidelines;25
(5) quantiﬁcation of linear IENF density (number of ﬁbers/millimeter) in at least three
sections of 50-μm thickness according to published counting rules (IENF have to cross
or originate at the dermal–epidermal junction, and secondary branches and fragments
are not counted).26 Data on height and weight were recorded when available, and
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body mass index (BMI = weight [kg]/height[cm] × height[cm]) was calculated in sub
jects with both available data.
Statistical analysis
Normative IENF density reference values were then calculated through quantile
regression analysis (Gould and Rogers, 1994).27 Possible inﬂuence of height and weight
(or BMI) on IENF density in men and women was determined by regression studies.
The median values and chosen cut-off at the 5th percentile are presented for men and
women per age decade.

RESULTS
Eight centers decided to participate in the study and provided data on 550 healthy
subjects (women: n = 285, age: mean 44.9 years [SD 15.2], range 19–92 years; men:
n = 265, age: mean 49.0 [SD 15.8], range 18–84 years). There was a signiﬁcant agedependent decrease of IENF density values in both genders (in women: p < 0.001;
in men: p = 0.002). Up to 70 years, the normative IENFD ﬁndings were lower in men
compared to women, but became equivalent in the older age groups (70 years plus)
(Figure 1 and Table 1).
Figure 1. IEFD of healthy individuals (285 women, 265 men).

Scatter plot showing normative intra epidermal nerve fiber density (IENFD) scores in healthy individuals
stratified for age and gender (lines depict 5th, 50th and 95th centiles).

Data on height were available from 320 subjects (161 women and 159 men) and on
weight from 247 subjects (117 women and 130 men). Women had a mean height of
163 cm (SD 10; range 141–198) and men of 173 cm (SD 9; range 150–196). Women
had a mean weight of 65.3 kg (SD 13.8; range 40–132) and men of 75.6 kg (SD 16.8;
range 48.6–164). Multivariate regression analysis did not show any signiﬁcant impact
of weight on IENF density in women, whereas in men there was a minor but signiﬁcant
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inverse correlation that explained a proportion of 12% of IENF density ﬁndings (R =
0.12; p < 0.001). The BMI values demonstrated similar ﬁndings: in women (mean 24.1
2
± 5.0 SD), where it explained only 3% (R = 0.028; p = 0.02) and in men (mean 24.7 ±
2
4.4 SD), where it explained 13% (R = 0.13; p = 0.001) of IENF density ﬁndings. Height
did not inﬂuence IENF densities in men or women. However, for the calculated IENF
density normative scores (5th percentile values), no inﬂuence of height, weight, or BMI
was seen in both genders.
Table 1. Intra-epidermal nerve fiber density (IENFD) normative values for clinical use.
Females (97)
Age (years) Number of
subjects

20 – 29
30 – 39
40 – 49
50 – 59
60 – 69
70-79
≥ 80

57
47
70
59
32
16
4

Males (91)

0.05 quantile
IENFD values
per age span

median
IENFD values
per age span

Number of
subjects

0.05 quantile
IENFD values
per age span

median
IENFD values
per age span

8.4
7.1
5.7
4.3
3.2
2.2
1.6

13.5
12.4
11.2
9.8
8.7
7.6
6.7

36
40
62
53
43
22
9

6.1
5.2
4.4
3.5
2.8
2.1
1.7

10.9
10.3
9.6
8.9
8.3
7.7
7.2

DISCUSSION
This report presents the pooled normative IENF density values at the distal leg from
eight skin biopsy laboratories. The ﬁndings demonstrated that IENF density gradually
declines with increasing age. Up to 70 years, the normative values were higher in
women compared to men. In the higher age groups (70 years plus), the normative
values became quite equivalent between the two genders. Moreover, we found
that height does not inﬂuence IENF densities, whereas weight and BMI had a small
inverse correlation in men. However, none of these parameters (height, weight, or BMI)
demonstrated a signiﬁcant impact on the 5th percentile IENF normative densities in
both genders. Therefore, the 5th percentile values provided can be used in clinical
practice without adjustment to these anthropomorphic parameters.
These results conﬁrm previous observations (Table 2) and deﬁnitely establish the
normative reference values of IENF density at the distal leg to be used in clinical
practice and research. Data originate from the largest sample size ever analyzed with
the same methods, and are valid for bright-ﬁeld immunohistochemistry using speciﬁc
counting rules, which exclude IENF fragments from quantiﬁcation. Fragments have
been formerly included in the quantiﬁcation of IENF density.28 Whether different
counting rules would give different cut-off values needs to be investigated by a
focused comparative study including healthy subjects and neuropathy patients.
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The decrease of IENF density values with age is in line with studies reporting an agerelated decline of other direct or indirect measures of neurological functions, such as
grip strength, sensory testing, sensory nerve action potential amplitude, and Meissner
and Pacinian corpuscle density.29-33 However, the correlation between age and loss
of unmyelinated axons in human beings is controversial.34 The reasons for the agerelated decline in IENF density are likely related to the physiological processes of aging.
The differences in epidermal innervation density between men and women may be
related to gender-related hormonal status.33 It has been shown that progesterone
stimulates axonal growth and myelination, and may have a neuroprotective effect
on IENF. Furthermore, nerve sprouting, regeneration, and remyelination have been
demonstrated to occur at a more rapid speed in female rats.35, 36
Skin biopsy with quantiﬁcation of IENF density at the distal leg is considered a reliable
tool to conﬁrm the clinical diagnosis of SFN.1, 2 Although conclusive diagnostic criteria
for SFN are not yet available, most authors used a similar deﬁnition based on normal
sural nerve conduction study, clinical symptoms and signs considered suggestive,
and altered skin biopsy or quantitative sensory testing (QST) ﬁndings.5, 24, 37-48 However,
in most clinical series patients were compared to normative mean or cut-off values
of IENF density obtained from nonstratiﬁed control groups. These values are higher
than the age-related normative values, possibly leading to an overdiagnosis of SFN.
The availability of cut-off values stratiﬁed per age decade and gender will allow the
deﬁnition of the clinical diagnosis of SFN with a higher certainty.
The 5th percentile cut-off values in this study were only slightly higher than those
recently reported, with comparable age-related decrease of IENF densities, even
though the subjects were not exactly stratiﬁed as it was presented previously.24
However, there are still some unresolved issues regarding the reliability of normative
IENF density values. The 5th percentile was used as cut-off value in previous works.24, 28
In a recent paper, Nebuchennykh and colleagues compared the diagnostic yield of skin
biopsy at the distal leg in 45 patients with SFN and 134 healthy subjects using three
statistical methods: (1) Z-scores, calculated from multiple regression analysis, which
cut-off values were estimated for each patient and adjusted for age and gender; (2)
5th percentile with 6.7 IENF/mm cut-off value; and (3) receiver operating characteristic
(ROC) analysis with a cut-off value of 10.3 IENF/mm.48 Z-scores and 5th percentile
showed higher speciﬁcity (98% and 95%, respectively) but lower sensitivity (31% and
35%, respectively) compared to the ROC analysis that showed speciﬁcity of 64% and
sensitivity of 78%. We agree that the diagnostic yield of skin biopsy may depend on
how the reference and cut-off values have been assessed and on the diagnostic criteria
for SFN which still need to be deﬁned. Further studies are warranted to establish
speciﬁcity and sensitivity values of IENF density using the reference normative values
provided by this work, which we consider valid for clinical practice use.
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98

55
87

106

84
188

1998

2001
2004

2004

2006
2009

Pan3
Chang49

Goransson22

Umapathi23
Bakkers24

Publication Sample
year
size

McArthur28

First author

Reliability

-

0.74-0.86

-

0.86-0.94

-

-

Interobserver Intraobserver Between
centers

IENFD 13.8 +/- 6.7
Teenagers have significantly higher IENFD

Conclusion

IENFD 13 +/-5.3
Correlation age and IENFD
IENFD age<40 13.6 +/- 0.85
-0.462
IENFD age>60 7.8 +/- 0.78 Males have lower
IENFD
IENFD females 13.6 +/- 4.6
IENFD males 10.5 +/- 3.9
IENFD=13.92+2.25 (gender) -0.6 x age

-

Validity

Mean
Mean
interobserver intraobserver
difference
difference
0.4 +/- 1.5
0.2 +/- 1.2
Not reported
IENFD decreases with age (16.1-10.8)
15 men and 15
0.94
0.9-0.95
0.78-0.91 Decrease in symptoms Decrease with aging, women higher scores
women
inventory questionnaire
per decade
(SIQ) score in sarcoidosis
(p<0.001)

Not reported

Yes, however
uneven
distributed
Not reported
Not reported

Stratification

Table 2. Published studies addressing normative values for intraepidermal nerve fiber density (IENFD).
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ABSTRACT
The diagnosis of small ﬁber neuropathy (SFN) has been recently deﬁned as typical
symptoms due to small nerve ﬁber dysfunction accompanied by reduced intraepidermal nerve ﬁber density (IENFD) or abnormal temperature threshold testing
(TTT). Guidelines have been published for the assessment of IENFD. However,
international guidelines for TTT are lacking. This paper presents a systematic literature
review on reported TTT methods and provides recommendations for its future use in
studies evaluating patients. A total of 164 papers fulﬁlled pre-deﬁned requirements
and were selected for review. Over 15 types of instruments are currently being used
with a variety of methodological approaches for location, stimulus application, and
sensation qualities examined. Consensus is needed to standardize the use of TTT as a
diagnostic and follow-up tool in patients.
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INTRODUCTION
To evaluate the sensory nervous system, bedside examination, nerve conduction
studies (NCS), and computer-assisted quantitative sensory testing devices are
used.1 NCS only provide information on large nerve ﬁber populations. As small
nerve ﬁber function cannot be evaluated with NCS, temperature threshold testing
(TTT), determining cold, warm and temperature-induced pain thresholds, has been
advocated as a possible tool for diagnosing small ﬁber neuropathy (SFN).2 This paper
presents a comprehensive review of reported TTT methods showing great variability
in assessing TTT with regard to basic equipment, testing methodology, and site of
examination. Recommendations for standardizing the use of TTT are provided.

MATERIALS AND METHODS
A literature search was conducted to identify all methodological studies published in
English in humans that included TTT as a diagnostic or follow-up assessment measure.
The search was performed in Pubmed, Medline, Embase, and Cochrane Library engines
(period: January 1960 to April 2011). In an attempt to capture all relevant articles,
the following pre-deﬁned search terms were used: temperature threshold, thermal
threshold, TTT, warm threshold, cold threshold, heat pain, cold pain, quantitative
sensory testing (QST). On the basis of title and abstract, a ﬁrst screening was performed
by two authors independently (M. B., M. P.), hereby determining possible relevance
of a paper. After reaching consensus, a full paper review and reference tracing was
conducted by both authors, independently. In case of discrepancies, the opinion of
a third reviewer (C. F.) was requested. Inclusion criteria for review were that the study
should report a clear description of test procedure or principle of TTT including the
applied testing system, algorithm, settings, condition, and location of testing.

RESULTS
Search results
The database search resulted in a total of 2,650 hits. Most papers were excluded because
inclusion criteria were not met. After having obtained consensus between the two
examiners, a total of 380 articles were selected for full paper review. Reference tracing
identiﬁed another 85 papers. Of these 465 papers, a total of 301 were subsequently
excluded due to limited or no evaluation of TTT and not fulﬁlling inclusion criteria, 149
papers were included in the ﬁnal review.
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TTT reported normative values
The reported TTT normative values for the various commercially available devices
are presented in Table 1. Variable age ranges have been used. Stratiﬁcation for age
and gender was only reported in 26%.3-10 An age category was excluded by some
researchers,11 while others dichotomized their ﬁndings by age.12, 13 The number of
healthy subjects included per study varied also considerably from 2614 to 484.15 Only
one study compared two devices and showed good correlation between the obtained
results.16
Testing algorithms
Multiple testing algorithms have been used in the various studies to determine the
TTT ﬁndings. These algorithms are classiﬁed as being reaction time-independent or
reaction time-dependent (Table 1). The reaction time-independent protocols are the
so-called ‘‘method of levels’’ or ‘‘forced choice’’ and present a subject with a speciﬁc
thermode temperature posing the question whether the temperature differs from a
baseline temperature or a previously presented temperature. Several protocols exist
for the assessment such as the ‘‘up and down transform rule’’, ‘‘staircase’’, or ‘‘4-2-1
stepping algorithm’’.17-19 Presenting a trapezoid waveform is generally recommended.20,
21
For the reaction time-dependent ‘‘method of limits’’, the thermode temperature
changes linearly from a baseline temperature and the subject is requested to react
by pushing a button as soon as a change in temperature is perceived. Subsequently,
the temperature returns to baseline, and this is repeated (in general three to seven
times) and averaged to obtain warm, cold, or pain thresholds. The ‘‘Marstock method’’
uses alternating warm and cold stimuli to obtain thresholds for both.14 Thresholds
are usually expressed in degrees Celsius (absolute temperature sensation threshold
or temperature change from starting temperature), or in ‘‘just noticeable differences’’
(CASE IV system).22 Moderate to high agreements have been reported between
different testing methods.15, 23 The ‘‘method of limits’’ is less time consuming 24, 25 with
similar sensitivity to detect abnormality compared with ‘‘method of levels’’;26 however,
several studies favor a reaction time-independent method, because reproducibility is
better.19, 20, 25, 26
Settings variables
Several variations in the settings of testing algorithms have been reported to inﬂuence
the ﬁndings during TTT evaluation. The reported thermode sizes differed between the
various studies. A larger thermode size results in lower thresholds, usually explained
by spatial summation.13, 20, 27-34 The existence of ‘‘warmth insensitive ﬁelds,’’ skin areas
with apparent lack of low threshold warm receptors, may also inﬂuence results.34-36
A strapped thermode has no signiﬁcant impact on results,37 while varying results are
seen when subjects themselves need to apply pressure to the thermode.38 A longer
stimulus duration in reaction time-independent protocols leads to lower heat pain

54

thresholds.39-41 An inter-stimulus interval less than a minute may delay the perception
of the following stimulus.42 Habituation occurs with repeated stimuli, especially when
testing heat pain.43 The rate of temperature change during testing affects thresholds
(higher rate results in higher thresholds) in the reaction time-dependent test algorithm
(limits).29, 38, 39, 44-50 Higher rates may also increase intra-subject variability.13, 40, 49, 51 With
temperature change rates under 1° C/s, adaptation of warm thresholds occurs.52, 53
Baseline temperature of the thermode inﬂuences the temperature thresholds. For
example, a colder thermode (30°C) leads to better detection of decreasing temperature
and a warmer (35°C) to better detection of increasing temperature, but also increases
absolute threshold values.27, 51, 54, 55 Limited data exist on the inﬂuence of environ
mental temperatures. However, very cold (<10°C) or warm (>25°C) environmental
temperatures change skin temperature and warm/cold threshold perception.56
When reported, room temperature is mostly kept around 22° C, with some reports
allowing for 10–60 min of acclimatization preceding testing.11, 39, 50, 55, 57-61 Only few
studies have actually changed the skin temperature to study its possible effect on
pain 39, 62 and warm and cold detection thresholds,51, 56, 63 with a positive linear relation
between skin temperature and warm and cold detection threshold in one study.56 Skin
temperatures within the range of 25–35°C seem of little inﬂuence in testing heat pain
39, 62
or temperature thresholds.63-68 However, an inconsistent pattern has been noted
by which skin temperature inﬂuences results.59 Temperature perception varies with
body location, feet being usually less sensitive than hands,3, 6, 8, 9, 12, 13, 15, 17, 19, 23, 29, 30, 52, 60,
63, 64, 67, 69-77
but this is not consistently reported.78-80 Hairy skin seems more sensitive to
pain than glabrous skin,39, 78, 81 but less sensitive for warm and cold detection.63, 75 Face
and especially the lips are most sensitive of all skin areas.10, 67, 76, 77, 82, 83 The tongue is less
sensitive.84 Left–right differences are insigniﬁcant.9, 10, 12, 22, 67, 75, 78, 80, 82, 83, 85-89
Subject variables
In addition to device variables that may inﬂuence the results, subject variables should
also be taken into account. Several studies in adults have reported an increase in
temperature thresholds with aging, up to 7°C,3, 6-9, 12, 15, 19, 25, 64, 65, 67, 72, 77, 83, 90-96 although this
is not always a consistent ﬁnding.4, 13, 17, 57, 74, 85, 87, 97-100 Women are often found to be more
sensitive to temperature stimuli than men,4, 9-11, 57, 66, 83, 87, 88, 90, 101-104 but this ﬁnding is not
always consistently reported.13, 17, 19, 25, 73, 96, 99, 100, 104, 105 The gender difference is sometimes
explained by differences in anthropometric data such as height and weight.8, 66, 106-108
However, stratiﬁcation for age and gender (in normative studies) was often inadequate
(Table 1). Race does not appear to inﬂuence temperature detection thresholds, but
has been suggested to inﬂuence pain experience.109-111 TTT is not objective. Results
obtained in healthy, paid volunteers may differ from those of laboratory personnel,
indicating that cognitive and motivational aspects may be important.76 Concentration
is essential for reliable results, and the noise of the testing device itself may be a
distraction. In repeated testing over time, silence is considered important to keep
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intra-subject variability small.112 Sleep deprivation might decrease heat and cold pain
thresholds,113 although another study showed an effect on mechanical pain thresholds,
but not on heat pain.114 Cognitive function needs to be intact for best test results,
and reduced cognitive function was found to inﬂuence cold thresholds.95 However, in
healthy elderly, cognition was not an important factor in heat threshold detection.57
With a proper (reaction time-independent) protocol, even in patients with mental
retardation, TTT has been reliably performed.115
Reproducibility and responsiveness
A diagnostic test should be accurate, consistent, and reproducible (Hobart et al.,
1996)116 and should capture relevant changes (responsive) over time.117 Reproducibility
of TTT has often been examined with variable results. As few as ﬁve healthy subjects65
to over 1,100 diabetic patients118 have been tested repeatedly, with testing intervals
of minutes50, 61, 82, 119, 120 up to a year,121, 122 which also contributes to the variations in
ﬁndings. A comprehensive summary of the reproducibility ﬁndings is provided in
Table 2. Several studies have calculated the repeatability coefﬁcient,123 and showed a
wide range from 0.54 to 10.6°C.6, 9, 19, 26, 87, 96, 120, 124-127 Some studies examined reliability
by determining the intra-class correlation coefﬁcient (ICC), which varied considerably
(ICC: 0.32–0.97).61, 87, 118, 125, 128-130 Others have reported the coefﬁcient of variation and
correlation coefﬁcients, again with a wide range of results.5, 7, 24, 29, 70, 73, 90, 97, 118, 128, 131-137
Best reported coefﬁcient of variations were under 5% (warm/heat sensation), but
sometimes group means instead of individual values were used, which makes these
results less suitable.17, 23, 126 When both warm and cold are tested, usually no large
difference is observed between reproducibility of the thresholds between these two
modalities. Some studies have shown that warm thresholds have better reproducibility
than cold thresholds,7, 25, 26, 85, 97 while other studies have shown the opposite.61, 101, 125, 129
Pain thresholds were more variable than warm and cold thresholds, especially cold
pain.50, 59, 60, 82, 126 Cold pain is also often not studied, as early reports noted absence of
cold pain in approximately 15% of healthy subjects.14, 74, 85 No signiﬁcant mean change
in the temperature thresholds of polyneuropathy subjects occurred after 6–24 months
in several studies,138-141 though coefﬁcient of variation was reported to be high.97 Slight
increases of perception thresholds have been found in long-term follow-up (1–2 years)
of diabetes patients 121, 134, 142, 143 and Fabry patients.144 Unfortunately, it is unclear if the
reported changes are clinically relevant and truly capture responsiveness.

DISCUSSION
This paper addresses the complexity of TTT examination in clinical practice reported
over the last ﬁve decades. Great variability in ﬁndings exists between studies using a
number of devices, different testing algorithms, settings (like variations in thermode
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size, stimulus duration, rate temperature change, baseline temperature) and sites of
assessment, and examining various types of sensory qualities in various cohorts of
subjects. Reports on normative values differ considerably, likely due to results not
stratiﬁed for age and gender, varying numbers of subjects examined, both of which
hamper clinical applications and utility. Reproducibility has been determined using
an equally large array of statistical methods and in different populations with poor to
excellent results. There are no studies that examined the responsiveness of TTT in a
comprehensive manner. This lack of standardized TTT assessment in clinical practice
makes it difﬁcult to compare results found in different studies in the same population
of patients. The German Research Network on Neuropathic Pain (DFNS) has compiled
a comprehensive protocol for quantitative sensory tests to be used in multicenter
studies and has trained participating investigators centrally.83, 145 However, worldwide
standardization has yet to be agreed and initiated.
On the basis of the ﬁndings of this review, the following recommendations are made
for the use of TTT that could also serve as a frame for a consensus workshop aiming to
standardize TTT use:
There should be age and gender stratiﬁed normative values.
The reaction time-independent method (method of levels) is suggested, based on no
effect of stimulus rate,39, 48 better reproducibility19, 20, 23, 25, 26 and applicability in subjects
that are difﬁcult to examine such as children and cognitive impaired subjects.59, 115
As warm and cold sensation are conveyed by different subsets of nerve ﬁbers,146
assessment of both is suggested.
Pain assessment is not recommended, because pain thresholds depend on stimulus
duration,39-41, 47 are less reproducible than warm and cold thresholds,50, 59, 60, 82, 126 and
cold pain is often not perceived.14, 74, 85
The thermode should be strapped to the body 37 and be large enough to prevent
testing warmth insensitive ﬁelds.34-36
The parameters of the stimuli should be standardized, preferably using a trapezoid
waveform.20, 21
The optimal basal thermode temperature has not been determined, but a temperature
approximately 32°C is recommended as this is currently most often used.
The subjects should be examined in a quiet,112 comfortable temperature controlled
room (approximately 22°C). Room temperature need only be corrected if warmer than
25°C or cooler than 15°C.56
Skin temperature should be within the range of 25–35°.63-67
Reproducibility is better at hands than feet,6, 19, 26, 70, 120 but symptoms often present
at feet ﬁrst. Therefore, assessment at both hands and feet is suggested. However, the
clinical value of comparing the various sites of examination should be the focus of
future comparative studies.
A comparative study should be performed between the two or three most widely used
devices to determine (non-) superiority of one of these devices (Case IV, WR Medical
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Electronics Co., Stillwater, MN, USA; TSA, Medoc, Ramat Yishai, Israel; Thermotest,
Somedic, Stockholm, Sweden) and corresponding clinimetric parameters.
In 2003, the American Academy of Neurology concluded that ‘‘Quantitative sensory
testing (QST) is a potentially useful tool for measuring sensory impairment for clinical
and research studies. However, QST results should not be the sole criteria used to
diagnose pathology. Because malingering and other non-organic factors can inﬂuence
the test results, QST is not currently useful for the purpose of resolving medicolegal
matters. Well-designed studies comparing different QST devices and methodologies
are needed and should include patients with abnormalities detected solely by QST’’.147
To this date, this conclusion still holds its grounds.
In conclusion, the current review highlights the enormous variability found in the
assessment of TTT and provides a series of recommendations to improve its future use.
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Limits
Limits
Forced choice,
up-down
transform rule
Forced choice
Pain: limits
Forced choice
Forced choice
Levels
Up-down
transform rule
Levels

Marstock1

Marstock1

Glasgow2

Custom Peltier
based device

TST5

TST5

Thermal testing
system4

Thermal testing
system4
Thermal testing
system4
TTT3

TTT3

PATH tester6

Kenshalo148
1986

Arezzo70
1986
Merchut98
1990
Fowler64
1987

Le Quesne4
1990
Armstrong5
1991
Hansen71
1987

Bravenboer6
1992

Claus25
1990

Forced choice,
up-down
transform rule
Forced choice,
up-down
transform rule
Forced choice
Limits

Limits

Marstock1

Ziegler72
1988
Jamal17
1985

Limits

Marstock1

Fruhstorfer14
1976
Fagius3
1981
Guy12
1985

Algorithm

Device

First author,
publication date

Hand, foot

Volar wrist, forearm,
medial ankle, thigh

Cheek, thenar, abdomen,
lateral foot
Thenar, lateral dorsum
foot
Index finger, thenar,
lateral foot, plantar big
toe
Thenar, dorsum foot

Test location

1.6x3.6cm

-

Medial ankle

Ventral wrist, medial
ankle

Wrist,
dorsum foot

Sole of foot

26 cm2 ?
-

Dorsum foot

?

Big plate to Index finger, great toe
touch
Big plate to Index finger, great toe
touch
7.5 cm2
Face, hand, foot
26 cm2

7.1cm2

2.5x5cm

2.5x5cm

2.5x5cm

2.5x5cm

2.5x5cm

Thermode
size

Table 1. Overview of TTT devices and reported normative values, grouped by device.

Warm, cold

Warm, cold

Warm, cold

Warm, cold

Warm, cold

Difference 2 peltier
plates
Difference 2 peltier
plates
Warm, cold

Warm, cold
Heat pain

Warm-cold limen,
heat pain, cold pain
Warm, cold

Warm-cold limen

Warm, cold, limen
(pain not reported)
Warm-cold limen

Tested threshold

35°C

34°C

34°C

?

?

?

25°C

25°C

33°C
40°C

34°C

30°C

30°C

30°C

30°C

26 (no)
Age 18-39
51 (age, gender)
Age 21-70
54 (divided 2 age groups)
Age 21-55yr

Normative values
(stratification)

1

1

1

?

?

1

-

-

1

55(no)
Age 20-79 yr

80 (age, gender)
Age 25-65 yr

209 hand, 116 foot, 76
face (no)
Age 5-85 yr
139 (age, gender)
Age 20-70 yr
120 (age, gender)
Age 18-70
96, foot 69 (no)
Age 6-76 yr

48 (no)
Age 19-31
Age 55-84
100 (no)
Age 18-65 yr
54 (age)

0.1-0.4 70 (no)
Pain 1-2 Age 16-74 yr
1
106 (no)
Age 6-73 yr

1

0.9

1-1.5

Baseline Rate
temp
°C/sec
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59

60

PATH tester6

Claus7
1993
Navarro73
1991

Limits

Algorithm

TSA9

TSA9
&
MSA10

TSA9

Blankenburg10
2010
Limits

Limits

Limits

TSA9

TSA9

Levels,
Pain: limits
Levels, limits

TSA9

Rolke83
2006

Kelly60
2005
Lin15
2005
Huang92
2010

Levels
Pain: limits
Levels
Limits

TSA9

Bartlett8
1998
Kemler9
2000
Meier59
2001

TSA9

Levels

TSA9

Yarnitsky96
1995
Limits

Custom Peltier
Forced choice
based device
Custom
Forced choice
Peltier based device
CASE IV8
Levels
4-2-1 algorithm
TSA9
Levels
Limits

Bertelsmann69
1985
de Neeling149
1994
Dyck22
2005
Yarnitsky19
1994

Thermal stimulator7 Limits

Device

First author,
publication date

Table 1. Continued

Thenar, dorsum foot

2.5x5cm

2

9cm2

12.5cm

9cm2

3x3cm

3x3cm

2.5x2.5cm

3x3cm

2.5x5cm

2.9x4.6cm

3x4.6cm
Warm, cold

Heat pain

Difference 2 peltier
plates
Difference 2 peltier
plates
Cold,
heat pain
Warm, cold

Cheek, dorsum hand,
dorsum foot

Cheek, dorsum hand,
dorsum foot

Warm, cold,
heat pain, cold pain

Warm, cold,
heat pain, cold pain

Warm, cold,
heat pain, cold pain

Thenar, medial forearm, Warm, cold,
dorsum foot, lateral leg heat pain, cold pain
Thenar, dorsum foot
Warm, cold
Upper and lower limb

35°C

32°C

32°C

32°C

32°C

32°C

32°C

32°C

32°C

32°C

Skin
temp
Skin
temp
30°C
34°C
32°C

1

1.5
1

1

1

1.5
1.5

1

-

1

2

1

4

-

1.5
-

0.5

1

Baseline Rate
temp
°C/sec

Warm, cold and limen 33°C
Heat pain, cold pain

Warm, cold

Tested threshold

Volar wrist, dorsum foot Warm, cold,
heat pain, cold pain
Thenar, dorsum foot
Warm, cold,
heat pain, cold pain

Thenar, dorsum foot

Thenar, dorsum foot

Hand, foot

10 cm2

3x4cm

3x4cm

Dorsum finger, dorsum
hand, dorsum foot,
medial calf
Dorsum hand, dorsum
foot
Dorsum foot

Medial ankle

Test location

2x2.5cm

1.6x3.6cm

Thermode
size

Data TSA and MSA
combined
176 (age. Gender)
Age 6-16 yr

180 (no)
Age 17-75 yr

50 (no)
Age 19-59 yr
484 (no)
Age 20-86
274 (no)
Age 23-87

36 (no)
Age 24-91
216 (no)
Age 50-76
Approx 180 (no),
age18-80
106 (divided by gender
and age groups)
Age 20-80 yr
106 (divided by gender
and age groups)
Age 20-80 yr
148 (age, gender)
Age 20-86
50 (age, gender)
Age 20-70 yr
101 (no)
Age 6-17 yr

100 (age, gender)
Age 20-74
75 (no)
Age 17-62

Normative values
(stratification)
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Limits

Limits

Limits

Limits

Limits

2.5x5cm
1cmØ
2.8cmØ
12mmØ

1.5x2.5cm

1.5x2.5cm

1.5x2.5cm

3.8cm2
or
12.5cm2
2.5x5cm

2.5x5cm

Thermode
size

Warm, cold,

Tested threshold

Shoulder
Malleolus
Finger, thenar, dorsal
forearm
-

Cheek, thorax, abdomen,
upperarm, forearm,
thenar, thigh, lateral leg,
dorsum foot
Thenar, volar forearm,
distal calf, dorsal foot
Thenar, volar forearm,
distal calf, dorsal foot
(cheek)
Thenar, volar forearm,
distal calf, dorsal foot

Thenar, hypothenar,
tarsal region

Warm, heat pain

Warm, cold

Warm, cold

Warm, cold

Warm, cold

Warm-cold limen
Heat pain, cold pain
threshold

Warm, cold,
heat pain, cold pain

volar wrist, medial ankle warm, cold, heat pain

Face,

Test location

2

1

Marstock thermostimulator: predecessor to Thermotest (Somedic, Stockholm, Sweden)
Glasgow thermal system is predecessor to the TTT
3
TTT: Thermal threshold tester® (T.T.Tester) (Medelec, Ltd, Old woking UK)
4
Thermal testing systme: Middlesex Hospital Medical School
5
TST: Thermal Sensitivity Tester (Sensortek inc, Clifton, New Jersey)
6
PATH-testerMPI 100 (PHYWE Systeme GmbH, Göttingen, Germany)
7
Thermal stimulator: peltier device from Thermal Devices Inc, Mt airy, MD, USA
8
CASE IV: Computer Aided Sensory Evaluater IV (WR Medical electronics co., Stillwater, Minnesota, USA)
9
TSA: Thermal sensory Analyser 2001 (Medoc, Ramat Yishai, Israel)
10
MSA : Modular sensory analyzer Thermal Stimulator (Somedic, Stockholm, Sweden)
11
Thermotest™, optional with Senselab™ software (Somedic, Stockholm, Sweden)
12
HVlab thermal esthesiometer (University of Southampton, Southampton, UK)
13
TSM: Thermo sensibility Measuring Device (Institute of Fluid Dynamics and thermodynamics, Magdeburg, Germany)

TSM

13

HVlab12

Thermotest11 (S)

Seah11
2008
Leonhardt150
2005

Thermotest11 (S)

Hilz29
1996
Hilz30
1998

Thermotest11 (S)

Limits

Thermotest11

Meh67
1994

Hilz13
1999

Limits

Thermotest11

Verdugo74
1992

Limits

Thermotest11

Claus85
1987

Algorithm

Device

First author,
publication date

Table 1. Continued

25°C

32.5°C

32°C

32°C

32°C

30°C

32°C

35°C

>10?

1

1

1

1
1

4
0.1

1-1.5
7.5
2

1-1.5

Baseline Rate
temp
°C/sec
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61

74 (no)
Age 3.2-6.9
225 (divided in 2 age
groups)
Age 7-17.9
225 (divided in 2 age
groups)
Age 18-80
159 (18-80)
80 (23-75)
80 (age, gender)
Age 20-30 and 55-65
-

150 (divided by gender)
Age 10-73 yr

40 (no)
Age 20-71 yr
77 (no)
Age 19-78 yr
61(no)
Age 17-72 yr

Normative values
(stratification)

62

10 Healthy controls
Tested 10x (≥1day)

46 Healthy controls (23 female)
Tested 2x(7 months)

Arezzo70
1986

Armstrong5
1991

226 DMa patients
Tested 2x (1 month)

39 Healthy controls
TSA2
36 Chronic non-neuropathic pain (limits)
Series of stimuli on 1 day
(habituation)
Tested 2x (2-8 days) (repeatability)

Agostinho43
2009

Thermal testing
system4
(levels)

TST3
(forced choice)

PATH-tester1
(limits)

35 Healthy controls
35 DMa patients subclinical PNPb,
7 subsequent stimuli

Abad120
2002

Device (algorithm)

Number of subjects
Times tested (interval)

Author
Publication date

Warm, cold
(foot)

Difference from 25
(Index finger, great toe)

Warm, cold, heat pain, cold
pain (thenar)

Warm, cold, heat pain
(dorsal hand, foot)

Tested threshold
(site)

Table 2. Reproducibility of temperature thresholds, in alphabetical order of first author.
Result

Controls (hand)
warm: 2.2 °C
cold: 1.7 °C
pain: 3.4 °C
Patients (hand)
warm: 5.9 °C
cold: 6.0 °C
pain: 5.3 °C
Controls (foot)
warm: 4.8 °C
cold: 3.3 °C
pain: 2.8 °C
Patients (foot)
warm: 7.2 °C
cold: 2.8 °C
pain: 3.9 °C
Correlation coefficient Warm 0.44
Cold 0.54
Heat pain 0.52
Cold pain 0.61
ANOVA
Warm/heat not significant
Cold/cold pain detection better on
first day
Coefficient of variation Mean finger 19%
Mean toe 26.6%
Total range 8.1%-47.1%
Coefficient of variation Controls:
Warm male 66.8%
Warm female 60.3%
Cold male 71%
Cold female 61.1%
Patients:
Warm 3.2-108.1%
Cold 8.8-129.5%

Repeatability
coefficient

Statistics*
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20 Healthy controls
Tested 2x (7 days) intra-observer/
test-retest

Becser87
1998

30 Healthy controls
20 DMa patients
Tested 2x (1week)
>1100 DMa patients with mild
PNPb
Tested 3x (within 4 weeks)
39 DMa patients
Tested 2x (2 weeks)

32 Healthy controls,
10 consecutive measurements

Bertelsmann69
1985

Claus85
1987

Bravenboer6
1992

Bird118
2006

3 DMa patients
Tested 4 consecutive days

Benbow135
1994

20 Healthy controls
Tested 2x (10 min) inter-observer

Number of subjects
Times tested (interval)

Author
Publication date

Table 2. Continued

Thermotest5
(limits)

Case IV7
(4-2-1 stepping
algorithm)
Thermotest5
(forced choice)

Custom made
(forced choice)

Marstock6
(limits)

Thermotest5
(limits)

Device (algorithm)

Warm, cold, heat pain
(foot)

Warm, cold (ventral wrist,
medial ankle)

Cold
(dorsal foot)

Limen,
heat pain
(foot)
Difference
(hand, foot)

Facial sites, thenar

Result

Range/ dispersion

Intraclass correlation
coefficient
Coefficient of variation
Repeatability
coefficient

Range/ dispersion

Cold: 30%
Hand warm 0.19-1.19 °C
Hand cold 0.7-1.01 °C
Foot warm 4.34 °C
Foot cold 0.6-4.69 °C
(higher values in abnormal range)
Depends on rise time
Warm: up to 5°C
Heat pain: up to 8°C
Cold: up to 11°C

Cold: 0.68-0.73

Controls: all hands 0.5°C maximum
Patients: feet some over 5°C

Thenar warm 0.62 °C
Maxilla warm 0.96 °C
Thenar cold 0.75 °C
Maxilla cold 0.86 °C
Intraclass correlation Thenar warm 0.8
coefficient
Maxilla warm 0.45
Thenar cold 0.67
Maxilla cold 0.75
Repeatability
Thenar warm 0.55 °C
coefficient
Maxilla warm0.56 °C
Thenar cold 0.54 °C
Maxilla cold 0.96 °C
Thenar warm 0.69
Intraclass correlation Maxilla warm 0.32
coefficient
Thenar cold 0.6
Maxilla cold 0.48
Coefficient of variation Limen 12%
Heat pain 8%

Statistics*

Warm, cold
Repeatability
(10 facial sites, thenar, dorsal coefficient
hand)

Tested threshold
(site)
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71 Healthy controls
Tested 2x
20 DMa patients
Tested 2x (3-5days)

25 Healthy controls
Tested 2x (1-14 days)

34 Healthy controls,
4 consecutive measurements

13 Healthy controls
Tested 4x (4x on 1 day or interval
1,3,5 weeks)
27 Patients
Tested 4x (1, 3-7, 7-13 weeks),
some 7x daily

Doeland90
1989
Dyck129
1991

Dyck151
1996

Essick82
2004

Fagius3
1981
Marstock6
(limits)

Custom made
(forced choice)
Case III, IV7
(4-2-1 stepping
algorithm)
CASE IV7
(4-2-1 stepping
algorithm)
Custom made
(limits)

38 Healthy controls +DMa patients Custom
Tested 2x (13-24 days)
(forced choice)

De Neeling149
1994

TSA2
(limits, levels)

PATH-tester1
(limits)

20 Healthy controls
Tested 2x (2-3 weeks)

30 Healthy controls
12 DMa patients
Tested 2x (1week)

100 Healthy controls
Tested 1x 6 stimuli

PATH-tester1
(limits, forced
choice)

Device (algorithm)

Defrin23
2006

Claus7
1993

55 Healthy controls
1st trial

Claus25
1990

Tested 3x (1day)

Number of subjects
Times tested (interval)

Author
Publication date

Table 2. Continued

Warm, cold, heat pain, cold
pain
(8 face locations, scalp, volar
arm)
Warm-cold limen (Thenar,
lateral dorsum foot)

Heat pain
(volar forearm)

Warm, cold
(foot)
Warm, cold (dorsum foot)

Warm, heat pain (chest,
forearm, dorsal hand, thigh,
dorsal foot)
Warm-cold limen
(dorsum foot)

Warm, cold (medial ankle)

Warm, cold (medial ankle)

Tested threshold
(site)

Result

Warm 0.12 °C
Cold 0.08 °C
Heat pain 0.91 °C
Cold pain 2.71 °C
Intra-individual
Touch, temperature and vibration
threshold variation as combined:
% first measurement -90 to 265%
95% confidence interval from -60 to
+150%

Variance

Correlation coefficient Warm: 0.77
(linear)
Cold: 0.66
% change from mean Warm: 2%
Cold: 19%
ANOVA on coefficient No significant difference between the
of variation of results 2 sessions (or between regions)
per session
Standard deviation
0.49
difference
(95% confindence interval 0.39-0.61)
Reliability coefficient 0.54
Coefficient of variation (95% confindence interval 0.26-0.73)
0.72 (72%)
Coefficient of variation Warm: 58.4%
Cold: 56%
Intraclass correlation Warm approx 0.8 with large
coefficient
confidence interval
Cold > 0.9, small confidence interval
Variability of difference Approximately “two steps of just
noticeable difference”

Coefficient of variation Limits Warm: 35.8 %
Cold: 62.1 %
Forced Warm: 51.5 %
Cold: 89 %
Reliability coefficient Limits: 0.71-0.83
Forced: 0.78-0.89
Coefficient of variation Warm 32%
Cold 65%

Statistics*
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26 Healthy controls
No description on frequency/
interval
60 Patients (mainly PNPb)
2 observers, each tested patients
2x
(1 day apart)

10 Healthy controls
3 sessions
2 days
2 testers

Fruhstorfer14
1976

Gelber80
1995

10 Healthy controls subjects
Tested 5x (1-8 days)

18 Healthy controls
18 DMa patients
Tested 2x (1 month)

5 Healthy controls
Tested 3x (1 week)

Golja101
2003

Guy12
1985

Halar65
1987

140 Healthy controls, several
testers

37 Healthy controls
Tested 2x (1-2 weeks)

Fillingim105
1999

Geber152
2011

Number of subjects
Times tested (interval)

Author
Publication date

Table 2. Continued

TST3
(forced choice)

Thermal testing
system4
(forced choice)
Marstock6
(limits)

TST3
(forced choice)

TSA2
(limits)

Marstock6
(limits)

TSA2
(limits, levels:
different rise times)

Device (algorithm)

Statistics*

Result

Difference
(index finger, 2nd toe)

Warm-cold limen (index,
thenar, lateral foot, plantar
big toe)

Warm, cold
(volar forearm)

Cold
(finger, toe)

Warm, cold, heat and cold
pain
(symptomatic skin)

Correlation coefficient Normal hand: 0.69
(Spearman)
Abnormal hand: 0.91
Normal foot: 0.79
Abnormal foot: 0.89
Coefficient of variation Finger: 0.12
Toe: 0.24

Technician-technician Finger 60%
Toe 145%
Centre-centrer
Finger 47%
Toe 87%
ANOVA
Not significant
ANOVA group results Warm: significant differences
Cold: not significant

Correlation coefficient Warm: 0.80
(Spearman)
Cold: 0.85
same observer
Heat pain: 0.88
Cold pain: 0.81
Different observers
Warm: 0.84
Cold: 0.85
Heat pain: 0.87
Cold pain: 0.81
Coefficient of varition: Finger 80%
Day
Toe 114%
Day-day
Finger 41%
Toe 95%

Correlation coefficient Limits: 0.87
Levels 0.5°C /sec: 0.90
Levels 4°C /sec: 0.87
Threshold difference Significant
(T- test?)
Warm, cold, limen (cheek,
“Intra-individual variability smaller
thenar, abdomen, lateral foot)
inter-individual variability”

Heat pain
(volar forearm

Tested threshold
(site)

Chapter
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Number of subjects
Times tested (interval)

28-30 Healthy controls
Tested 2x (same day)

38 Healthy controls
Tested 3x (day 1,2,7)

30 DMa patients, no clinical PNPb
Tested 4x (4,8,12 months)

32 Healthy controls
26 DMa patients,
8 consecutive measurements

20 Healthy controls (adult)
Tested 2x (1-8 days)
35 Healthy children
Tested 2x (1-58 days)

Author
Publication date

Hansen71
1987

Heldestad126
2010

Hendriksen121
1993

Hilz153
1988

Hilz51
1995
Hilz29
1996

Table 2. Continued
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Thermotest5
(limits)
Thermotest5
(limits)

Thermotest5
(limits)

TTT8
(forced choice)

Thermotest5
(limits)

TTT8
(forced choice)

Device (algorithm)

Warm, cold, limen (volar
forearm)
Warm, cold (Thenar, volar
forearm, distal calf, dorsal
foot)

Warm, cold, heat pain
(medial malleolus)

Warm, cold
(right forearm)

Warm, cold, heat pain, cold
pain (volar forearm)

Warm, cold
(wrist, dorsum foot)

Tested threshold
(site)

Result

Wrist warm: 0.073
Wrist cold: 0.082
Foot warm: 0.798
Foot cold: 0.137
Repeatability
Before pain threshold testing
coefficient
Warm: 0.62-1.35 °C
Cold: 0.66-1.22 °C
After pain testing:
Warm: 1.64-2.54 °C
Cold: 2.54-3.14 °C
Heat pain: 3.58-7.72 °C
Cold pain: 4.39-9.24 °C
Coefficient of variation Before pain: 0.68-1.5%
between days (using After pain: 1.6-3.9%
absolute threshold)
Heat pain: 2.6-7.6%
Cold pain: 11.4-27.7%
Within a day
All: 0.46-7.3%
Correlation coefficient Warm: 0.68
(Spearman)
Cold: 0.61
averaged
Change from baseline Warm: 16.8%
Cold: 21%
Range/
Depends on rise time
dispersion
Cold>heat>warm
Controls:
Warm up to 4.5 °C
Cold up to 11°C
Patients:
Warm up to 6°C
Cold up to 26°C
Wilcoxon signed rank Not significant
test on group mean
Correlation coefficient In 4-7yr old children: 0.4<r<0.8
(Spearman)
In 3 yr old children:
Wilcoxon signed rank not reproducible
test on group mean Not significant

Standard deviation
difference

Statistics*

TEMPERATURE THRESHOLD TESTING: A SYSTEMATIC REVIEW

TST3
(forced choice)
TST?3
(limits)

TSA2
(limits)

225 Healthy controls (adult),
5 consecutive stimuli

106 Healthy controls
3x (≥24 hours, ≥2 weeks)

53 CRPSc type I patients
Tested 2x (1 month)

10 DMa patients <55yr
Tested 3x within 6 months
5 Healthy controls
Tested 3x (within 3-6 weeks)

131 DMa patients
Tested 2x (1-12 weeks)
20 Healthy controls (women)
Tested 2x (1wk)

Hilz13
1999

Jamal17
1985

Kemler26
2000

Levy97
1987
Levy24
1989

Lowenstein137
2008

TSA2
(limits, levels)

Glasgow9
(forced choice)

Thermotest5
(limits)

225 Healthy children and juveniles, Thermotest5
5 consecutive stimuli
(limits)

Hilz30
1998

Device (algorithm)

Number of subjects
Times tested (interval)

Author
Publication date

Table 2. Continued

Warm, cold
(volar forearm)

Difference
(dorsal foot)
Warm, cold, heat pain
(dorsolateral foot)

Warm, cold, (volar wrist,
dorsum foot)

Warm, cold (Thenar, volar
forearm, distal calf, dorsal
foot, cheek)
Warm, cold (Thenar, volar
forearm, distal calf, dorsal
foot, cheek, shoulder,
malleolus)
Warm
(forearm)

Tested threshold
(site)

Warm: 0.7-2.7 °C
Cold: 0.7-2.8 °C

Result

Difference group
mean
Correlation coefficient
(Spearman)
Mean threshold
comparison

Warm: 0.73
Cold: 0.47
Not significant:
Warm: p 0.95
Cold: p 0.1

Sensortek: Significant lower threshold

Coefficient of variation Sensortek: 29%
Marstock: warm 14% cold 42%

Warm: 0.2-3.2°C
Cold: 0.2-3.9°C
Low on cheek, higher in elder
subjects
Coefficient of variation Up to 6%
Deviation from initial Up to 5%
measurement (group
mean)
Repeatability
Normal limb - affected limb
coefficient
Limits
Wrist warm: 1.7 - 5 °C
Wrist cold: 2.3 - 3.7 °C
Foot warm: 2.9 - 4.4 °C
Foot cold: 5.3 - 3.4 °C
Levels
Wrist warm: 1 - 2 °C
Wirst cold 0.8 - 0.7 °C
Foot warm 5.4 – 4 °C
Foot cold 4.1 - 5.8 °C
Coefficient of variation 46%

Warm en cold range
(means)

Warm en cold range
(means)

Statistics*
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2x12 Healthy controls
Consecutive tests, 3 or 4x but
results regarding 2 sessions
8 Healthy controls (men)
Tested 3x (12 days)

Lynn119
1977

13 Healthy controls
Tested 2x (4 weeks)

Meh67
1994

TSA2
(limits, levels)
TST3
(forced choice)
Thermal stimulator
(limits)
Thermal stimulator11
(limits)

TSA2
(limits)

101 Healthy controls
Tested 2x (2-4 weeks)
4 Healthy controls
4x (? days)
10 DM patients
Tested 2x (1 month)
5 Healthy controls
Tested 10x (1day)

10 Healthy controls
10 DMa patients
Tested 2x (1 month)
10 Healthy controls (women),
3 consecutive measurements

Palmer50
2000

Thermotest5
(limits)

TST3
(forced choice)

HVLab10
(limits)

Custom
(limits)

Device (algorithm)

Meier59
2001
Merchut98
1990
Navarro154
1989
Navarro73
1991

4 Healthy controls,
4 consecutive days

5 Healthy controls
5 DMa patients
Tested 3x (1-145 days)

Maser132
1989

Maeda38
2002

Number of subjects
Times tested (interval)

Author
Publication date

Table 2. Continued

Root mean square
error
Correlation coefficient
(Pearson)
NB: Different testing
conditions
Coefficient of variation
Controls:
Finger (mean): 34%
Toe (mean): 24%
Patients:
Finger (mean): 29%
Toe (mean): 26%
4 weeks:
Limen -50 - 67%
Heat -11.2 - 13.7%
Cold -25.9 - 27.7%

Warm: 1.844-10.10
Cold: 1.775-4.893
Warm: 0.043-0.939
Cold: -0.045-0.871
Best with 1°C/sec, 0.5N push force

ANOVA

Heat pain significant differences
Warm, cold and cold pain only
different at higher temperature
changing rates

0.97

8-15%
(Not specified)

0.97

Consecutive:
Limen -55.4 - 55.9%
Heat -10.8 - 5.5%
Cold -4.6 - 10.5%
Wilcoxon signed rank Not significant
test on group mean
Variance
0.09-0.38 °C

Warm, cold, heat pain, cold
pain (thenar, dorsum foot)
Temperature difference
(second digit hand)
Thermal sensitivity limen
Correlation coefficient
(hand, foot)
Warm, cold and limen, heat Coefficient of variation
pain, cold pain
(dorsum finger, dorsum hand,
dorsum foot, medial calf )
Correlation coefficient
Warm, cold, heat and cold
pain (thenar)

Result

Correlation coefficient Heat pain: 0.84
(Spearman)

Statistics*

Warm-cold limen, heat and Range of variation
cold pain (cheek, thorax,
abdomen, upper arm,
forearm, thenar, thigh, lateral
leg, dorsum foot)

Difference from 25
(index finger, great toe)

Warm, cold (middle finger)

Heat pain
(neck, abdomen, leg)

Tested threshold
(site)
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19 Glucose intolerant patients
Tested 2x 3 sessions (1 day)

10 Healthy controls
Tested 2x (2day-3mth)

10 Healthy controls
Tested 3x (? days)

31 Healthy controls (women)
Tested 3x (3-10 days)

36 Healthy controls (18 women)
CASE IV7
Tested 4x after 1, 12, and 24 weeks (4-2-1 stepping
algorithm,
just noticabel
differences,JND)

290 DMa patients
Tested 2x (1 month)
(Only results, no data)

Peltier130
2009

Redmond128
1990

Ruffell55
1995

Sand127
2010

Selim104
2010

Sosenko134
1992
TST3
(forced choice)

Thermotest5
(limits)

HVLab10
(limits)

Custom made
(limits)

CASE IV7
(4-2-1 stepping
algorithm)

TSA2
(limits)

24 Healthy controls
Tested 6x (8 minutes)

Palmer61
2005

Device (algorithm)

Number of subjects
Times tested (interval)

Author
Publication date

Table 2. Continued

Intraclass correlation
coefficient

ANOVA

Intraclass correlation
coefficient

Statistics*

Warm: 0.74
Cold: 0.93
Heat pain: 0.98
Cold pain: 0.97
Significant differences within 1 hour,
warm, cold, heat pain not cold pain
Between 2 sessions:
1 versus 2: 0.83
1 versus 3: 0.85
Between 2 days
(first session): 0.81
-0.33 to 0.81

Result

Intraclass correlation
coefficient
Coefficient of variation Intra-individual 11-46%
Inter-individual 14-89%
Warm, cold, limen (finger)
Root mean square
0.5-6 °C
error
Correlation coefficient 0.03-0.95
(Pearson)
% change from 1st day -50 to +4%
Heat pain cold pain
Repeatability
Heat: 3.8-5.6
(face, forehead, neck, hand) coefficient
Cold: 6.2-10.6
Lowest values in face and hand
Cold, heat pain (proximal and Aggregate intraHeat pain 0.9 JND
distal skin site at lower leg)
subject variation
Cold 1.8 JND
(standard deviation)
intersubject variation
Standard error for
Heat pain 0.9-1.5 JND
difference between
Cold 1 JND
any pair of times
Heat pain 0.17-0.18
Cold 0.34
Warm, cold (hallux)
Coefficient of variation Warm: 7.8%
Cold: 7.6%

Warm, cold, limen (cheek,
thenar, calf, sole)

Cold threshold (dorsal foot)

Warm, cold, heat pain, cold
pain (thenar)

Tested threshold
(site)
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132 DMa patients
Tested 2x (4 weeks)

62 DMa patients
Tested 3x (17, 52 weeks)

32 Healthy controls
81 DMa patients with PNPb
(approximately)
Tested 2x (1-60 days)

20 Healthy controls
Tested 3x (1, 21 days)

76 Healthy controls
(approximately)
Tested 2x
(2 weeks approximately)

Valensi131
1993

Valk122
2000

Vinik136
1995

Wasner155
2008

Yarnitsky19
1994
TSA2
(limits, levels;
staircase: warm)

TSA2
(limits)

TST3
(forced choice)

TTT8
(forced choice)

Thermal testing
system4
(forced choice)

11 Healthy controls (men),
Marstock6
7 measurement sessions on 2 days (limits)

Strian133
1989

Device (algorithm)

Number of subjects
Times tested (interval)

Author
Publication date

Table 2. Continued

Warm, cold
(thenar, dorsum foot)

Heat pain, cold pain
(dorsum hand)

Warm, cold
(great toe)

Warm, cold (wrist)
5 different starting
temperatures
(worst results with lowest
temperature)

Heat pain, cold
(foot?)

Warm, cold, heat pain
(thenar, dorsum foot)

Tested threshold
(site)

Result

Correlation coefficient Described as “Around 0.7 with
(Pearson)
cold>warm but with larger range in
cold”
Wilcoxon signed rank Not significant
test on group mean
Coefficient of variation Heat pain:
Inter-person 61.1%
Intra-person 32.8%
Total 64.5%
Cold:
Inter-person: 73.6%
Intra-person: 15.7%
Total: 116.6%
Standard deviation
Warm: 0.21
difference
Cold: 0.22
Smallest detectable
Warm 21%
difference
Cold 28%
Correlation coefficient Warm 0.76
(Pearson)
Cold 0.49
Coefficient of variation Warm: 0.83 (83%)
Cold: 0.75 (75%)
Kappa on
Warm: 0.76
interpretation normal/ Cold: 0.72
abnormal
Interclass correlation 1 Day:
coefficient
Heat pain: 0.78
Cold pain: 0.95
21 Days:
Heat pain: 0.89
Cold pain: 0.65
Repeatability
Hand warm 0.57-1.59 °C
coefficient
Hand cold 1.04-1.96 °C
Foot warm 3.76-4.30 °C
Foot cold 3.02-3.78 °C
(higher results with limits)

Statistics*
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76 Healthy controls
(approximately)
Tested 2x
(2 weeks approximately)
30 Healthy controls
Tested 4x (1 week apart)

19 Patients with radiculopathy
Tested 2x (1-2 hours)

Yarnitsky96
1995

Yarnitsky124
1996

Zwart125
2002
Thermotest5
(limits)

TSA2
(limits)

TSA2
(limits)

Device (algorithm)

Warm, cold, (6 sites at leg)

Heat pain
(thenar, dorsum foot)

Heat pain
(thenar, dorsum foot)

Tested threshold
(site)

Repeatability
coefficient
Intraclass correlation
coefficient

Repeatability
coefficient

Repeatability
coefficient

Statistics*

Hand: 5.31 °C
Foot: 4.74 °C
(first session biased towards lower
threshold)
Warm: 3.5-7 °C
Cold: 1.3-3.4 °C
Warm: 0.35-0.67
Cold: 0.4-0.83

Hand: 5.58 °C
Foot: 4.47 °C

Result

Abbreviations:
a
DM: Diabetes Mellitus
b
PNP: polyneuropathy
c
CRPS: Complex Regional Pain Syndrome
Devices:
1
PATH-testerMPI 100 (PHYWE Systeme GmbH, Göttingen, Germany)
2
TSA: Thermal sensory Analyzer 2001 (Medoc, Ramat Yishai, Israel)
3
TST: Thermal Sensitivity Tester (Sensortek inc, Clifton, New Jersey)
4
Thermal testing system: Middlesex Hospital Medical School
5
Thermotest™, optional with Senselab™ software (Somedic, Stockholm, Sweden)
6
Marstock thermo stimulator: predecessor to Thermotest (Somedic, Stockholm, Sweden)
7
CASE IV: Computer Aided Sensory Evaluator IV (WR Medical electronics co., Stillwater, Minnesota, USA)
8
TTT: Thermal threshold tester® (T.T.Tester) (Medelec, Ltd, Old woking UK)
9
Glasgow thermal system is predecessor to the TTT
10
HVlab thermal esthesiometer (University of Southampton, Southampton, UK)
11
Thermal stimulator: Peltier device from Thermal Devices Inc, Mt airy, MD, USA
*Statistics:
Repeatability coefficient: 95% confidence repeated measure differs with baseline less than this value in degrees Celsius (the lower the better)
Intraclass correlation coefficient: continuous (parametric) data, range 0-1 (0 no agreement, 1 perfect agreement)
Kappa: dichotome/ordinal data, range 0-1 (0 no agreement, 1 perfect agreement)
Coefficient of variation: normalized measure of spread, low percentage is low spread (good)
Root-mean-square deviation/error: standard error, predicted value compared to measured value, normalized as percentage: low percentage high precision
(Interclass-) correlation coefficient/reliability coefficient (Spearman ordinal data, Pearson ratio/interval data; if known it is specified in table): range 0-1, 0 no correlation, 1
perfect correlation
Wilcoxon signed rank test: non-parametric, tests significance of difference between semi continuous paired data (such as repeated measurements)
ANOVA: analysis of variance, testing significance of group mean differences
Range/dispersion: difference between highest and lowest values

Number of subjects
Times tested (interval)

Author
Publication date
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OPTIMIZING TEMPERATURE THRESHOLD TESTING IN SMALL FIBER NEUROPATHY

ABSTRACT
Introduction: This study examines optimization of a temperature threshold testing
(TTT) protocol for patients with suspected small fiber neuropathy (SFN) to lessen the
burden for both patients and technicians, without sacrificing accuracy.
Methods: Data from 81 patients with SFN (skin biopsy and TTT abnormal) and 81
without SFN (skin biopsy and TTT normal) were used. Warm, cold, and heat pain
sensation thresholds were determined bilaterally on the thenar eminence and foot
dorsum by methods of limits and levels. Diagnostic accuracy was determined for
various sensory modality combinations through comparative corresponding area
under the receiver-operator-characteristic curves.
Results: Assessment of warm and cold thresholds in all extremities by method of
levels showed the best discriminatory ability (area under the curve: 0.95, sensitivity
84.2%, specificity 93.8%).
Discussion: These assessments are suggested for TTT examination in possible SFN
patients. By applying this combination, the time needed for TTT can be reduced,
maintaining diagnostic accuracy.
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INTRODUCTION
No gold standard exists for diagnosing small fiber neuropathy (SFN), though
combinations of clinical symptoms and signs, intra-epidermal nerve fiber density
(IENFD) reduction, and temperature threshold testing (TTT) abnormalities have been
proposed.1-3 Although recommendations for the use of TTT have been published,4
no consensus exists regarding the preferred standardized TTT method to be used
in suspected SFN.5,6 The German Research Network on Neuropathic Pain (DFNS) has
proposed a reaction time-dependent method, testing both cold and warm detection
and heat and cold pain thresholds of the affected area,7,8 whereas other groups test
cold detection and heat pain thresholds of the foot with a reaction time-independent
protocol.9 In some studies it is unclear whether examinations are performed unilaterally
or bilaterally.10,11 A recent consensus meeting provided recommended indications for
quantitative sensory testing in clinical practice and methods to perform and interpret
quantitative sensory tests.12 The usefulness of TTT in SFN is described, emphasizing the
need for a standardized protocol, adequate equipment, trained staff, and normative
values.
In our Neurophysiology department, a standardized, extensive TTT protocol, assessing
warm and cold sensation in both hands and feet through both the methods of levels
and limits, and heat pain with the method of limits, has been applied since 1998.13,14
Stringent criteria for abnormality have been implemented based on published
normative values.15,16 17 However, this protocol is time consuming, often exceeding 1.5
hours, which is considered a burden by patients and technicians.
This study aims to define the optimal TTT protocol that may reduce the burden for
patients, without loss of diagnostic accuracy by comparing various combined sensory
modalities of TTT systematically.

METHODS
Patients
Patients referred to the Maastricht University Medical Center (MUMC) for evaluation
of possible SFN were asked to participate in this study. Data were collected between
January 2006 and January 2011. Inclusion criteria were: age ≥ 18 years; symptoms
compatible with SFN, not otherwise explained;1,3 no signs of large nerve fiber
involvement on neurological examination or nerve conduction studies; cooperation
with temperature threshold testing and skin biopsy procedures (see below); on stable
doses of medications for neuropathic pain and not taking any sedatives. Patients were
asked to locate their (burning) pain on a human cartoon picture.
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Temperature threshold testing
Temperature threshold testing (TTT) was performed with a Temperature Sensory
Analyzer (TSA II, Medoc®, Ramat Yishai, Israel). Warm, cool, and heat pain detection
thresholds were tested. Patients were seated comfortably in a temperature-controlled
room (~23°C). Instructions were provided to the patients in a standardized manner
prior to the examination. The thermode (30 x 30mm) was applied with light pressure
with Velcro straps to the testing sites. Testing sites were both left and right thenar
eminence and dorsal foot. The testing order consisted of right thenar, right foot, left
thenar, and left foot. Baseline thermode temperature was 32°C, rise time 1 °C /second,
and the temperature range was 0°to 50 °C. Per site, TTT was performed according to
the method of limits (reaction time dependent: pushing a button when change in
temperature or pain is sensed) and to the method of levels (reaction time independent:
per stimulus answering whether a warmer or cooler temperature is sensed). Heat pain
threshold was then performed with the method of limits.14-16 Per site, the testing order
was warm-limits and cold-limits (mean of 5 ramped stimuli, 2 test stimuli), warm-levels
(a predefined protocol with random null stimuli), cold-levels, heat pain (mean of 4, 1
test stimulus). For the method of levels, patients were instructed only to consider the
tested sensation, and were asked to not give a positive response when they did not
feel warming of the element, but only felt the cooling (return to baseline) when warm
threshold was tested. The thresholds were compared to published normative values,
using age-corrected Z-values > 2.5 as cut-off values.15-17 In the original testing protocol,
the final conclusion that the warm or cold temperature detection threshold of a tested
site was abnormal was only made if the results of both the methods of limits and
levels were abnormal for that site (TTTLev+Lim+). If in at least 1 extremity the detection
thresholds, determined by the methods of limits and levels was abnormal, the TTT
result was considered abnormal for that patient.
Skin biopsy
In all participants, intra-epidermal nerve fiber density (IENFD) was determined through
skin biopsy examination according to international guidelines.18 IENFD was abnormal
if the value was below the 5th percentile value according to age- and gender-matched
normative values.19
Study design
The study was approved by the medical ethics committee of the MUMC (Central
Committee for Human Related Research, identifier number p06.0066L/MEC 05224) in accordance with the guidelines of the declaration of Helsinki (amendment
October 2008, Seoul, Korea). Informed consent was obtained from all patients before
examinations. All patients were examined at the MUMC.
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Predefined combinations of sensory modalities in TTT to be examined
Figure 1 shows the analysis flowchart based on consensus of 2 neuromuscular
physicians (ISJM, CGF). A practical approach was chosen, aiming to keep the
combinations as logical as possible for clinical application. Warm and cold threshold
tests were incorporated, as they are less burdensome to patients than pain testing.
Testing either warm or cold compared to both was important, as they test different
subsets of fibers.20 A two-sided approach was chosen (testing both right and left
extremities), as symptoms may be asymmetric.21,22 Hence, a total of 26 combinations
(excluding the combination of the original testing protocol, see last row of boxes)
were predefined for comparison purposes. After using this flowchart for analysis, the
one-sided (right side and left side examined separately) findings of all combinations
(adding another 2 x 26 assessments) were also examined to determine whether further
reduction could be achieved (total number of combined assessments n=78).
Figure 1. Systematic approach to temperature threshold testing.
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speciﬁcity values ≥ 80% were
selected for further analysis
R = right side of body; L = left side of body; Combined = method of levels + method of limits combined.
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Statistical analysis
General aspects
Sensory TTT modalities were expressed as (ab)normal for each test separately (e.g.
warm threshold according to the method of levels at the thenar eminence, warm
threshold according to the method of limits at the thenar eminence, cold threshold
according to method of levels at the thenar eminence, etc.), using age- and genderspecific normative values and age-corrected Z-values > 2.5 as cut-off value.15,16
Patient data
Based on the results of the different assessments, eligible patients were divided into 3
groups. Group 1, patients with a definite diagnosis of SFN according to strict criteria:
≥ 2 symptoms compatible with SFN and not otherwise explained, reduced IENFD at
the distal leg, and abnormal TTT findings of at least 1 extremity (SFNdef group). Group
2, patients who met the strict criteria of having normal neurological examination and
nerve conduction studies, normal IENFD, and normal TTT findings (SFNneg group).
Group 3, patients with symptoms compatible with SFN and either reduced IENFD or
abnormal TTT findings were defined as possible SFN (SFNpossible group). For the purpose
of optimizing the TTT protocol, the data of patients with a definite diagnosis (SFNdef
and SFNneg groups) were used.
The basic characteristics (gender, age, and duration of symptoms) were compared
between the SFNdef versus SFNneg groups (Mann-Witney-U test for independent groups
for continuous variables and the chi-squares test for categorical variables). Finally, data
of all patients were used to determine the shift in diagnosis classification comparison
results of the new TTT protocol to those of the original TTT protocol (TTTLev+Lim+).
Logistic regression studies
The SFNdef group was selected as the “validation gold standard” cohort and was
compared with the SFNneg group. Through univariate logistic regressions, areas-underthe-receiver-operator-characteristic-curves (AUC-ROC) were computed. The diagnostic
accuracy (AUC-ROC findings) of all postulated combinations of sensory modalities
(figure 1) was compared to the original testing protocol (TTTLev+Lim+). Sensitivity
(fraction of SFN positive cases classified correctly) and specificity (fraction of negative
cases classified correctly) scores as well as percentage of subjects classified correctly
as having SFN or not were calculated. AUC values were defined as follows: ≤ 0.5, does
not discriminate; values between 0.7-0.8, acceptable discrimination; values between
0.8-0.9, excellent discrimination; and values ≥ 0.9, outstanding discrimination.23 To
determine which sensory combination differentiates best between SFNdef and SFNneg,
all combinations exceeding an arbitrarily chosen 80% cut-off score for sensitivity and
specificity were selected subsequently for final comparison. The AUC values for these
selected sensory combinations were compared subsequently using the Stata roccomp
command, which tests the equality of 2 or more ROC areas obtained from the same
sample of patients.24
All analyses were performed using Stata 12.0 for Windows XP (Stata Statistical Software:
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Release 12.0. Stata Corporation; 2010). P-values < 0.05 were considered statistically
significant.

RESULTS
Patient characteristics
A total of 317 patients were evaluated initially. Eighty-one met the strict criteria for
SFN (SFNdef ), and 81 did not have SFN (SFNneg). The basic characteristics are listed in
Table 1. SFN was considered to be idiopathic in 33 patients and due to sarcoidosis in
27. Etiologies in other patients included SCN9A mutation (11 patients), diabetes (4),
vitamin B6 toxicity (3), alcohol (1), Sjögren syndrome (1), and B. burgdorferi infection
(1). Other than more men in the SFNdef group, there were no significant differences
between the groups. Most patients had a symmetrical length-dependent clinical
distribution of neuropathic symptoms, usually pain (Table 2).
Table 1. Basic characteristics of selected patients with strict SFN diagnosis (SFNdef ) and patients with no SFN
(SFNneg).

Gender
Women (%)
Men (%)
Mean age in yrs (SD*), range
Duration of neuropathic symptoms,
yrs (SD*), range
*SD=standard deviation

SFNdef
n=81

SFNneg
(n=81)

P-value

36 (44.4)
45 (55.6)
50.0 (12.7), 19-78

49 (60.5)
32 (39.5)
51.9 (12), 17-81

0.04
0.31

8.1 (9.5), 0.4-50

8.6 (9), 0.5-50

0.49

Table 2. Distribution of symptoms and signs in patients diagnosed with definite SFN (n=81).
Site
Left

Forearm
Hands
Fingers
Upper legs
Lower legs
Feet
Toes

Location burning pain (% of patients)
Right

22.2
40.7
51.8
35.2
63
79.6
70.4

20.4
40.7
51.8
37
63
77.8
68.5

General findings, Diagnostic accuracy and Comparison studies
A total of 77.9% of the patients had an abnormal TTT score in the feet versus 56.5% in
the hands. TTT was abnormal in the feet and normal in the hands in 29.3% of patients
(93/317). Conversely, the combination of abnormal TTT in the hands with normal TTT
examination in the feet was seen in 25 patients (7.9%). Abnormalities [irrespective of
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method (levels or limits) applied or quality (warm or cold) examined] were found in
both feet and hands in 79% and 46.9%, respectively in the SFNdef subgroup.
The SFNdef group was used to calculate the areas under the ROC curves with
corresponding sensitivity, specificity, and percentage of patients correctly classified as
having or not having SFN. The results of the diagnostic performances for the predefined
combinations are listed in Table 3. Only 2 sets of combinations of TTT modalities using
the method of levels (TTTalternativeA and TTTalternativeB) resulted in sensitivity and specificity
values exceeding the arbitrarily chosen cut-off of 80% (Table 3, and Figure 2).
Table 3. Diagnostic accuracy using receiver operator characteristic (ROC) findings for various combinations
of sensory modalities as part of TTT evaluation when comparing SFN versus no SFN patients.
A
Location
Modality
Method

AUC-ROC
Sensitivity (%)
Specificity (%)
Correct classified (%)

Lev
R/L

Warm
Lim
R/L

LeLi
R/L

0.78
71.6
77.8
74.7

0.50
0
100
77.9

0.59
0
100
77.9

B
Location
Modality

Method
AUC-ROC
Sensitivity (%)
Specificity (%)
Correct classified (%)

AUC-ROC
Sensitivity (%)
Specificity (%)
Correct classified (%)

LeLi
R/L

Lev*
R/L

0.77
59.0
93.8
76.6

0.79
68.8
81.5
75.2

0.82
66.7
87.5
77.2

0.89
82.1
81.3
81.7

LeLi
R/L
0.62
31.8
91.4
65.3

Lev
R/L
0.79
62.0
86.4
74.4

Hand
Cold

Warm

Lev
R/L
0.76
67.1
79.0
73.1

C
Location
Modality

Method

Lev
R/L

Foot
Cold
Lim
R/L

Lim
R/L
0.75
55.7
91.4
73.8

LeLi
R/L
0.77
57.0
88.9
73.1

Lim
R/L
0.82
69.6
91.4
86.5

Lim
R/L
0.55
11.1
98.8
60.4

LeLi
R/L
0.86
69.6
98.8
92.3

Lev
R/L
0.83
72.4
87.5
80.1

Lim
R/L
0.75
54.8
90.1
74.8

0.71
26.1
98.8
82.7

0.81
45.5
97.5
86.3

Warm + Cold

Foot + Hand
Cold

Warm

Lev
R/L
0.88
82.3
76.5
79.4

Lev
R/L
0.69
44.3
92.6
68.8

Warm + Cold
Lim
LeLi
R/L
R/L

Lim
R/L
0.71
47.6
90.1
71.5

LeLi
R/L
0.74
52.4
88.9
72.9

Warm + Cold

LeLi
R/L
0.81
65.0
88.8
78.6

Lev**
R/L
0.95
84.2
93.8
89.1

Lim
R/L
0.86
75.8
86.4
81.2

Lev = method of levels; Lim = method of limits; R = right site; L = left site; LeLi = method of levels + limits
combined; AUC-ROC = areas under the receiver operator characteristic curves; correct classification: when
compared to original protocol.
Data in bold: sensitivity and specificity values exceeding the arbitrarily chosen cut-off of 80%, classified as *
TTTalternativeA and ** TTTalternativeB (see Results)

The first combination (TTTalternativeA), measuring warm and cold sensation thresholds by
the method of levels bilaterally in the feet, demonstrated sensitivity and specificity
of 82.1% and 81.3%, respectively, with correct classification of 81.7% of the patients.
The second combination (labeled as TTTalternativeB), measuring warm and cold sensation
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thresholds by the method of levels bilaterally in the foot and hand, showed sensitivity
and specificity of 84.2% and 93.8%, respectively with 89.1% correct classification. The
AUC-ROC findings for TTTalternativeA versus TTTalternativeB were compared, and TTTalternativeB
differentiated significantly better between SFNdef and SFNneg (P-value: 0.0044) (Figure
2). No combination with the method of limits exceeded the 80% sensitivity and
specificity cut-off.
figure 2. Comparison between the final 2 most discriminating combinations of temperature threshold
testing sensory modalities.

TTTalternativeB was more discriminative than TTTalternativeA when examining patients with small fiber neuropathy
(SFNdef ) versus patients not having SFN (SFNneg) (p = 0.0044). TTTalternativeA: Area under the curve (AUC) 0.89,
Standard Error (SE) 0.025, 95%-confidence interval (95%-CI) 0.842-0.942; TTTalternativeB: AUC 0.95, SE 0.017, 95%CI 0.914-0.980. TTT: temperature threshold testing, R: Right side, L: Left side.

TTTalternativeB findings were subsequently compared with the scores obtained when
assessing the patients only on the right or left side. The diagnostic accuracy (AUC-ROC)
of each one-sided approach was consistently and significantly lower when compared
with the same combination assessed on both sides (Figure 3). Furthermore, the onesided values did not reach the predefined cut-off >80% (sensitivity, specificity, and
correctly classified: right side: 74.7%, 93.8%, and 84.3%, respectively; left side: 82.9%,
73.8%, and 78.2%, respectively).
For the modality heat pain, 97-99% of all patients examined (irrespective of belonging
to the SFNdef or SFNneg group) demonstrated normal findings, thus heat pain did not
differentiate between the 2 groups.
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figure 3. Discriminatory comparison between the combined (right and left) findings for assessing warm
and cold (levels method) in the feet and hands versus one-sided (right or left).

The assessment only on the right side [“X”; Area under the curve (AUC) 0.90, Standard Error (SE) 0.024,
95%-confidence interval (95%-CI) 0.852-0.947] or on the left side (“Z”; AUC 0.86, SE 0.028, 95%-CI 0.809-0.919)
demonstrated lower discriminative capacities versus the findings when both sides were assessed together
(“Y”; AUC 0.95, SE 0.017, 95%-CI 0.914-0.980; p<0.0001). R: right side, L: left side.

examining possible shift in classification of patients and burden reduction for
patients
According to the results of the original TTT protocol (threshold abnormal only if
abnormal by method of levels and by method of limits; TTTLev+Lim+), there were 81
SFNdef patients, 81 SFNneg patients, and 155 SFNpossible patients. Classifying the patients
according to the best alternative approach to the original protocol (TTTalternativeB)
revealed a shift classification in 17 patients, changing from SFNpossible to SFNdef and
another 45 patients shifting from SFNneg to SFNpossible (19.6% changing classification, see
supplementary Table e-1). The remaining patient diagnoses (80.4%) did not change.
Applying the recently published diagnosis of SFN1 (defined as typical SFN symptoms/
signs combined with abnormal IENFD or abnormal TTT) resulted in a shift in 45 of 317
patients (14.2%) from SFNneg to SFNpossible.
By applying the best TTT alterative approach (TTTalterantiveB), the burden for patients was
substantially reduced as the examination time now approximated 40-45 minutes (a
reduction of 40-50%).

DIscUssIOn
The combination of warm and cold sensation thresholds using the method of levels
in both feet and hands showed good sensitivity and specificity. It classifed 89% of the
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patients correctly compared to the original testing protocol that also includes the
method of limits evaluation. By doing so, the testing time was reduced substantially,
while maintaining acceptable accuracy. Starting the testing protocol in the feet is
recommended, since most abnormalities were found in the feet compared to the
hands, but testing the hands is mandatory in those with normal thresholds in the feet.
Although SFN tends to be symmetrical, bilateral testing warrants recognition of those
patients with asymmetrical distribution of SFN.21,22
In clinical practice, TTT is often performed using the method of limits, though it is
considered to be less accurate since it is reaction time dependent and overestimates
threshold values.4,14 Comparison between the different methods (levels versus limits)
has been described in other studies. Some only highlighted normative values for the
different methods,25 while others described a correlation between the results of 2
methods as poor to moderate.26-28 Repeatability of both methods has been examined,
and comparable or better results were obtained using the method of levels.13,15,29 Very
few have focused on sensitivity of diagnosis using different patient groups and research
methods, which limits extrapolation of the results.13,29,30 A preference for the method
of levels has been suggested because no effect of stimulus temperature change rate
is seen,31,32 and applicability is possible even in subjects who are difficult to examine,
such as cognitively impaired subjects and children.25,33
Looking at the whole group of patients, 80.4% retained their previous classification
when using the newly-established protocol, and 86% had no classification change
when applying the recently published SFN definition.1 These findings appear to
be acceptable regarding reduced patient burden, especially since there is no gold
standard for the diagnosis of SFN. The time needed to perform the new TTT testing
protocol was reduced by 40-45 minutes (up to 50%).
A limitation to this study is the use of a patient cohort suspected to have SFN. Some
patients diagnosed as not having SFN may later fulfill the criteria. Also, our center also
serves as a tertiary referral center for sarcoidosis, and thus a disproportionate number
of subjects were diagnosed with sarcoidosis as a possible etiology for SFN.
Despite these findings, international consensus is needed to standardize the use of
TTT as a diagnostic, follow-up, and endpoint tool in patients, because over 15 types
of instruments are currently being used worldwide with a variety of methodological
approaches for location, stimulus application, and sensation qualities examined.6 The
findings in our study could serve as the first step towards obtaining such a consensus,
pending validation of our findings in other neurophysiology laboratories. Furthermore,
future studies should focus on the gold standard for diagnosis SFN.
In conclusion, combining bilateral warm and cold assessment of feet and hands with
the method of levels is proposed for future studies. This combination showed the
highest acceptable sensitivity and specificity values, substantially reducing patient
testing time while maintaining test accuracy. However, international standardization
of TTT is still needed.
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Contact Heat Evoked Potentials: normal values and use in small fiber neuropathy

ABSTRACT
Introduction: Contact heat-evoked potentials (CHEPs) may be an objective, noninvasive diagnostic tool in small fiber neuropathy (SFN). This study provides CHEP
normal values and examines its applicability in SFN patients.
Methods: Standardized CHEPs (Medoc®, Ramat Yishai, Israel) were administered at
the wrist and ankle. The N2 and P2 latencies and N2-P2-peak-peak-amplitude were
recorded through EEG. Healthy subjects (97), stratified by age and gender, and SFN
patients with abnormal intraepidermal nerve fiber density (42), were examined. CHEP
reproducibility and inter-observer values were investigated.
Results: CHEP normative values were determined. There was a 9-16% increase in
latencies/cm height with increasing age. Amplitudes were higher in women than men,
and decreased (17-71%) with aging. Test-retest reproducibility and interobserver values
were >0.61 and > 0.96, respectively. In 73.8% of the patients, CHEPs were abnormal.
Conclusion: This study provides normal values, reliability, and clinical applicability of
CHEPs in SFN.
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INTRODUCTION
In small ﬁber neuropathy (SFN), small-caliber myelinated (Aδ) and unmyelinated (C)
ﬁbers are affected.1,2 Interest in this syndrome has increased, particularly since the
introduction of intra-epidermal nerve fiber density (IENFD) assessment.3 The diagnosis
of SFN is based on sensory and autonomic symptoms not otherwise explained, intact
large fiber function on examination (normal vibration sense and nerve conduction
studies) with abnormal IENFD and/or abnormal temperature threshold testing (TTT).4,5
The sensitivity of IENFD for SFN depends highly on chosen cut-off values,6 and this
technique is not widely available. Furthermore, TTT requires subject cooperation, is
potentially vulnerable to malingering, and studies show great variability regarding
techniques and methods used.7 In addition, autonomic function testing can be
performed, but it may not be sufficiently sensitive.2,8
Therefore, there is a need for additional objective, reliable, and sensitive diagnostic
tools for SFN. Cerebral EEG responses to heat stimuli, conveyed by Aδ and C fibers, can
be evoked and measured objectively by laser and contact heat evoked potentials (LEPs
and CHEPs).9-12 CHEPs have some advantages over LEPs; these include fewer safety
precautions, better baseline temperature control, and negligible burn risk.13 In SFN,
CHEPs appear to be sensitive and to correlate with IENFD.10,13-16 Previous studies have
found CHEP latency and amplitude values to be dependent on gender, age, and pain
thresholds.17-20 However, normative values are only available for an Asian population.18
Therefore, we aimed to provide age- and gender-stratified normative values for
CHEPs over a wide age range of healthy Dutch controls. In addition, we examined
the reproducibility of the CHEP curves and inter-observer readouts of researchers, and
we determined the clinical applicability of CHEPs in patients with SFN and abnormal
IENFD.

METHODS
Healthy controls
The study took place between January 2009 and February 2013. All data were
collected prospectively. Healthy participants were recruited from hospital volunteers
and through advertisements. Examination of all participants took place at outpatient
clinic departments in a comfortable, temperature-controlled room. All participants
underwent a standardized interview and examination. Eligibility was based on the
following: age 18 years or older, no sensory symptoms or signs on neurological
examination, no diseases that may cause polyneuropathy [e.g., diabetes mellitus,
renal failure, alcohol abuse (arbitrarily defined as drinking at least 4 international units
per day), systemic illnesses like sarcoidosis or malignancy], no past or present use of
neurotoxic drugs, and normal nerve conduction studies.
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Patients
Patients with a distal sensory neuropathy compatible with SFN were recruited at the
Maastricht University Medical Centre (MUMC). Exclusion criteria included limb or
spine deformities, other neurological diseases, and symptoms or signs of large fiber
neuropathy such as weakness, vibration threshold abnormalities as determined by
Rydel-Seiffer graduated tuning fork, or abnormalities on nerve conduction studies in
either latency, amplitude, or velocity of 2 or more examined nerves.
In the absence of a gold standard for the diagnosis of SFN, patients with SFN complaints
and abnormal IENFD compared to reference values,21 were selected as a validation
cohort, since we aimed to use the abnormal IENFD as a surrogate “gold standard” in
order to determine the sensitivity of the various CHEP parameters.
Assessments
Basic requirements and assessments
Basic characteristics (age, gender, and height) were assessed, and a standardized
neurological examination was performed. Nerve conduction studies were performed
with a Keypoint®.NET (Medtronic, Minneapolis, USA) or Synergy™ (Natus Medical Inc,
Middleton, USA) machine. One-sided measurement of compound muscle action
potential (CMAP) or sensory nerve action potential (SNAP) amplitude and nerve
conduction velocity of median motor and sensory nerves, fibular motor, tibial motor,
and sural sensory nerves was conducted in patients. F-responses of median, fibular,
and tibial nerves were recorded as well as a tibial H-reflexes. In healthy subjects, only
fibular CMAP amplitude and sural SNAP amplitude and nerve conduction velocity were
measured to minimize subject discomfort. Heat pain (healthy subjects and patients)
and warm and cool thresholds (patients) were determined at the thenar eminence
and dorsum of the foot with the Advanced Thermal Stimulator or the Thermal Sensory
Analyzer (Medoc®, Ramat Yishai, Israel) in accordance with available guidelines and
compared to published normative data.22-24 Heat pain threshold was determined by
the method of limits. Warm and cool thresholds were considered abnormal if they
were outside reference values for both the method of levels and limits.
In patients, a skin biopsy was performed in the lower leg for IENFD determination, as
previously described.5, 25
Contact Heat Evoked Potentials (CHEPs)
A Contact Heat Evoked Potential Stimulator (Medoc®, Ramat Yishai, Israel) was used
to apply heat pulses to the distal volar side of the right forearm and 10 cm above the
right lateral malleolus. The thermode consists of a heating thermo foil and a Peltier
element with an active water cooling system, heating and cooling rate 70 °C and 40
°C /second respectively, and thermode diameter of 29 mm. Baseline temperature was
set at 35 °C, peak temperature at 51 °C. Evoked potentials were recorded using the
Keypoint®.NET (Medtronic, Minneapolis, USA) or through continuous EEG recording
(Brainlab 4.0 OSG, Belgium), with the electrodes placed on Cz, Pz, and Fz according
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to the international 10-20 system, referenced to linked ears. The evoked potentials
were ﬁltered with a band pass ﬁlter at 0.2 - 100 Hz. With the Keypoint®.NET, artifact
rejection was automatic, based on the amplitude of the response. Two test stimuli
were given to exclude startle phenomena (e.g. blink, muscle, and movement artifacts).
A pilot study of 15 participants determined how many stimuli would be tolerable for
a subject and could still be averaged for a reliable response. Per location (first wrist,
then ankle) a series of 12 stimuli was given. The participants were instructed to keep
their eyes open in a fixed, neutral position to avoid blink artifacts and EEG alpha wave
contamination during the time frame of the stimulus. The inter-stimulus interval was
set randomly between 10 and 18 sec. To avoid habituation to the heat stimuli, the
thermode was moved slightly after each stimulus, remaining within a predefined area
(similar distance to recording EEG electrode), and maintaining optimal skin contact.26,
27
All subjects were tested twice within a visit with a time interval of approximately
15-30 minutes.
Protocol approval, registration, and consent
The study was approved by the medical ethics committee of the participating
hospital and the Central Committee for Human Related Research (identifier number
p06.0066L/MEC 05-224) in accordance with the guidelines of the Declaration of
Helsinki (amendment October 2008, Seoul, Korea). All participants gave written
informed consent prior to inclusion.
Statistical analysis
Assessment of CHEP parameters
Latency of the first negative (N2) and positive (P2) peaks and N2-P2 peak-to-peak
amplitude of the late evoked responses (at Cz) were assessed in all participants per
testing site and per test run. For all healthy subjects the N2- and P2-latencies and N2P2 amplitudes of the averaged recordings were determined by visual inspection by
2 observers (physicist and technician).The first run was used to calculate normative
values using quantile regression analyses (95% chosen specificity) and for comparison
purposes between the CHEP parameters. The possible influence of age, gender, and
height were also examined. The 95th percentile upper limits and median values were
estimated for the N2 and P2-latencies. The 5th percentile lower limit and median values
were calculated for the N2-P2 amplitudes on both sides examined. Comparison of basic
scores between healthy controls and patients with SFN was performed using a Chisquare test or a Student t-test depending on the type of data.
Reproducibility and Receiver Operator Characteristic (ROC) curve studies
Test-retest values were determined for the 2 test runs (test-retest of curve reproducibility)
within each session in all healthy subjects and inter-observer readouts (the second
assessment was performed without having access to the first data findings), were also
calculated (one-way analysis-of-variance).
Patients with SFN and abnormal IENFD were selected as the “validation gold standard
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cohort” for the purposes of this study. Through univariate logistic regression studies
and calculation of the corresponding areas under the ROC curves (ROC-AUC) the
diagnostic accuracy of the various CHEP parameters was evaluated. Sensitivity
(fraction of positive cases classified correctly) and specificity (fraction of negative cases
classified correctly) were also calculated to determine which CHEP parameter (N2latency, P2-latency, N2-P2 amplitude at the wrist or ankle) best differentiated between
healthy controls and the validation patient cohort, and whether acceptable AUC values
would be obtained. The ROC-AUC demonstrates no discrimination if values are ≤0.5,
acceptable discrimination for values 0.7-0.8, excellent discrimination if values are 0.80.9, and outstanding discrimination if values are ≥ 0.9.28 The ROC-AUCs for the forearm
and for the lower leg parameters were compared separately with each other through a
test for equality.29 Analyses were performed with Stata® 11.0 for windows XP (StataCorp
LP, College Station, TX). A value of P<0.05 was considered significant.

RESULTS
Participants
All healthy participants (97) were examined in the outpatient and electrophysiology
departments. The total examination took 60-120 minutes. The CHEP procedure was
well tolerated by all but 1 healthy participant. This subject withdrew from the study.
The basic characteristics for the healthy volunteers are listed in Table 1.
Table 1. General characteristics of healthy participants and patients with small fiber neuropathy (SFN).
Healthy participants SFN patients with abnormal
(n=97)
intraepidermal nerve fiber
density (IENFD)
(n=42)
Gender, n (%)
Women
Men
Age, mean in Years (SD) range
Height, mean in cm (SD) range
CHEP N2-latency,
mean msec (SD) range
Volar forearm
Distal leg
CHEP P2-latency,
mean msec (SD) range
Volar forearm
Distal leg
CHEP N2-P2 Amplitude
Mean μV (SD) range
Volar forearm
Distal leg
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P-values
(X2-test or Student
t-test)

51 (52.6)
46 (47.4)
44.3 (14.5) 17-78
176 (10.2) 150-198

27 (64.3)
15 (35.7)
50.6 (12.6) 26-77
174 (7.2) 158-194

0.17
0.008
0.13

399 (45) 314-604
469 (40) 322-569

427 (66) 290-668
512 (65) 418-708

0.002
<0.0001

522 (55) 370-754
589 (47) 477-714

534 (79) 378-872
613 (66) 466-882

0.16
0.008

29.5 (11) 9.2-61.7
28.9 (12) 9.6-70.9

19.4 (10) 3.7-43
14.4 (13) 1.9-60.7

<0.0001
<0.0001

Stratification according to age and gender led to 6 age groups: age 18-29 (9 men,
9 women); 30-39 (7 men, 12 women); 40-49 (12 men, 9 women); 50-59 (11 men, 10
women); 60-69 (5 men, 7 women); 70-79 (3 men, 3 women). Most volunteers were
white/Caucasian (98%). Mean pain thresholds at the foot were 45.9°C (SD 3.0°C, 33.450.1°C) which is within the normal range.23
A total of 166 patients were examined at our outpatient clinic during the study period,
and 42 (25.3%) had abnormal IENFD. There were more women in the patient group
compared to controls, but this was not significant (Table 1). The mean age was higher
in patients compared to controls. All CHEP parameters except P2-Latency at the forearm
differed significantly between the control and patient groups (Table 1).
CHeP results and reproducibility
Evoked potentials could be recorded by stimuli applied to the volar side of the forearm
and the lateral ankle (35 °C baseline temperature) in all except 9 healthy subjects (9%).
Overall, amplitudes were lower in the second session. A stimulus response could be
recorded in all but two unresponsive subjects aged 64 and 70 years after having raised
the thermode baseline temperature to 40 °C. Latencies were significantly heightdependent, being longer in men compared to women (Figure 1).
figure 1. CHEP Peak latency and amplitude findings in healthy controls.

Box plots show peak latencies and peak amplitudes in healthy men and women subjects. NS= not significant.
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By dividing the latencies by height (cm) in each healthy control, we were able to create
latency/cm height values that were not gender-dependent; latencies/cm height
increased slightly with age. N2-P2 amplitude values were significantly higher in women
than in men and decreased significantly with age (Table 2 and Figure 1).
Normative clinically useful reference values (median and 95th percentiles for the N2- and
P2-latencies/cm height values and median and 5th percentiles for the N2-P2 amplitudes
scores) were calculated from the recorded evoked responses for the 2 examination
sites (Table 2). Acceptable to high test-retest curve reproducibility and inter-observer
readout reliability scores were obtained with all scores being > 0.6 up to 0.99 (Table 3).
Table 2. Contact heat evoked potential normative values.
A

LATENCY Normative Values for MEN AND WOMEN

FOREARM
N2-latency/cm height P2-latency/cm height
(msec/cm)
(msec/cm)
Age

median

< 30
30-39
40-49
50-59
60-69
70+

2.2
2.2
2.3
2.3
2.3
2.4

95th
percentiles
2.5
2.5
2.6
2.7
2.7
2.8

median
2.9
2.9
3.0
3.0
3.0
3.1

B

95th
percentiles
3.3
3.4
3.6
3.7
3.8
4.0

LOWER LEG
N2-latency/cm height P2-latency/cm height
(msec/cm)
(msec/cm)
median
2.5
2.6
2.7
2.7
2.8
2.9

95th
percentiles
2.9
3.0
3.0
3.1
3.2
3.3

median
3.2
3.3
3.3
3.3
3.4
3.4

95th
percentiles
3.6
3.7
3.8
3.8
3.9
3.9

AMPLITUDE Normative Values

WOMEN

Age
< 30
30-39
40-49
50-59
60-69
70+

MEN
WRIST
ANKLE
WRIST
ANKLE
N2-P2 amplitude
N2-P2 amplitude
N2-P2 amplitude
N2-P2 amplitude
(μV)
(μV)
(μV)
(μV)
5th
5th
5th
th
median
median 5 percentiles median
median
percentiles
percentiles
percentiles
20.6
33.7
17.6
38.2
11.8
27.8
18.6
32.4
16.4
32.5
15.2
32.4
11.4
26.8
15.2
29.1
12.8
31.4
13.2
27.4
11.1
26
12.2
26.3
9.3
30.5
11.1
22.4
10.8
25.1
9.2
23.4
6.1
29.5
9.3
17.8
10.5
24.3
6.5
20.9
1.2
28.1
6.5
11.1
10.1
23.2
2.5
17.1

Table 3. Test-retest and inter-observer values of contact heat evoked potential parameters.
WRIST

N2-latency observer 1
N2-latency observer 2
P2-latency observer 1
P2-latency observer 2
N2-P2 amplitude obs. 1
N2-P2 amplitude obs. 2
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test-retest
curves (95%-CI)

Inter-observer
values (95%-CI)

0.78 (0.69-0.87)
0.73 (0.63-0.84)
0.75 (0.65-0.85)
0.74 (0.63-0.84)
0.67 (0.55-0.80)
0.67 (0.55-0.80)

N2-latency
0.96 (0.95-0.97)
P2-latency
0.97 (0.96-0.98)
N2-P2 amplitude 0.99
(0.99-1.0)

ANKLE

test-retest
curves
(95%-CI)
0.66 (0.53-0.80)
0.68 (0.54-0.81)
0.62 (0.46-0.77)
0.61 (0.46-0.77)
0.68 (0.54-0.81)
0.67 (0.53-0.80)

Inter-observer
values
(95%-CI)
N2-latency
0.99 (0.98-0.99)
P2-latency
0.97 (0.95-0.98)
N2-P2 amplitude 0.99
0.99 (0.99-1.0)

Figure 2. Comparison of CHEP parameters at the forearm and ankle separately, using the area under the
ROC curves.
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A. CHEP parameter comparison at the wrist: the N2-P2 amplitude ROC-AUC was larger (0.7609) when
compared to the AUC for N2 peak latency/cm (0.6927) and P2 peak latency/cm height (0.5821), respectively.
Through ROC comparison (using Stata command “Roccomp”), we found a significant difference between
the amplitude ROC-AUC values versus P2 peak latency/cm height scores (P=0.012). No significant difference
(P=0.27) was obtained between the N2-P2 amplitude versus N2 peak latency/cm height values. B. CHEP
parameter comparison at the ankle: the N2-P2 amplitude ROC-AUC was larger (0.8265) when compared
to the AUC for N2 peak latency/cm (0.7291) and P2 peak latency/cm height (0.6784), respectively. The
area under the ROC curve for N2-P2 amplitude yielded a favorable trend when compared with the other 2
methods (N2-P2 amplitude versus N2-Latency/cm:X2 = 3.63; P=0.056; N2-P2 Amplitude versus P2-Latency/
cm: X2 = 4.83; P=0.028). However, the differences were not significant after Bonferroni correction.

Diagnostic accuracy and comparison between the various CHEP parameters
The 42 patients with abnormal IENFD were considered the surrogate “gold standard”
for calculation of sensitivity, specificity, and percentage of subjects correctly classified.
Figure 2 shows the comparison of CHEP parameters (N2-latency/cm height, P2-latency/
cm height, and N2-P2 amplitude) at the forearm and at the ankle, separately. The N2P2 amplitude at the ankle demonstrated the highest ROC-AUC (AUC: 0.83; sensitivity
69.1%, specificity; 87%; correctly classified: 80.7%) followed by the N2-P2 amplitude at
the wrist (AUC: 0.76; sensitivity 50%; specificity 88.5%; correctly classified 76%). For the
remaining parameters, the sensitivity, specificity, and correctly classified findings were
lower (data not shown). Comparison between the N2-P2 amplitude values with the N2-

101

Contact Heat Evoked Potentials: normal values and use in small fiber neuropathy

latency/cm and P2-latency/cm at the ankle demonstrated higher values for the N2-P2
amplitudes (Figure 2). Comparison between the N2-P2 amplitude values at the ankle
versus the values at the wrist showed a trend in favor of the N2-P2 amplitude at the
ankle, but the difference was not significant (p=0.16). Using normative values for the
TTT and CHEPs, a diagnostic accuracy of 73.8% (31/42) was seen for both diagnostic
techniques separately in patients with SFN with reduced IENFD. In 60% of patients
(25/42), both TTT and CHEPs were abnormal, and combining both techniques, 88%
(37/42) of patients show an abnormal test result.

DISCUSSION
This study provides clinically applicable normative values for various CHEP parameters
recorded at the volar forearm and distal leg for normal Dutch volunteers. Observed
amplitudes and latencies were comparable to reported values.13, 17, 18, 30 Subject age
showed a slight increase in latency/cm height and a substantial decrease in N2-P2
amplitude. Similar findings have been reported in a smaller Asian cohort.18 Since
repeated stimulation at the same location may lead to amplitude reduction,31 we
randomized the stimulus interval and moved the thermode, as has been advised
in previous studies.26, 27 This optimizes “stimulus novelty”, which has been shown to
influence amplitudes in laser evoked potentials.32 Nonetheless, amplitudes decreased
in our subjects after repeated stimulation, suggesting central habituation,33 and/or
nociceptor fatigue.34
This study also provides acceptable test-retest reproducibility for the curves and interobserver reliability values. Others have shown reproducibility in subjects tested twice
(on average one month interval) to be “fair to substantial”.35
Using our normative CHEP values, versus reported normative TTT values,23, 24 both
techniques capture 74% of patients with SFN and abnormal IENFD. In addition, CHEP
N2-P2 amplitudes at the ankle more than at the wrist showed acceptable diagnostic
accuracy in differentiating between our controls and SFN patients, with reasonable
sensitivity and specificity scores. Several studies have demonstrated increased CHEP
latencies and reduced amplitudes in various forms of peripheral neuropathies that
involve small nerve fibers.10, 16, 36, 37 Our ROC findings (Figure 2) and reproducibility
values provide further support for CHEPs to be considered as a reliable non-invasive
technique to investigate function of small nerve fibers, particularly since skin biopsy is
not available widely.
There are some methodological issues that should be addressed. First, recordings
were not obtained initially in 9 healthy subjects (9%). However, after a slight increase of
baseline temperature to 40°C, there were only 2 subjects (2%) in whom no CHEPs were
obtained. Similar observations were reported in previous studies.17, 27, 38, 39 A possible
partial explanation for this effect could be that at higher temperature, the ultra-late
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C-fiber response does not influence the occurrence of the late Aδ response.40 Due to
the burden of the CHEP examination, no additional studies were performed at 40°C for
the responsive subjects examined already examined at 35°C. However, future studies
should determine the best baseline temperature and optimum number of stimuli to
improve test performance. Also, the question remains open whether some of these
‘healthy’ subjects may have subclinical nerve fiber deficits as a form of subclinical
polyneuropathy. Secondly, we had difficulty recruiting healthy subjects aged >70
years. Most potential participants in this age category were rejected due to comorbidity and/or abnormalities on examination. Some caution is therefore suggested
when using the normative values of subjects over age 70 years. Thirdly, the first CHEP
responses obtained after the test stimuli were often the clearest responses. On the
other hand, subjects did not usually react with movements to the stimulus, and it was
very easy to avoid blinking during the actual delivery of the heat pulse. So, giving test
stimuli and discarding the results of these stimuli to exclude “startle effects”, may have
negatively influenced the results. Fourth, a diagnostic accuracy of 74% was obtained
with the CHEPs in SFN patients diagnosed using abnormal IENFD as a surrogate “gold
standard”, but a lower sensitivity could be expected in an unselected SFN population,
since skin biopsy does not capture all SFN patients.
Despite these shortcomings, this study presents clinically applicable, reliable normative
values for CHEPs in the distal leg and volar forearm and demonstrates its clinical utility
in patients with SFN. The use of CHEPs is suggested as an additional non-invasive tool
in the diagnosis of SFN.
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INCIDENCE AND PREVALENCE OF SMALLFIBER NEUROPATHY: A SURVEY IN THE NETHERLANDS

ABSTRACT
Objective: To determine the minimum incidence and minimum prevalence rates
of small-fiber neuropathy (SFN) in a well-defined region in the southern part of the
Netherlands.
Methods: In this cross-sectional study with retrospective data collection, we used data
of patients diagnosed with pure SFN at our Small Fiber Neuropathy Center between
January 2006 and December 2011 to calculate minimum incidence and prevalence
rates.
Results: A total of 88 patients were diagnosed with SFN (mean age 56.9 years, SD 11.8,
range 34– 81; 44.3% women, 55.7% men). The overall minimum incidence over 2010
and 2011 was 11.73 (95% confidence interval 7.12–18.22) cases/100,000 inhabitants/
year. The overall minimum prevalence was 52.95 (95% confidence interval 42.47–65.23)
cases/100,000. Incidence and prevalence rates were higher in men than in women, as
were the rates in elderly patients compared with younger patients.
Conclusions: The minimum incidence and prevalence rates of SFN are presented. We
found that SFN is more frequently seen in men and more often diagnosed in elderly
patients. These rates probably are an underestimation and are expected to increase in
the coming years, since the awareness of SFN is increasing worldwide.
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INTRODUCTION
Small-fiber neuropathy (SFN) is characterized by neuropathic pain, sensory symptoms,
and autonomic dysfunction.1 Thinly myelinated Ad-fibers and unmyelinated C-fibers
are selectively involved.1
SFN is diagnosed based on typical SFN-related symptoms, normal nerve conduction
tests, reduced intraepidermal nerve fiber density (IENFD), and/or abnormal
temperature threshold tests.1, 2 To assess autonomic function, the Thermoregulatory
Sweat Test, Sympathetic Skin Responses, and Quantitative Sudomotor Axon Reflex Test
have been used, but their definite role in diagnosing SFN needs to be established.3-5
SFN is increasingly recognized as a distinctive entity. The percentage of patients with
idiopathic SFN, in which no underlying cause is identified, varies considerably from
24% to 93%.6-8 Recently, a substantial portion was found to carry novel mutations in
the SCN9A gene.9
No conclusive data on incidence or prevalence rates of SFN have been published. Until
recently,2, 7 various diagnostic criteria and skin biopsy techniques were used,7, 10, 11 and
no comprehensive age-and sex-adjusted normative reference values for IENFD were
available.12, 13 Also, the frequency of SFN in various case series varied and was most likely
biased by different selection criteria.2, 7 Therefore, the aim of the current cross-sectional
study with retrospective data collection was to determine the minimum incidence
and minimum prevalence rates of SFN in a predefined region in the southern part of
the Netherlands.

METHODS
The current study was performed at the Small Fiber Neuropathy Center of the
Maastricht University Medical Center (MUMC). Since 2005, after establishing a skin
biopsy laboratory,12 our center has been serving as a tertiary referral center for patients
with (suspected) SFN. The MUMC has a unique position because it is the only hospital
in Maastricht and surroundings (most southern part of the Netherlands) providing
regional secondary care for patients and thus having an ideal geographical position for
epidemiologic research. This region, the basic catchment area of the MUMC, is defined
by post-code (zip-code) regions.
We collected data of all patients seen between January 2006 and December 2011
at our institute with (suspected) SFN. Subsequently, all patients living in the basic
catchment area of our hospital were selected. For these patients, a validated symptoms
inventory questionnaire,12, 14 and results of all additional tests were checked and only
those with a definite diagnosis of pure SFN were eventually included in this study. SFN
was diagnosed based on the presence of at least 2 of the following symptoms not
otherwise explained: neuropathic pain (burning, shooting, prickling, or itching), sheet
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or sock intolerance, restless legs syndrome, autonomic dysfunction (sicca syndrome,
accommodation problems, hyperhidrosis or hypohidrosis, micturition disturbances,
impotence and/or diminished ejaculation or lubrication, bowel disturbances, hot
flushes, orthostatic dizziness, cardiac palpitations) and clinical signs of small-fiber
damage (e.g., pinprick loss, thermal sensory loss, allodynia, or hyperalgesia), normal
nerve conduction study, and reduced IENFD at the ankle and/or abnormal quantitative
sensory testing thermal thresholds at the foot.1, 2, 13
Worldwide normative values for age and sex for IENFD measurement with PGP9.5
staining are available for the distal leg.13 A reduction in IENFD below the fifth percentile
is considered confirmatory for a diagnosis of SFN.5, 13
For Temperature Threshold Testing, we used published normative values according
to Yarnitsky.15 We assessed thresholds at the foot dorsum and the thenar eminence
on both sides, using the method of levels and the method of limits. Heat pain was
recorded with the method of limits and patients had to immediately react to pain
sensation.4 Abnormality of a measurement was based on z-value statistics, and was
considered abnormal when its z value exceeded 2.5.4
We obtained population numbers for the basic catchment area of the MUMC by sex
and age (in the age categories of 0–20, 20–65, and 65 years or older) from Statistics
Netherlands, an organization responsible for official Dutch statistics and producing
European (community) statistics.16 On January 1, 2011, there were 205,424 inhabitants in
our catchment area, of which 166,203 were 20 years or older (80,350 male). These adults
were considered the reference population at risk for the current study. Of these, 126,091
were 20–65 years (62,488 male), whereas 40,112 were 65 years or older (17,862 male).
Using these population numbers from January 1, 2011, we calculated minimum
incidence rates for the patients from our basic catchment area with newly diagnosed
SFN in 2010 or 2011, and for minimum prevalence rates, we used the data of all
patients from our basic catchment area diagnosed with SFN between January 2006
and December 2011. Standard protocol approvals, registrations, and patient consents.
The MUMC’s Medical Ethics Committee and Board of Directors approved this study.
According to the Code of Conduct for the use of data in Health Research,17 for this type
of retrospective study, informed consent does not need to be obtained if the data are
used anonymously and patients are given the opportunity to object against the use of
their medical and personal data for research (which is the case in the MUMC).

RESULTS
Between January 2006 and December 2011, a total of 508 patients have been examined
at our SFN center for suspected SFN. Of these, 117 originated from the basic catchment
area of our hospital. Twenty-nine patients did not meet the criteria for the diagnosis
SFN, leaving 88 patients for this study. Among these 88 eligible patients (mean age
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56.9 years, SD 11.8, range 34–81), 49 were males (55.7%; mean age 55.7 years, SD 12.4,
range 34–81) and 39 females (44.3%; mean age 58.3 years, SD 10.3, range 39–79). Most
patients (98%) were Caucasian. In 52%, an underlying cause for SFN was identified
(table 1).
Table 1. Causes of small fiber neuropathy in this cohort of 88 patients.
Causes

Idiopathic
Sarcoidosis
Diabetes Mellitus
Drug related*
Vitamin B6 intoxication
Hyperthyroidism
MGUS
SCN9A mutation
Alcohol overuse
Hypertriglyceridemia
* all were related to chemotherapeutic drugs
MGUS= monoclonal gammopathy of unknown significance

Number of patients (%)

42 (47.7)
22 (25.0)
6 (6.8)
5 (5.7)
4 (4.5)
3 (3.4)
2 (2.3)
2 (2.3)
1 (1.1)
1 (1.1)
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Upon neurologic consultation, nearly 8% of these 88 patients reported having
symptoms for more than 10 years. Thirty-five percent of patients experienced burning
pain, and autonomic symptoms were reported in 47.7% of the cases (table 2). Most
frequently mentioned autonomic symptoms were sicca symptoms (dry eyes and/or
dry mouth) (19.3%), hyperhidrosis (18.2%), and defecation disturbances (13.6%).
Table 2. Reported autonomic symptoms in this cohort of 88 patients.
Autonomic symptoms

Number of patients (%)

Sicca symptoms (dry eyes and/or dry mouth)
Hyperhidrosis
Defecation disturbances
Orthostatic dizziness
Micturation disturbances
Hot flushes
Sexual dysfunction
Gastroparesis
Accomodation problems
Hypohidrosis
Cardiac palpitations

17 (19.3)
16 (18.2)
12 (13.6)
10 (11.4)
9 (10.2)
5 (5.7)
5 (5.7)
2 (2.3)
2 (2.3)
1 (1.1)
1 (1.1)

In 2010 and 2011, 216 patients were examined; 57 of these patients lived in our
basic catchment area of which 39 were diagnosed with definite SFN. Among these
39 patients (mean age 57.5 years, SD 12.3, range 38–81), there were 25 males (64.1%;
mean age 57.8 years, SD 12.6, range 38–81) and 14 females (35.9%; mean age 56.8
years, SD 12.1, range 39–79). The overall minimum incidence over 2010 and 2011 was
11.73 (95% confidence interval 7.12–18.22) cases/ 100,000 inhabitants/year. The overall
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minimum prevalence was 52.95 (95% confidence interval 42.47–65.23) cases/100,000
inhabitants (see table 3 for additional data on incidence and prevalence).
Table 3. Minimum incidence and minimum prevalence rates of small fiber neuropathy.
All adults

Males

Females

11.73 (7.12-18.22)
11.10 (6.07-18.63)
13.71 (4.77-30.82)

15.56 (8.17-26.88)
14.40 (6.59-27.34)
19.59 (4.78-53.21)

8.15 (3.28-16.80)
7.86 (2.55-18.34)
8.99 (1.09-32.47)

Incidence: cases/1000.000/y (95% CI)

Overall (n=39; 25 males, 14 females)
20-65 year old (n=28; 18 males, 10 females)
65 year or older (n=11; 7 males, 4 females)
Prevalence: cases/100.000 (95% CI)

Overall (n=88; 49 males, 39 females)
52.95 (42.47-65.23) 60.98 (45.12-80.62) 45.43 (32.30-62.09)
20-65 year old (n=65; 38 males, 27 females) 51.55 (39.79-65.70) 60.81 (43.04-83.46) 42.45 (27.98-61.76)
65 year or older (n=23; 11 males, 12 females) 57.34 (36.35-86.02) 61.58 (30.75-110.16) 53.93 (27.87-94.19)
CI= confidence interval

DISCUSSION
The current study presents estimated minimum incidence and minimum prevalence
rates for the diagnosis of SFN. As shown in table 3, minimum incidence and prevalence
rates showed a trend toward higher values in men and in patients aged 65 years and
older. The general annual incidence of 11.73 cases/ 100,000 for SFN is significantly
higher than the reported incidence rates in inflammatory large-fiber neuropathies,
such as Guillain-Barré syndrome (GBS) and chronic inflammatory demyelinating
polyneuropathy (CIDP). For example, the reported incidence of GBS in Western
countries ranges from 0.89 to 1.89 cases (median 1.11)/100,000 person-years.18 For
CIDP, incidence rates between 1 in 100,000 in southeast United Kingdom and 7.7 in
100,000 in northern Norway have been reported.19 Because the impact of SFN on
quality of life can be as devastating as seen in patients with large-fiber neuropathies,
its recognition is equally important. SFN has been receiving increasing attention in the
last 15 years, since the introduction of IENFD measurements.20 The number of patients
diagnosed with this general painful neuropathy is increasing rapidly because of better
recognition of the disease.2, 7, 21, 22 This in part explains the number of patients with
a long-standing history of symptoms before diagnosis. Where prevalence rates are
not influenced by this fact, incidence rates are. We therefore defined an incident case
as being newly diagnosed at our SFN center in 2010 or 2011. Our findings represent
minimum incidence and minimum prevalence rates because by far not every patient
with SFN will have been recognized and referred to our SFN center. However, we
believe that we have estimated the best possible reliable rates by restricting this
study to the population of the basic catchment area of our center for which we are
the only hospital and therefore also provide regional secondary care. In addition, this
population is known to be stable because few people move in and out of this area and
because of the nonlethal nature of SFN.
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There are some methodological issues that should be addressed. First, in our study
population, sarcoidosis seems to be a common cause of SFN. The recognition of the
relation between sarcoidosis and SFN12, 23 has led to an increased awareness, par
ticularly at our center, serving as a tertiary referral center for both sarcoidosis and SFN.
Therefore, a selection bias of sarcoidosis as an underlying cause of SFN is conceivable.
In our diagnostic workup for SFN, tests for sarcoidosis are included. However, most
patients with sarcoidosis were already diagnosed with this disease before being
evaluated for suspected SFN. As all other patients, they also underwent testing for other
underlying causes of SFN. Sarcoidosis was considered the most likely cause of SFN if no
other causes were found. The prevalence of sarcoidosis is known to be higher among
African Americans and northern European Caucasians (especially Scandinavians).
Because approximately 98% of our SFN patients and 99% of the sarcoidosis patients
were western European Caucasian, we believe this did not contribute to the bias
toward sarcoidosis. However, interpretation of these points should be done with great
caution because the primary aim of the current study was not directed toward the
etiology of SFN. Second, the “idiopathic” group is considered a potential limitation
because (yet undetermined) hereditary causes should be strongly considered. We
did not routinely test for all known hereditary sensory and autonomic neuropathies
(because of cost limitations). However, many of these neuropathies have specific
clinical features generally not compatible with the pure SFN clinical spectrum.24, 25 In
addition, the “idiopathic” group may also contain patients unrecognized as having
autoimmune-mediated neuropathies such as Sjögren’s syndrome or neuropathy
associated with sicca complex, as many of our patients mentioned sicca symptoms.
We routinely performed serology testing (SS-A, SS-B, antinuclear antibodies) as part of
the diagnostic workup in all of our patients. If systemic disease was suspected, patients
subsequently underwent Schirmer test and lip biopsy. A negative serology does not
rule out these conditions, but makes it less likely, especially when combined with a
negative Schirmer test and lip biopsy. Under these criteria, none of our patients were
diagnosed with Sjögren’s syndrome. However, it is still possible that an inflammatory
condition (including Sjögren’s syndrome) could be an underlying cause. Also, “dry eyes”
might actually be corneal hyperalgesia; sensory neuropathy involving the corneal
nociceptive system may lead to neuropathic pain, felt and reported as dry eyes.26
Despite these limitations, the current study presents minimum incidence and
minimum prevalence rates of SFN in a well-defined region in the southern part of
the Netherlands. These rates are probably an underestimation and are expected to
increase in the coming years, since the awareness of SFN is increasing worldwide.
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ABSTRACT
Small ﬁber neuropathy (SFN) has been demonstrated in sarcoidosis. However, a
systematic analysis of neuropathic pain and autonomic symptoms, key features of SFN,
has not been performed. Clinimetric evaluation of pain and autonomic symptoms
using the neuropathic pain scale (NPS) and the modiﬁed Composite Autonomic
Symptoms Scale (mCOMPASS) was used in sarcoidosis patients for this study. A total
of 91 sarcoidosis patients (n = 23 without SFN symptoms, n = 43 with SFN symptoms
but normal intraepidermal nerve ﬁber density (IENFD), n = 25 with SFN symptoms and
reduced IENFD) were examined. NPS and mCOMPASS were assessed twice (reliability
studies). Severity of pain was compared between the subgroups. Correlation between
NPS and a visual analogue pain scale (VAS) was assessed (validity studies). Healthy
controls (n = 105) completed the mCOMPASS for comparison with patients’ scores.
Patients with sarcoidosis, SFN complaints, and reduced IENFD demonstrated more
severe pain scores on the NPS. The mCOMPASS differentiated between subjects with
and without SFN symptoms. A signiﬁcant correlation was obtained between the NPS
and VAS, indicating good construct validity. Good reliability values were obtained
for all scales. The use of the NPS to evaluate SFN symptoms is suggested, as it shows
differences between patients with SFN symptoms with normal or reduced IENFD val
ues. The mCOMPASS might be used to select patients for further testing.
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INTRODUCTION
Small ﬁber neuropathy (SFN) is a disorder with selective involvement of small-caliber
myelinated (Ad) and unmyelinated (C) nerve ﬁbers, characterized by neuropathic pain
and autonomic symptoms. Diagnosis is usually made on the basis of clinical features
(neuropathic pain, loss of pinprick and temperature sensation), in combination with
abnormal specialized tests such as the assessment of intraepidermal nerve ﬁber density
(IENFD) in skin biopsy, temperature sensation tests for sensory ﬁbers, and sudomotor
and cardiovagal testing for autonomic ﬁbers.1
Pain is a frequent complaint in sarcoidosis, an inﬂammatory multisystem disorder of
unknown etiology which may involve any part of the nervous system,2 and pain is related
to lower quality of life.3 We recently demonstrated SFN to be frequent in sarcoidosis.4
However, neither the type or intensity of pain, nor the extent to which autonomic
symptoms may occur in SFN in sarcoidosis have been studied systematically in this
condition. The current study describes the various aspects of pain and autonomic
symptoms in patients with sarcoidosis using the neuropathic pain scale (NPS) and a
modiﬁed Composite Autonomic Symptoms Scale (mCOMPASS), and assesses validity
and reliability of these outcome measures.

PARTICIPANTS AND METHODS
Participants
One hundred and ﬁve healthy volunteers were recruited from hospital personnel,
relatives and friends of patients, at sports accommodations, and informal meetings for
the elderly. Inclusion criteria were: no pain or other neurological complaints, no history
of alcohol abuse, no diseases that may cause sensory deﬁcit or pain sensation, and
normal ﬁndings at neurological examination.5
Patients referred to the Maastricht Sarcoidosis Management Centre, a referral center for
sarcoidosis in The Netherlands, were screened for eligibility. We included 91 patients
in the study. Inclusion criteria were: diagnosis of sarcoidosis,6 lucid consciousness,
no alcohol abuse, no usage of immunosuppressant drugs in the past 6 months,
no diseases that may cause sensory deﬁcit, and no signs of central nervous system
involvement or large ﬁber neuropathy (no abnormal nerve conduction studies). After
inclusion, patients were categorized as either ‘‘no SFN’’, or, when having SFN symptoms
as ‘‘possible SFN’’. A patient was classiﬁed as having SFN symptoms when he or she
reported at least one of the following symptoms, not otherwise explained: burning
pain in extremities, dry mouth or eyes, changes in sweating, ﬂushes, gastrointesti
nal dysfunction (constipation, diarrhea), cardiac complaints (palpitation, dizziness at
standing up), urogenital dysfunction (sexual dysfunction, incontinence).5
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Scale selection
The NPS was designed to assess distinct pain qualities associated with neuropathic
pain and has been used in peripheral neurological conditions.7 The questionnaire rates
ten different aspects of pain on a numerical 0–10 scale. Addressed are intensity and
unpleasantness of pain in general; intensity of sharpness, hotness, dullness, coldness,
skin sensitivity, itching; and intensity of surface and deep pain.
The horizontal visual analogue pain scale (VAS) is a 10cm horizontal line, depicting
no pain at the left and worst pain ever at the right side. Patients mark their pain
intensity at the line. It is considered to reliably assess a patient’s experience.8 The
original Composite Autonomic Symptom Scale (COMPASS), validated in patients with
autonomic failure and non-autonomic neuropathies, correlates well with autonomic
function tests.9 Its 73 questions concern different aspects of the autonomic system:
orthostatic intolerance and reﬂex syncope, secretomotor, vasomotor, pupillomotor,
urogenital, gastrointestinal, and sleep difﬁculties.
Translation and modiﬁcation
The translation of the NPS and mCOMPASS was performed according to the
international guidelines [10].10 Some domains of the COMPASS were simpliﬁed by
a clinimetrician (ISJM), and questions on female sexuality were added, reﬂecting an
equivalent score for male sexuality, resulting in a 65 item modiﬁed scale (mCOM-PASS),
with a sum score of 200 for both men and women.
Skin biopsies
All participants underwent skin biopsy for intraepidermal nerve ﬁber density (IENFD)
determination according to European guidelines.11 Biopsies were taken 10 cm above
the lateral malleolus. Normative values were used to determine normal versus impaired
IENFD ﬁndings.5 Patients were further divided into subgroups according to the
presence of symptoms combined with skin biopsy results: group A, patients without
SFN symptoms; B, patients with SFN symptoms but normal IENFD; and C, patients
with SFN symptoms and reduced IENFD. We expected those with both symptoms
and reduced IENFD to be most affected, IENFD being considered an objective tool to
diagnose SFN.11, 12
Study design and statistical analysis
The study was approved by the medical ethical committee of the Maastricht University
Medical Centre (Central Committee for Human Related Research, identiﬁer number
p06.0066L/MEC 05-224), in accordance with the ethical standards laid down in the
1964 Declaration of Helsinki. Informed consent was obtained from all participants prior
to the study. All patients were examined at the Maastricht University Medical Centre.
Examination took take place in a comfortable, temperature-controlled room. Question
naires were provided with written instructions. Healthy controls were requested to
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complete the mCOMPASS. Data collection, entry, and management were performed
using the Teleform automated processing system.
Reliability and validity studies
Patients completed the NPS and mCOMPASS twice, within 2–4 weeks, without having
access to their previous answers (test–retest reliability; weighted kappa-statistic (κ)
measures).13 We examined the discriminatory validity of the NPS in the various patients’
subgroups in relation to severe pain, deﬁned as a numerical rating score >5 on a NPS
question (Chi-square test). Correlation studies between the NPS (item pain intensity)
and VAS pain scales were also performed (convergent validity of NPS; Spearman’s
Rank tests). For the mCOMPASS domains, subgroups comparison (one-way ANOVA +
Bonferonni corrections) was performed. All analyses were performed using Stata 10.0
for Windows XP.

RESULTS
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From October 2006 to July 2008, 105 healthy controls (54 women and 51 men; mean
age 45.1 (SD: 14.6; range: 20–79) years), and 91 sarcoidosis patients (41 women, 50
men; age 45.5 (SD: 9.1; range: 27–70) years) were included in the study. The patients
with sarcoidosis were subdivided into three groups: Group A, patients without SFN
symptoms (n = 23); B, patients with SFN symptoms but normal IENFD (n = 43); and C,
patients with SFN symptoms and impaired IENFD (n = 25). In group A, 35% of patients
reported severe pain, in group B 65%, in group C 76%. Not only intensity of pain, but
also various other qualities of pain were signiﬁcantly more severe in group C compared
to the other subgroups: ‘‘sharpness’’, ‘‘burning’’, ‘‘dullness’’, ‘‘unpleasant pain sensation’’,
and ‘‘intense surface pain’’ (Figure 1). More severe pain was also seen for the qualities
‘‘sensitivity of skin’’ and ‘‘intense deep pain’’ sensations, but the differences did not reach
signiﬁcance.
Good correlation was obtained between the NPS and VAS pain scales (NPS (intensity)
versus VAS: Spearman’s rho 0.73).
The mCOMPASS demonstrated higher scores (more autonomic dysfunction related
symptoms) for all domains and sum scores in the patients with SFN complaints
(groups B and C) compared to group A and healthy controls, but did not discriminate
between the groups B and C (Figure 2). For the sexual disorders and syncope domains,
no discrimination between the subgroups and healthy controls was obtained.
Reliability studies showed good test–retest scores for all domains of the NPS and
mCOMPASS (weighted kappa 0.60–0.95), except for the mCOMPASS syncope domain
(0.39). The mCOMPASS sum score had a kappa of 0.88.
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Figure 1. Graphical representation of several items of the neuropathic pain scale (NPS) in patients with
Neuropathic
Pain Scale
sarcoidosis.
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Those pain qualities with significant differences between subgroups are shown (p≤0.04). Bars show
percentage of patients in the three patient groups with (in blue) no, (red) minor to moderate, or (green)
severe pain. Group A (n=23), sarcoidosis patients without small fiber neuropathy (SFN) symptoms. Group
B (n=43), sarcoidosis patients with SFN symptoms but normal intrapeidermal nerve fiber density (IENFD).
Group C (n=25), sarcoidosis patients with SFN symptoms and reduced IENFD.
Figure 2. Box plots showing median and interquartile ranges of the modified version of the Composite
Autonomic Symptoms Scale (mCOMPASS) for healthy controls and various subgroups of patients with
sarcoidosis.
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DISCUSSION
The current study describes the various aspects of pain and autonomic dysfunction in
patients with sarcoidosis using the NPS and the mCOMPASS. Various neuropathic pain
modalities measured with the NPS were more severe in patients with SFN complaints
and even more so in those with reduced IENFD values (group C). This tool may be
of use in interventional studies; for example, in evaluating the efﬁcacy of diseasemodifying therapies.14 As expected, higher mCOMPASS scores were found in patients
with SFN symptoms. Nevertheless, no signiﬁcant difference in sum scores was seen
between group B and C. Autonomic nerve ﬁbers are of a different type compared to
the measured ones in skin, and agreement between IENFD and autonomic deﬁcits
varies.15 Autonomic tests can be very time consuming though, with a high burden
to patients.16 Therefore, the use of this scale is suggested to select patients in whom
further testing for SFN might be warranted.
The NPS correlated well with the VAS, indicating good construct validity. Both the NPS
and the mCOMPASS demonstrated good test–retest reliability.
There are some methodological issues that should be addressed. Some caution is
requested when interpreting the results, since the sample sizes of the various subgroups
were relatively small. Also, we did not exclude patients with painful sarcoidosis related
problems such as arthritis. It may have been difﬁcult for patients to differentiate
between their pain origins, and it might explain why such a large proportion of
patients in group A reports severe pain. However, the qualities regarded as typically
neuropathic (sharp, hot, superﬁcial pain) were especially more severe in patients with
SFN symptoms and reduced IENFD. Furthermore, the mCOMPASS is a composite
ordinal scale based on the classic test theory, which may have disadvantages.17 In
conclusion, the neuropathic pain scale shows differences between patients with SFN
symptoms with normal or reduced IENFD values, and its use is therefore suggested in
future (interventional) studies of this condition. The presence of autonomic symptoms
as measured by the mCOMPASS might be used to select patients for further testing
with regard to possible SFN.
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ABSTRACT
Introduction: The impact of small-fiber neuropathy (SFN) on patients’ quality of life
(QOL) has not been studied extensively. Our aim was to determine the impact of SFN
on QOL and examine possible determinants. Methods: We examined a total of 265
patients diagnosed with SFN. The SFN Symptoms Inventory Questionnaire (SFN-SIQ),
the pain Visual Analog Scale (VAS), and the generic SF-36 Health Survey were assessed.
Regression studies were undertaken to evaluate determinants of functioning. Results:
SFN patients demonstrated a severe overall reduction in QOL. The biggest deficits were
in Role Functioning–Physical, Body Pain, and Physical Component Summary (PCS)
scores. VAS scores, changed sweating pattern, dry mouth, and age were the strongest
predictors for PCS, explaining 32% of the QOL decrease. Conclusions: SFN leads to
a reduction in overall QOL. The presence of pain and some autonomic symptoms
explained only a small portion of the findings.
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INTRODUCTION
Small-ﬁber neuropathy (SFN), a disorder of thinly myelinated A-d and unmyelinated
C ﬁbers, is characterized by chronic and severe complaints, such as neuropathic pain
and autonomic symptoms. SFN is associated with various disorders, such as metabolic
(diabetes mellitus), infectious (human immunodeﬁciency virus), inﬂammatory
(Sjögren’s syndrome), and genetic (Fabry disease) diseases, but the cause is often
idiopathic. The incidence and prevalence of SFN is unknown,1, 2 but it is probably not
rare. In patients with diabetes mellitus, for example, a disease with increasing inci
dence and prevalence,3 an estimated 16–20% have painful neuropathy.4, 5 This has
been largely attributed to small-ﬁber involvement.6
The condition and its diagnosis has been gaining interest in the last 15 years, since
the introduction of quantiﬁcation of intraepidermal nerve ﬁber density (IENFD) in skin
biopsies.7 Although some have suggested that a reduced IENFD is a mandatory criterion
for diagnosis of SFN,8, 9 various studies have proposed different deﬁnitions.2, 10-14 To
date, the diagnosis of SFN relies on clinical features (neuropathic pain and autonomic
symptoms not otherwise explained; loss of pinprick and temperature sensation
without signs of large-ﬁber dysfunction) combined with abnormal quantiﬁcation of
IENFD and/or deﬁcit in temperature threshold testing(TTT).7, 13, 15-17
Skin biopsy ﬁndings are considered the strongest contributors to the diagnosis of SFN,
because higher diagnostic accuracy has been demonstrated when compared with
clinical features and quantitative sensory testing (QST) results.18, 19
The impact of SFN on quality of life (QOL) and its possible explicatory determinants
have not been examined systematically in patients with SFN. The primary aims of
this study were to determine QOL in a cohort of patients with SFN using the Medical
Outcomes Study 36-item Short Form Health Status (SF-36) and to compare the results
with reported normative data for the healthy Dutch population.20-23 Also, in this study
we aimed to determine which SFN-related complaints would explain QOL ﬁndings
through regression studies in this condition.

METHODS
Patients and Eligibility
The Maastricht University Medical Centre (MUMC) has experience in the diagnosis and
management of patients with SFN. The MUMC serves as a tertiary referral center for
patients with possible SFN, offering standardized evaluation. Between January 2009
and August 2011, all patients with a deﬁnite clinical diagnosis of SFN were approached
for participation in this study.15 Eligibility was based on the following criteria: age 18
years and older; deﬁnite clinical diagnosis of SFN based on: (1) the presence of at
least 2 of the following complaints not otherwise explained: burning feet, redness of
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the skin, dry eyes or mouth, orthostatic dizziness, bowel disturbances (constipation,
diarrhea, irritability, gastroparesis, cramps), micturation disturbances, sweat changes
(hyper/hypohidrosis), accommodation problems, impotence, diminished ejaculation
or lubrication, ﬂushes, and palpitations; (2) reduced IENFD when compared with ageand gender-matched normative values24 and/or (3) abnormal temperature threshold
testing (TTT) when compared with normative values;25, 26 (4) absence of large nerve
ﬁber involvement on neurological examination (e.g., weakness, vibration threshold
abnormalities as determined by Rydel– Seiffer graduated tuning fork)27 and nerve
conduction studies (examining at least median, ﬁbular, tibial, and sural nerves,
including late responses); and (5) possible presence of hyperpathia, diminished
pain, and temperature sensation on examination. IENFD and TTT examinations were
performed as previously reported28, 29 and in accordance with the available guidelines.7,
30
Brieﬂy, a 3-mm punch biopsy was taken 10 cm above the lateral malleolus, and
the number of individual nerve ﬁbers crossing the dermal–epidermal junction were
counted in 3 randomly taken sections (50 lm) after immunostaining with polyclonal
rabbit anti–protein gene product 9.5 antibody (PGP-9.5; Ultraclone; Wellow, Isle-ofWight, UK). The linear density of IENF was calculated (IENF/mm of epidermal length,
1 of 2 observers, interobserver values 0.9). Findings were compared with normative
data.24 TTTs for warm, cool, and heat pain modalities were assessed (TSA2001; Medoc,
Ramat-Yishai, Israel) on the dorsum of both feet and thenar eminences. Results were
considered abnormal if both method-of-limits and method-of-levels values were
outside normative references.25, 29, 31
Medical Ethics Approval
The study was performed in accordance with ethics standards established by the 1964
Declaration of Helsinki and its later amendments. The investigation was approved
by the medical ethics committee of the MUMC. The intentions of the study were
explained to all patients, and informed consent was obtained from all patients before
their inclusion in the study.
Additional Investigations
Additional investigations were performed to determine possible etiology of SFN. This
included a complete history (including the use of alcohol, vitamins, or neurotoxic
drugs), chest X-ray, and blood tests [blood cell counts, electrolytes, liver enzymes,
creatinine, urea, lipids, fasting blood glucose, thyroid-stimulating hormone (TSH),
free T4, vitamin B6, serum immunoﬁxation, autoantibodies for antinuclear antibodies
(ANA), anti-neutrophil cytoplasmic antibodies (ANCA), SS-A/SS-B, and anti-sulfatide];
in selected patients, we also screened for Fabry disease (alfagalactosidase, in women
combined with sequencing of the GLA gene) and tested for infection with human
immunodeﬁciency virus (HIV) and Borrelia burgdorferi.
Assessment Scales. The Dutch V1 version of the SF-36 was used to assess aspects

132

of QOL. This generic scale consists of 36 items assigned to the domains of Physical
Functioning (10 items), Role Functioning–Physical (4), Role Functioning—Emotional
(3), Social Functioning (2), Body Pain (2), Mental Health (5), Vitality (4), General Health
Perception (5), and Change in Health, which is scored separately.20, 22 Each domain has
a scoring range of 0–100, with a high score indicating better health or less body pain.
The corresponding Physical (PCS) and Mental Component Summary (MCS) scores
were also calculated.23 All ﬁndings were compared with reported SF-36 mean (SD)
domains and summary values among healthy Dutch individuals (n 5 1742, including
976 men and 766 women).20, 21
The 13-item Small-Fiber Neuropathy and Symptoms Inventory Questionnaire (SFNSIQ), which assesses changes in sweating pattern, presence of diarrhea, constipation,
urinary tract problems like hesitation and incontinence, dry eyes, dry mouth, dizziness
when standing up, palpitations, hot ﬂashes, sensitive leg skin, burning feet, sheet
intolerance, and restless legs at night, was administered to each patient. Each item
was scored on a 4-point Likert scale (0—never present; 1—sometimes, 2—often, and
3—always present). A very similar scale has demonstrated discriminatory validity in
patients with and without SFN suffering from sarcoidosis.28
Pain intensity was examined using a pain Visual Analog Scale (VAS pain current: the
current presence of pain intensity; VAS pain minimum: the minimum level of pain
intensity during the day; VAS pain maximum: the maximum level of pain intensity
during the day).32
Statistical Analysis
Comparison Studies.
For the whole group and for the various subgroups, the mean SF-36 subscales and
summary (PCS/ MCS) values were compared between the subgroups and with the
reported mean normal values for the Dutch population (Student t-test for independent
groups).20, 21 Subgroups were based on test results: subgroup A, both IENFD and TTT
abnormal; subgroup B, IENFD abnormal and TTT normal; subgroup C, IENFD normal
and TTT abnormal; or etiological grouping: sarcoidosis subgroup (subgroup Sarc1)
versus other etiologies (subgroup Sarc2); and ﬁnally “idiopathic” subgroup versus “nonidiopathic” subgroup. Subgroups of patients were examined to determine whether
the patient group was homogeneous, and whether the etiology of SFN biased the
study outcome.
Univariate and Multivariate Regression Studies.
Linear regression analyses were performed to determine which variables (age, gender,
duration of symptoms prior to start of the study, SFN symptoms measured with SFNSIQ, VAS scores, explanatory variables) would have the greatest impact on patients’
own PCS and MCS measures (dependent variables). The PCS was chosen, because it
captures limitations in care, physical, social and role activities, amount of pain, and
level of energy as a comprehensive overall score. The MCS measures the frequency of
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psychological distress and limitations in usual social and role activities due to emotional
problems.23 Prior to the regression studies, the distribution patterns of the dependent
PCS and MCS variables were examined and, if necessary, transformed to obtain a
normal distribution pattern. Univariate regressions were performed subsequently,
striving for the best ﬁt between the dependent and each explanatory variable, sepa
rately. This was accomplished through systematic evaluation of constructed graphs
with linear regression studies, including a restricted cubic spline function on the
independent variable where possible.33 In addition, multivariate linear regressions
were performed using a forward-adding stepwise strategy (signiﬁcant level for adding
set at 0.10) of explanatory variables on both the PCS and MCS scores, separately. The
strength of association between the dependent variable and explanatory variables
was presented as R2, which is the fraction of variance explained by the independent
variables from the regression model. The impact of age, gender, duration of symptoms,
SFN-SIQ questions, and VAS scores was examined (in the multivariate setting) on each
SF-36 domain separately (for the whole group of patients) to determine the strongest
correlating domain of interest. All analyses were performed using Stata (version 12.0)
for Windows XP. P < 0.05 was considered signiﬁcant.

RESULTS
Patients
A total of 315 patients were screened. Of these, 9 had large-ﬁber involvement at
examination or on nerve conduction studies, 7 had incomplete data (refused skin
biopsy or TTT, or poor compliance to TTT), and 34 had normal IENFD and TTT values.
These 50 patients were excluded from the study. Eventually, 265 patients were diag
nosed with SFN and entered in the study. The demographic and clinical features of
these patients are presented in Tables 1 and 2. Approximately one-third (35.1%) of the
patients had both abnormal IENFD and TTT values (subgroup A, n 5 93). Most patients
(57.7%) had normal IENFD and abnormal TTT (subgroup C, n 5 153). No differences
were seen between the subgroups regarding age, duration of symptoms, and number
and severity of SFN complaints. The probable etiologies are also listed in Table 1. In
most patients, SFN was associated with a systemic illness (particularly sarcoidosis) or
remained idiopathic after thorough etiological screening.
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Table 1. Basic characteristics of patients with small-fiber neuropathy.
Patients
(n=265)

Gender, n (%)
Women
137 (51.7)
Men
128 (48.3)
Age in years: mean (SD), range
50.2 (12.6), 17-81
Duration of symptoms in years: mean (SD), range
7.6 (9.9), 0-70
Etiology, n (%)
102 (38.5)
Idiopathic
96/1/1 (37.0)
Sarcoidosis/SLE1/Sjögren’s syndrome
SCN9A2 mutation
17 (6.4)
Diabetic
12 (4.5)
B6 intoxication
6 (2.3)
Paraproteinemia
8 (3.0)
Lyme
3 (1.1)
Alcohol induced
2 (0.8)
Fabry
1 (0.4)
Medication induced
2 (0.8)
Thyroid dysfunction
6 (2.3)
Celiac disease
2 (0.8)
Chronic Lymphatic Leukemia
1 (0.4)
47.8 (28.8), 0 - 100
VAS3 pain score (amount of current pain), mean (SD), range
26.6 (22.2), 0 - 100
VAS3 pain score (lowest pain intensity), mean (SD), range
70.9 (26.6), 0 – 100
VAS3 pain score (highest pain intensity), mean (SD), range
1
SLE = Systemic Lupus Erythematosus; 2SCN9A mutation = mutation in sodium channel (NaV 1.7); 3VAS =
visual analogue scale.
Table 2. SFN symptom inventory questionnaire findings in n=265 patients, scores % of responders.
Changed sweating pattern
Diarrhea
Constipation
Micturation problems
Dry eyes
Dry mouth
Dizziness upon standing
Palpitations
Hot flashes
Sensitive skin
Burning feet
Sheet intolerance
Restless legs

Never

Sometimes

Often

Always

53.2
62.3
62.6
55.9
60.8
50.9
54.0
60.0
57.0
48.3
41.1
50.2
43.4

62.3
24.2
21.5
24.2
18.5
22.3
32.8
32.8
23.4
14.3
11.7
19.6
18.9

16.6
12.1
13.2
14.3
15.5
20.4
11.3
6.4
17.4
15.5
20.8
17.4
22.3

6.4
1.5
2.6
5.7
5.3
6.4
1.9
0.8
2.3
21.9
26.4
12.8
15.5

SF-36 Findings
All SF-36 domains and summary scores were signiﬁcantly (P < 0.0001) lower for
the whole group of patients when compared with reported normative values for
the healthy Dutch population (Figure 1). The domains Physical Functioning, Role
Functioning–Physical, and Body Pain, and PCS demonstrated the lowest values in the
SFN group (Figure 1).
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Figure 1. SF-36 findings in 265 patients compared to healthy Dutch controls.
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All domains and component summary of SF-36 findings were significantly lower in patients with small
fiber neuropathy (SFN) when compared to corresponding values in healthy Dutch controls (P<0.0001 for
all comparisons).20, 21
PhF, Physical Functioning; RFPh, Role Functioning-Physical; RFE, Role Functioning-Emotional; SF, Social
Functioning; BP, Body Pain; MH, Mental health; Vit, Vitality; GHP, General Health perception; PCS, Physical
Component Summary score, MCS, Mental Component Summary score.
Table 3. SF-36 health-related quality of life in patients with small fiber neuropathy.
SF-36 Domain
A

Group
A (n=93)
B (n=19)
C (n=153)

Physical component summary score (PCS)
Mental component summary score (MCS)
Subgroup A versus B versus C
PCS
MCS

Mean
32.3
32.1
33.2

B

Group
Sarc+ (n=96)
Sarc- (n=169)

Range
12.2-50.3
13.8-60.3
13.8-55.9

Mean
43.2
43.6
45.3

SD
11.3
9.8
10.7

Range
22.6-72.5
23-57.4
20-75.8

Patients with SFN related to sarcoidosis (Sarc+) versus
SFN patients with non-sarcoidosis etiology (Sarc-)
PCS
MCS

Mean
34.1
31.9

C

Group
idSFN (n=102)
nidSFN (n=163)

SD
8.7
11.8
9.2

SD
9.5
9

Range
13.2-60.3
12.2-53.3

Mean
45.3
43.6

SD
10.5
10.8

Range
20-72.5
20.8-64.6

Patients with idiopathic SFN (idSFN) versus
non-idiopathic SFN patients (nidSFN)
PCS
MCS

Mean
32.3
33

SD
8.4
9.6

Range
13.8-49.5
12.2-60.3

Mean
43.2
45.1

SD
11.4
10.5

Range
20.8-62.1
20-75.8

PCS: Physical component summary score; MCS: Mental component summary score; SD: standard deviation
Subgroup A: abnormal intra epidermal nerve fiber density (IENFD) and temperature threshold testing (TTT) ;
Subgroup B: abnormal IENFD and normal TTT; Subgroup C: normal IENFD and abnormal TTT
Sarc+: small fiber neuropathy (SFN) associated with sarcoidosis; Sarc-: idiopathic SFN or associated with
other etiology than sarcoidosis
idSFN: idiopathic SFN; nidSFN: non-idiopathic SFN

When the results of the various subgroups of patients (A, B, and C; subgroup Sarc1 and
subgroup Sarc2; idiopathic vs. non-idiopathic subgroup) were compared with reported
Dutch normative data, the scores remained signiﬁcantly lower in the subgroups. No
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differences between subgroups A (both IENFD and TTT abnormal), B (only IENFD
abnormal), and C (only TTT abnormal) were seen for the SF-36 domains and summary
scores (Table 3, table 4 A). No differences in summary (PCS and MCS) scores were
seen between the Sarc1 and Sarc2 subgroups. However, at the domain level, subgroup
Sarc2 demonstrated a lower mean score in the domains of Physical Functioning, Social
Functioning, Body Pain (indicating more pain), and Mental Health when compared
with subgroup Sarc1 (Table 4 B). The remaining domains and summary scores did not
differ between these 2 subgroups. For all domains except 2 (Body Pain and General
Health Perception) and for both summary (PCS and MCS) scores, no differences were
seen between the idiopathic SFN subgroup and the non-idiopathic SFN subgroup
(Table 4 C). The mean score for Body Pain was signiﬁcantly lower in the idiopathic SFN
subgroup. The mean score for General Health Perception was signiﬁcantly lower in the
non-idiopathic SFN subgroup (Table 4 C).
Table 4. SF-36 health-related quality of life in patients with small fiber neuropathy.
A
SF-36 domain

Physical Functioning
Role Functioning Physical
Role Functioning Emotional
Social Functioning
Body Pain
Mental Health
Vitality
General Health Perception
Physical Component
Summary Score
Mental Component
Summary Score
A
SF-36 domain

Physical Functioning
Role Functioning Physical
Role Functioning Emotional
Social Functioning
Body Pain
Mental Health
Vitality
General Health Perception
Physical Component
Summary Score
Mental Component
Summary Score

Subgroups: A vs B vs C
Mean
A (n=93) B (n=19) C (n=153)

Subgroups: A vs B vs C
SE+ 95% CI
A (n=93)
B (n=19)
C (n=153)

50.5
22.5
53.7
56.2
29.1
59.7
43.1
39.8
32.3

52.3
30.3
64.9
46.7
31.7
62.2
41.9
42.9
32.1

58.3
24.7
63.4
60.9
31.8
61.2
43.9
40
33.2

2.2 (54-62.6)
3 (18.8-30.5)
3.6 (56.4-70.5)
2.3 (56.2-65.4)
1.7 (28.4-35.2)
1.4 (58.5-64)
1.9 (41.6-49.2)
1.5 (37-43)
0.8 (31.6-34.8)

43.2

43.6

45.3

0.9 (43.5-47.2) 2.3 (38.7-48.4) 0.9 (43.5-47.2)

Subgroups: A vs B vs C
SD
A (n=93) B (n=19) C (n=153)

6.6 (39.1-66.7)
9.7 (9.9-50.6)
9.7 (44.5-85.3)
6.7 (32.5-60.9)
5.3 (20.5-42.9)
3.5 (54.9-69.6)
3.7 (34.2-49.7)
5.4 (31.5-54.3)
2.8 (26.3-38)

2.2 (54-62.6)
3 (18.8-30.5)
3.6 (56.4-70.5)
2.3 (56.2-65.4)
1.7 (28.4-35.2)
1.4 (58.5-64)
1.9 (41.6-49.2)
1.5 (37-43)
0.8 (31.6-34.8)

Subgroups: A vs B vs C
Range
A (n=93)
B (n=19)
C (n=153)

26.3
34.6
43.5
31.1
19
16.7
16.5
20.8
8.7

28.6
42.1
42.3
29.4
22.6
14.8
15.6
22.9
11.8

25.3
35.6
42.9
28.1
20.7
16.5
14.2
18.3
9.2

0-100
0-100
0-100
0-100
0-100
24-88
10-90
0-87
12.2-50.3

5-90
0-100
0-100
0-100
0-100
20-84
10-75
5-77
13.8-60.3

0-100
0-100
0-100
0-100
0-100
12-88
10-75
5-97
13.8-55.9

11.3

9.8

10.7

22.6-72.5

23-57.4

20-75.8

Subgroup A: abnormal intra epidermal nerve fiber density (IENFD) and temperature threshold testing (TTT)
Subgroup B: abnormal IENFD and normal TTT
Subgroup C: normal IENFD and abnormal TTT
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Table 4. Continued
B
SF-36 domain

Physical Functioning1
Role Functioning Physical
Role Functioning Emotional
Social Functioning2
Body Pain 3
Mental Health4
Vitality
General Health Perception
Physical Component Summary Score
Mental Component Summary Score
B
SF-36 domain

Patients with SFN related to sarcoidosis (Sarc+; n=96) versus
SFN patients with non-sarcoidosis etiology (Sarc-; n=169)
SubgroupSarcneg
Subgroup Sarcpos
Mean

SE (95% CI)

Mean

SE (95% CI)

60.2
23.7
63.5
64.7
38.2
63.8
43.9
38.9
34.1
45.3

2.5 (55.3-65.0)
3.4 (16.9-30.5)
4.1 (55.3-71.7)
2.8 (59.2-70.3)
2.2 (33.8-42.7)
1.5 (60.7-66.8)
1.7 (40.6-47.1)
1.8 (35.2-42.5)
1 (32.1-36)
1.1 (43.2-47.4)

51.7
24.6
58.0
54.1
26.2
58.9
43.2
40.9
31.9
43.6

2.2 (47.3-56.0)
3 (18.9-30.6)
3.6 (51-64.0)
2.4 (49.4-58.8)
1.4 (23.4-29)
1.4 (56.1-61.6)
1.2 (40.9-45.6)
1.7 (37.7-44.2)
0.8 (30.3-33.4)
0.9 (42-45.7)

Patients with SFN related to sarcoidosis (Sarc+; n=96) versus
SFN patients with non-sarcoidosis etiology (Sarc-; n=169)
SubgroupSarcneg
Subgroup Sarcpos
SD

Range

SD

Range

Physical Functioning1
24.1
5 – 100
26.9
0 – 100
Role Functioning Physical
33.5
0 – 100
37.0
0 – 100
Role Functioning Emotional
40.5
0 – 100
44.7
0 – 100
Social Functioning2
27.4
0 – 100
23
0 – 100
Body Pain 3
21.9
0 – 100
17.6
0 – 100
Mental Health4
14.9
16 – 88
17.1
12 – 88
Vitality
16.3
15 – 90
14.4
10 – 75
General Health Perception
18
0 – 87
20.5
5 – 97
Physical Component Summary Score
9.5
13.2 – 60.3
9
12.2 – 53.5
Mental Component Summary Score
10.5
20.0 – 72.5
10.8
20.8 – 64.6
SubgroupSarcpos: SFN associated with sarcoidosis versus SubgroupSarcneg: idiopathic SFN or associated with
other etiology than sarcoidosis
T-tests performed: 1p=0.007; 2p=0.003; 3p<0.0001; 4p=0.01. P-values indicate significantly lower mean scores
in the corresponding domains for the SubgroupSarcneg when compared to the SubgroupSarcpos.

C
SF-36 domain

Physical Functioning
Role Functioning Physical
Role Functioning Emotional
Social Functioning
Body Pain1
Mental Health
Vitality
General Health Perception2
Physical Component Summary Score
Mental Component Summary Score
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Patients with idiopathic SFN (n=102) versus
non-idiopathic SFN patients (n=163)
Idiopathic SFN subgroup
Non-idiopathic SFN subgroup
Mean
SE (95% CI)
Mean
SE (95% CI)

53.6
26.4
58.1
54.4
25.7
58.9
44.1
43.3
32.3
43.2

2.9 (47.9-59.3)
4 (18.4-34.3)
4.7 (48.7-67.4)
3.3 (47.9-60.9)
1.7 (22.4-29)
1.9 (55.2-62.7)
1.7 (40.8-47.4)
2.2 (38.8-47.7)
0.9 (30.4-34.2)
1.3 (40.7-45.8)

55.8
23.1
61.3
60.2
33.7
61.8
43.1
38.4
33
45.1

2.1 (51.7-59.8)
2.7 (17.8-28.5)
3.3 (54.7-67.8)
2.2 (55.9-64.6)
1.7 (30.3-37.1)
1.2 (59.4-64.3)
1.2 (40.8-45.5)
1.5 (35.5-41.3)
0.8 (31.5-34.5)
0.8 (43.4-46.7)

Table 4. Continued
C
SF-36 domain

Patients with idiopathic SFN (n=102) versus
Non-idiopathic SFN patients (n=163)
Idiopathic SFN subgroup
Non-idiopathic SFN subgroup
SD
Range
SD
Range

Physical Functioning
26.6
5 – 100
25.9
0 – 100
Role Functioning Physical
37.9
0 – 100
34.4
0 – 100
Role Functioning Emotional
45.3
0 – 100
42
0 – 100
Social Functioning
31.3
0 – 100
28.2
0 – 100
Body Pain1
15.7
0 – 100
21.9
0 – 100
Mental Health
17.7
20 – 88
15.6
12 – 88
Vitality
15.5
10 – 75
15
15 – 90
General Health Perception2
21
5 – 87
18.5
0 – 97
Physical Component Summary Score
8.4
13.8 – 49.5
9.6
12.2 – 60.3
Mental Component Summary Score
11.4
20.8 – 62.1
10.5
20 – 75.8
Patients with idiopathic SFN versus non-idiopathic SFN:
T-test performed: 1p=0.001, meaning significantly more pain experienced in the idiopathic-SFN subgroup
when compared to the non-idiopathic-SFN subgroup; 2p=0.03, indicating a lower mean general health
perception in the non-idiopathic-SFN subgroup when compared to the idiopathic-SFN findings.

Univariate Regression Studies on PCS and MCS
The distribution patterns for the PCS and MCS were fairly normal. Age and duration of
symptoms did not have a signiﬁcant impact on PCS and MCS scores. Gender had a very
minor impact on PCS (explaining 2%) (Table 5). All SFN-SIQ inquiries demonstrated a
very weak association with PCS, with each question explaining <10% of PCS, except
for Q6 (dry mouth; 13% explained by this question) (Table 5). The pain VAS scores
showed a slightly better explanation for PCS values (VAS pain current: R2 = 0.23; VAS
pain minimum: R2 = 0.21; VAS pain maximum: R2 = 0.21; P ≤0.007). The VAS scores and
some SFN-SIQ items (Q1, Q3, Q6, Q9, and Q10) were very weakly related to MCS, each
explaining <5% of the MCS ﬁndings (Table 5). The remaining items did not have any
signiﬁcant impact on MCS. Multivariate Regression Analyses on PCS and MCS. Through
a stepwise-adding approach, a total of 32% (R2 = 0.32) of PCS scores were explained
by SFN-SIQ inquiry 06 (dry mouth), inquiry 01 (changes in sweating pattern), all VAS
scores, and age (Table 5). The strongest predictor was SIQ 06 (dry mouth), showing a
signiﬁcant inverse correlation with PCS ﬁndings. Only 7% of MCS could be explained by
gender, VAS 03, and SFN-SIQ Q9, Q10, and Q12. The remaining items did not contribute
to model on MCS (Table 5).
Multivariate Regression Analyses on SF-36 Domains. A multivariate regression stepwise
adding analyses approach was performed on each individual SF-36 domain separately
to determine which domain would have the strongest association with the explanatory
variables (age, gender, duration of symptoms, SFN-SIQ, and VAS scores). The domain
Body Pain showed a very strong association: a total of 43% [R2 = 0.43, F(3.214) = 55.95,
P < 0.0001] was explained by VAS 03 (the maximum level of pain intensity during the
day; β -7.71, P < 0.001), as did VAS 02 (the minimum level of pain intensity during the
day; β -3.55, P < 0.001) and Q7 of the SFN-SIQ (dizziness when standing up; β -2.41, P =
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0.017). The second best domain of interest being explained was Physical Functioning
[R2 = 0.31, F(4, 208) = 25.24, P < 0.0001], explained by Q1 (sweating pattern; β 2.32, P =
0.022) and Q6 (dry mouth; β -3.98, P < 0.001)] of the SFN-SIQ plus VAS 02 (β -6.41, P <
0.001) and gender (β 2.25, P = 0.026).
Table 5. Uni- and Multi-variate regression studies on SF-36 Physical and Mental Component Summary
Scores in patients with small fiber neuropathy.
A
SF-36
R2

Physical Component Summary Score
Univariate regressions
Multivariate regressions*
R2: 0.32 F(6.200)=17; P<0.0001
F
β
β
P-value
R2

Age
0.0001
Gender
0.02
Symptom duration
0.003
VAS pain current
0.23
VAS pain minimum
0.20
VAS pain maximum
0.21
Changed sweating
0.02
Diarrhea
0.02
Constipation
0.03
Micturation problem 0.06
Dry eyes
0.05
Dry mouth
0.13
Dizziness standing
0.07
Palpitations
0.08
Hot flashes
0.05
Sensitive skin
0.06
Burning feet
0.05
Sheet intolerance
0.07
Restless legs
0.06

(1,232)= 0.02
(1,232)= 5.01
(1,218)= 0.38
(1,228)= 69.06
(1,224)= 56.20
(1,222)= 59.37
(1,232)= 6.10
(1,232)= 5.71
(1,232)= 9.43
(1,232)= 15.78
(1,232)= 13.41
(1,232)= 36.08
(1,232)= 17.53
(1,232)= 20.75
(1,232)= 12.28
(1,232)= 16.74
(1,232)= 13.90
(1,232)= 19.73
(1,232)= 15.34

B
SF-36

Mental Component Summary Score
Univariate regressions
Multivariate regressions*
R2: 0.07 F(5,201)=4.26, P=0.001
F
R2
F
R2
F

R2

0.14, p=0.89
2.24, p=0.026
-0.62, p=0.537
-8.31, p<0.001
-7.50, p<0.001
-7.71, p<0.001
-2.47, p=0.014
-2.39, p=0.018
-3.07, p=0.002
-3.97, p<0.001
0.05, p<0.001
-6.01, p<0.001
-4.19, p<0.001
-4.56, p<0.001
-3.5, p=0.001
-4.09, p<0.001
-3.73, p<0.001
-4.44, p<0.001
-3.92, p<0.001

2.07

0.04

-1.46
-2.12
-2.68
2.90

0.147
0.036
0.008
0.004

-3.53

0.001

0.004
0.004
0.003
0.04
0.04
0.04
0.02
0.001
0.03
0.006
0.002
0.01
0.0002
0.0002
0.03
0.03
0.009
0.005
0.01

Age
0.004
(1,232)= 0.02
0.004
(1,232)= 0.02 0.004 (1,232)= 0.02
Gender
0.004
(1,232)= 0.05
0.004
(1,232)= 0.05 0.004 (1,232)= 0.05
Symptom duration
0.003
(1,218)= 0.27
0.003
(1,218)= 0.27 0.003 (1,218)= 0.27
VAS pain current
0.04
(1,228)= 11.17
0.04
(1,228)= 11.17 0.04 (1,228)= 11.17
VAS pain minimum
0.04
(1,224)= 10.53
0.04
(1,224)= 10.53 0.04 (1,224)= 10.53
VAS pain maximum
0.04
(1,222)= 9.54
0.04
(1.222)= 9.54
0.04
(1.222)= 9.54
Changed sweating
0.02
(1,232)= 5.74
0.02
(1,232)= 5.74
0.02
(1,232)= 5.74
Diarrhea
0.001
(1,232)= 0.68
0.001
(1,232)= 0.68 0.001 (1,232)= 0.68
Constipation
0.03
(1,232)= 9.40
0.03
(1,232)= 9.40
0.03
(1,232)= 9.40
Micturation problem 0.006
(1,232)= 2.31
0.006
(1,232)= 2.31 0.006 (1,232)= 2.31
Dry eyes
0.002
(1,232)= 0.47
0.002
(1,232)= 0.47 0.002 (1,232)= 0.47
Dry mouth
0.01
(1,232)= 3.99
0.01
(1,232)= 3.99
0.01
(1,232)= 3.99
Dizziness standing
0.0002 (1,232)= 1.04
0.0002
(1,232)= 1.04 0.0002 (1,232)= 1.04
Palpitations
0.0002 (1,232)= 0.96
0.0002
(1,232)= 0.96 0.0002 (1,232)= 0.96
Hot flashes
0.03
(1,232)= 7.44
0.03
(1,232)= 7.44
0.03
(1,232)= 7.44
Sensitive skin
0.03
(1,232)= 8.34
0.03
(1,232)= 8.34
0.03
(1,232)= 8.34
Burning feet
0.009
(1,232)= 2.99
0.009
(1,232)= 2.99 0.009 (1,232)= 2.99
Sheet intolerance
0.005
(1,232)= 2.06
0.005
(1,232)= 2.06 0.005 (1,232)= 2.06
Restless legs
0.01
(1,232)= 3.85
0.01
(1,232)= 3.85
0.01
(1,232)= 3.85
*Only those items that remained in the multivariate model are reported.
VAS = visual analogue scale; VAS pain current: the current pain intensity; VAS pain minimum: the minimum
pain intensity during the day, VAS pain maximum: the maximum pain intensity during the day.
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DISCUSSION
We have examined the impact of SFN on QOL. Using the SF-36 generic tool, there was a
generally severe reduction in all domains and component summary scores compared
with reported normative healthy Dutch control values (Figure 1). In particular, the
domains Role Functioning–Physical, Body Pain, and PCS had lower scores, indicating a
worse physical condition.20, 23 The disability caused by polyneuropathy has been shown
to correlate with a decrease in QOL.34 The body pain scores were also signiﬁcantly
lower, thus demonstrating severe SFN-related neuropathic pain, which conforms with
earlier reports.7, 13, 15, 35 It is known that painful polyneuropathy leads to a more severe
reduction in QOL when compared with painless neuropathy.36-39
Also, patients with a disease complicated by the presence of peripheral polyneuropathy
may show a reduced QOL that cannot be explained merely by the disease alone.40, 41 In
fact, the idiopathic SFN subgroup hardly showed differences from the non-idiopathic
subgroup of patients, implying that the underlying illness that may lead to SFN did not
have much impact on reduction of QOL (Table 3 and Tables 4 A–C). In a recent study
involving various forms of peripheral neuropathies, similar SF-36 Body Pain ﬁndings
were seen in patients classiﬁed as having pain. However, the PCS values in our patients
were notably lower when compared with the reported scores. 42
The SF-36 values in our SFN population were also substantially lower than in other
chronic diseases, such as myocardial infarction and angina pectoris with hypertension,
as has been reported in the USA population by those who established the SF-36.22 Even
the mental condition in our SFN patients was signiﬁcantly reduced. This is in contrast
to literature ﬁndings, which suggests an unaltered mental state in chronic conditions,
including various forms of peripheral neuropathy.42-45 This is usually explained by
adaptation or development of coping mechanisms over the years. Apparently, patients
with SFN have ongoing, sometimes excruciating pain and experience continuous
difﬁculty dealing with the consequences of their illness.
With respect to the objectives of this study, there are some methodological issues
that should be addressed. First, because only 32% of PCS values were explained by
SFN-related complaints, including pain, future studies should focus on other factors
that may contribute to lower QOL in to contribute to decreased QOL in these patients.
Factors like anxiety, depression, disturbed sleep, and fatigue have been demonstrated
to contribute to decreased QOL in peripheral neuropathies.42, 46, 47 Second, because the
MUMC is referral center for patients with sarcoidosis, our study population was biased
toward this illness. The SF-36 component summary ﬁndings in the sarcoidosis group
versus the other etiological SFN patients did not differ; however, some differences
were seen at the domain level (Table 4 B). Despite this etiological bias, the ﬁndings
in the sarcoidosis subgroup demonstrated approximately the same differences with
the healthy Dutch community as seen in Figure 1. Similar ﬁndings were seen for the
idiopathic versus non-idiopathic subgroup of patients. Therefore, we consider the
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ﬁndings from the total SFN group representative of SFN in general. Understanding the
disabling complaints leading to a reduced QOL is essential in optimizing the guidance
and hopefully the therapeutic approach in this condition. Third, we used a generic
QOL metric, because our aim was to compare the ﬁndings with reported normative
healthy community scores. The SF-36 is not a disease-speciﬁc tool, and perhaps a more
speciﬁc questionnaire, such as the Vickrey 97-QoL scale, would have shown better
targeting with stronger associations with the SFN complaints in our study popula
tion.48 The percentage of the physical summary score explained is, however, is slightly
lower than that the reported explanation (40%) in other peripheral neuropathies with
more physical impair ments.49, 50
Because QOL may complement traditional outcome measures, a limited correlation
is not unexpected.50 In conclusion, SFN has an overall severe impact on QOL, both
physically and mentally. Some SFN symptoms, including pain, had an inverse correla
tion with QOL scores, explaining about one-third of physical QOL ﬁndings. Future
studies are warranted to determine which additional factors may inﬂuence QOL in
SFN.
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Chapter 8.1

SUMMARY AND
GENERAL DISCUSSION
This thesis comprises of a series of studies on small fiber neuropathy (SFN). The following
will summarize the findings of the studies presented in this thesis. We will discuss the
potential impact of these findings, as well as implications for future research.

Introduction
Chapter one is a general introduction, presenting general and clinical information on
SFN, as well as the outline of this thesis. Patients with SFN may experience spontaneous
pain and/or autonomic symptoms due to dysfunction of A-delta and C fibers. A
combination of symptoms, signs and neurophysiologic and pathologic findings is
used to confirm suspected SFN. There are numerous diseases associated with the
occurrence of SFN, such as toxic, metabolic, inflammatory, and neoplastic disorders.
Mutations in voltage gated sodium channels may also lead to SFN.1-3
Diagnosis of small fiber neuropathy
No gold standard for diagnosing SFN exists, unfortunately. Pathologic changes of both
large and small nerve fibers can be examined in sural nerve biopsies, but this is an
invasive procedure and is generally only recommended when amyloidisis or vasculitis
is suspected.4 Various diagnostic tests have therefore been developed to examine
specific functions of the nervous system (sensory threshold tests, evoked potentials,
sudomotor and cardiovascular reflex testing). However, these may be subjective,
difficult to perform or have limited sensitivity or specificity.5
In SFN, skin biopsy to determine the intraepidermal nerve fiber density (IENFD) is
considered an objective diagnostic test. With a small 3 mm punch biopsy, skin from
an affected or standard skin area (10 cm above the lateral malleolus) can be examined.
This is a minimally invasive procedure, with little to no side effects on patients.6
In chapter 2.1, normative data for intraepidermal nerve fiber density (IENFD) are
presented. First, data from a healthy Dutch and Italian cohort of subjects were

149

SUMMARY AND GENERAL DISCUSSION

gathered and examined. An age-related decrease in IENFD was found with lower
densities in men compared to women. Clinical applicability was demonstrated in a
cohort of sarcoidosis patients. Subsequently, an international collaborative effort was
performed between eight skin biopsy laboratories from Europe, USA, and Asia. This has
resulted in reference values, applicable world-wide with validation of the findings at
our institute (chapter 2.2). In conclusion, the use of IENFD in clinical practice is made
possible through studies that provide age- and gender-matched normative values.
Though the technique of taking a skin biopsy is fairly simple and minimally invasive,
the fixation, staining and counting procedure is somewhat time consuming, and not
available in all pathological laboratories. Moreover, due to the normal variability of
IENFD, the sensitivity of this test is probably moderate. Therefore, the diagnosis of SFN
usually requires a combination of IENFD with other tests.
Chapter 3.1 reviews the current use of temperature threshold testing (TTT), a quantified
technique, more widely available, and often used in the evaluation of SFN. Great
variety is seen, for example, in use of equipment, test modalities, testing algorithms,
and reported values. Thus, the review shows lack of international standardization
when applying this technique. Practical literature-based recommendations are made:
to test for warm and cold sensation thresholds, the use of age- and gender-stratified
normative values, testing with a reaction time-independent technique. Additionally,
the responsiveness of this technique needs to be determined in clinical studies.
Using patients’ data, the optimization of an extensive TTT protocol with high burden
for patients and technicians showed a possible reduction of the protocol used,
maintaining high sensitivity and specificity (chapter 3.2). The best reduced protocol
found was testing both warm and cold, feet and hands bilaterally with the method of
levels and in a reaction time independent manner. Of course, a patient is still required
to be cooperative, highly concentrated and the test result is subjective so malingering
cannot be excluded completely.7
Contact heat and laser evoked potentials theoretically overcome some of these
drawbacks as one would not easily expect an influence of the patients preferred
outcome on evoked potentials. Chapter 4 addresses the recruitment of normative
values for contact heat evoked potentials (CHEPs) in a large Dutch cohort. Latencies
were influenced by height, amplitudes by gender. An age related decrease was seen
for amplitudes with slightly increasing latencies. Stratified normative values were
obtained that can be used to evaluate CHEP results in patients.
Unfortunately, CHEPs shows some practical problems. In some healthy subjects no
potentials could be recorded, as was also previously described by other authors,
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resulting in a lower specificity. It is however, conceivable that some “healthy” subjects
may have subclinical sensory deficit leading to abnormalities found when examining
them with the CHEPS. Also, in our patients we noticed a more readily visible evoked
potential when using a higher starting temperature, but a varying starting temperature
may induce changes in latency and possibly amplitude. Standardization of the CHEPs
test for clinical use should therefore be part of future studies, aiming to standardize
the use of these devices, and determine the additional value of CHEPS in the diagnosis
of SFN. We showed a diagnostic accuracy of 74% for both TTT and CHEPS in patients
with abnormal IENFD, but the relation of CHEPS to IENFD and TTT has to be elucidated
in more detail. Furthermore, measuring CHEPs is experienced by the patients as being
more painful than for example a skin biopsy, which may also have a disadvantage in
clinical practice.
Clinical and clinimetric aspects of small fiber neuropathy
The existence of peripheral neuropathies (predominantly) involving small nerve
fibers has been recognized for decades now,8 but focus has often been on diabetic
neuropathies, probably because of the sheer volume of patients affected. The past
years, interest in and the search for underlying causes including the need for more
specific treatment has evolved. Small fiber neuropathy probably is not uncommon and
patients may benefit from a diagnosis, even if no underlying cause is identified and no
specific treatment is yet available. We have experienced patients being treated for a
wrong diagnosis (e.g. psychiatric behavioral therapy) for years before being classified
as having small fiber neuropathy.
An estimated minimum incidence and prevalence of SFN was presented in chapter
5, for the catchment area of the Maastricht University Medical Center. This showed a
minimum estimated incidence of 12/100.000 and prevalence of 53/100.000, which is a
substantial number, especially taking into account that true incidence and prevalence
are probably higher as these were all referred patients. Awareness of SFN and related
complaints hopefully improve in future.
Better identification of painful neuropathies and proper recognition of autonomic
complaints, as part of the spectrum of polyneuropathies, is important. Both for patients
and doctors, as this may influence diagnostic and treatment strategies and provide
adequate explanation of symptoms.
In chapter 6 symptoms of SFN, pain and autonomic dysfunction, were evaluated by
questionnaires in a group of sarcoidosis patients with and without symptoms indicative
of small fiber neuropathy. Autonomic symptoms were reported in all patients, but
more in those suspected of SFN (as this was based on a history of pain and autonomic
complaints). Pain was also reported by all patients, but most severe in patients with
reduced IENFD and more specifically for typically neuropathic subtypes. This shows
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that scales may help to appreciate the extent of patients’ problems and may even help
identifying those with SFN.
Chapter seven investigates the impact of SFN on quality of life. All patient experience
a severe overall reduction in quality of life, and pain only explains part of this reduction.
In this study, the SF36, a generic health-related quality of life scale was used and
compared with reported Dutch normative data. The impact of having small fiber
neuropathy is generally substantial, showing low scores that can be compared with
patients that recently had a myocardial infarction. Pain and autonomic symptoms
explained 32% of the reduction in quality of life. This implies other important aspects
such as disturbed sleep, fatigue, mood disorders, as well.
Overall, we can conclude that interest in (patients with) SFN is not a luxury, but
a necessity.
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Diagnosis of SFN
The lack of gold standard for diagnosing SFN will possibly remain a challenge. Though
clinicians nowadays adopt each other’s criteria for definition and diagnosis,9 current
use of TTT and skin biopsy as confirmatory tests both have limited sensitivity and
specificity. There is a need for additional reliable, valid and responsive instruments to
diagnose SFN.
Nerve conduction studies are only applicable to determine the presence or absence of
large fiber involvement, and by definition NCS should be normal in SFN. As discussed
above, there are several drawbacks to TTT: it is subjective, hard to compare between
centers that use different protocols, reliability depends on testing method and
location, and validity and responsiveness still need to be determined. Though evoked
potentials, such as laser evoked potentials and CHEPS, seem a promising alternative,
the examination is sometimes painful, and technique and results may be more difficult
to implement in daily practice.
Microneurography is a specialized technique that provides information on small
sensory and autonomic nerve fibers. With a metal microelectrode, inserted directly
into a peripheral nerve, afferent and efferent nerve discharges can be recorded. A lot
of research has been dedicated to sympathetic microneurography as an investigative
tool in autonomic neural control.10, 11 Afferent nociceptive discharges from C-fibers can
also be recorded and hyper-excitability and sensitization of C-fibers has been shown
in painful neuropathy.12 This technique may provide insight in nerve (dis)function,
as in other chronic pain states such as fibromyalgia, in which hyper-excitability and
sensitization have also been shown.13 However, the technique is not widely known in
the neurology field and only a handful of medical doctors are trained to perform these
recordings. Also, the examination is time consuming and today, not many patients
have been examined yet for this purpose. It is also unknown what normative values
would be in relation to age and gender. Therefore at current stage, the value of this test
in the diagnosis of SFN is uncertain, but proves in interesting tool in a research setting.
Though IENFD determination through skin biopsy is reliable and valid, responsiveness
needs to be determined if this technique is considered as an outcome measure in
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clinical studies. Also, it is a slightly invasive test procedure with limited availability.
Corneal confocal microscopy may be a suitable alternative. After local anesthesia, a
lens of the confocal microscope is placed on the cornea. With a digital camera, a set
of images can be captured and analyzed afterwards. This technique does require a
specialized microscope for in vivo examination of the eye. However, such a microscope
has several purposes in ophthalmologic practice and it allows for non-invasive
examination of corneal nerve fiber density. Encouraging data are emerging suggesting
corneal fiber density to be equally useful to IENFD.14-16
Probably, a combination of tests, possibly with a stepwise approach, will eventually
be advised to confirm SFN diagnosis. Plans are underway to address these issues in an
international workshop on the diagnostic approach in small fiber neuropathy, aiming
for general consensus.
Clinical and clinimetric aspects of small fiber neuropathy
As stated before, even when no treatment is available (yet), patients may benefit from
timely recognition of having SFN.17 Therefore, valid and reliable screening instruments
and questionnaires are needed to identify patients that may potentially have SFN.
These measures should preferably also be responsive if they are planned to be used
in clinical studies.18 Most scales used in peripheral neuropathy are mainly composite
multi-item measures at the ordinal level and are still being used, despite their generally
known shortcomings.19-21
In essence, ordinal based measures are qualitative descriptive data with no numerical
value. Modern methods like the Rasch methodology is gaining interest as a way to
examine, improve, and create questionnaires.22, 23 “The Rasch model states that the
probability of a patient being able to correctly answer or complete an item or task is a
logistic function of the difficulty of the task and the ability of the patient to acclompish
it”. For several neuromuscular diseases, specific outcome scales have been produced
this way.24-26 Using the same frame, a Rasch-built overall disability scale specifically
designed for SFN will be constructed fulfilling all clinimetrical requirements.
Pain experiences can be further differentiated to evaluate the effect of pain on daily
living and also to study the effect of treatment. The occurrence of pain at night may
have a bigger impact than pain during the day. Other aspects of pain like the various
qualifications, locations, intensity, activities related are also of great importance to
determine first before proceeding to interventional medical studies. Interviewing
focused groups of patients and recruiting patients’ information on the daily and social
aspects where their SFN related complaints may interfere with is also be of great value
to develop a pain-driven Rasch-built functional measure.
Also, we do not only want to be able to tell patients what is wrong, but also to be
able to explain what to expect, as we can tell in other peripheral neuropathies like in
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Guillain-Barré syndrome (GBS) and chronic idiopathic axonal polyneuropathy(CIAP).27,
28
The natural course in SFN should be evaluated at a multi-level approach (at the
pathology level: IENFD; impairment level: symptoms questionnaires; at the activity
and participation level; functional questionnaires). All this will ultimately contribute to
future clinical interventional studies.
It is also important to question what is important for patients. On the one hand, there
may be no clinically relevant difference for a patient between for example an IENFD
of 1 or 2 fibers/mm, although this might be informative to understand pathological/
impairments dynamics of an illness. On the other hand, pain is considered a better
outcome determinant as has been addressed by the IMMPACT group.29
Quality of life is not just something to be documented. A multidisciplinary approach
to treatment, seeking improvement in quality of life, is essential. Both drug treatment
programs as rehabilitation programs need to be implemented and evaluated using
appropriate quality of life instruments.
Future studies
Small fiber neuropathy is not really a disease entity but a syndrome, a set of signs and
symptoms associated with several underlying diseases. As such, it is a starting point to
search for a possible cause and possible solution. However, a common denominator
may be genetic abnormalities since so many different problems (see introduction,
table 1) give rise to a more or less similar syndrome. Currently, lots of efforts have been
put by our group in unraveling the relationship between SFN and variants found in
voltage gated sodium channels.1-3, 30-33
The search for genetic abnormalities as the source of abnormal pain sensation is not
only a possible answer to why different conditions lead to similar symptoms, but may
also pave the way to development of targeted treatment.
Of the nine known isoforms of the human voltage gated sodium channel, five are
expressed in the peripheral and autonomic nervous system and play a critical role of in
the generation and conduction of action potentials. More specifically, their presence
and function imply a key position in the nociceptive pathway, which make them a
target for neuropathic pain treatment.34
A large international multicenter multidisciplinary study (PROPANE) has been
initiated, to provide translational research data on painful neuropathies. This project
aims, amongst other goals: to explore genetic abnormalities in the different sodium
channels by whole exome sequencing; to evaluate the effect of these variations on
function and therefore mechanisms of neuropathic pain; to identify drug targets; to
be able to identify patients at risk and explain the source of the nerve damage in
different conditions. Both extensive studies in patients with painful neuropathies, and
translational studies using zebrafish models will be performed.
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Besides this exciting research project, two other studies need to be mentioned.
First, based on the mechanism of action of lacosamide (a novel anti-epileptic drug
that dampens the over-activity of sodium channels by increasing slow inactivation),
the painkilling effects of this drug in patients with proven genetic sodium channel
abnormalities are currently investigated. Second, based on a bio-pschycho-social
model, a tailored rehabilitation program with graded activity therapy will be offered to
SFN patients and evaluated prospectively.
As usual, the conclusion of this study is that we are in need for more research.
Luckily, there are enthusiastic and talented people striving to unravel SFN together,
internationally!
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Chapter 9.1

SAMENVATTING EN
ALGEMENE DISCUSSIE
Dit proefschrift bevat een serie studies betreffende dunne vezel neuropathie (small
fiber neuropathy, SFN). Hieronder wordt een samenvatting geschetst van hetgeen in
deze thesis is gepresenteerd. Het potentieel belang alsook de eventuele implicaties
voor toekomstig onderzoek wordt besproken.

Inleiding
Hoofdstuk 1 bevat een algemene inleiding, met zowel klinische informatie over
SFN als de opzet van het proefschrift. Patiënten met SFN hebben spontane pijn en/
of autonome stoornissen door disfunctie van de A-delta en C vezels. Een combinatie
van klachten, afwijkingen bij neurologisch-, neurofysiologisch- en pathologisch
onderzoek wordt gebruikt om de diagnose te bevestigen. Er zijn vele aandoeningen
geassocieerd met het optreden van SFN, van intoxicaties, metabole-, inflammatoireen neoplastische aandoeningen. Mutaties in spanningsafhankelijke natrium kanalen
kunnen ook SFN veroorzaken.1-3
Diagnosticeren van dunne vezel neuropathie
Een gouden standaard voor de diagnose SFN ontbreekt, helaas. Veranderingen van dikke
en dunne vezels kunnen pathologisch onderzocht worden in nervus suralis biopten,
echter dit is een invasieve procedure en wordt over het algemeen alleen aanbevolen
wanneer aan amyloïdose of vasculitis wordt gedacht.4 Diverse diagnostische testen
zijn derhalve ontwikkeld om specifieke functies van het zenuwstelsel te onderzoeken
(gevoelsdrempel testen, opgewekte potentialen, sudomotore en cardiovasculaire
reflex testen). Echter, deze onderzoeken zijn vaak subjectief, moeilijk uit te voeren of
hebben een beperkte sensitiviteit of specificiteit.5
De intra-epidermale zenuwvezeldichtheid (IENFD) van een huidbiopt wordt
beschouwd als een objectieve diagnostische test voor SFN. Met een klein 3mm
stansbiopt kan de huid van een aangedaan, of gestandaardiseerd huidgebied (10
cm boven de laterale malleolus) onderzocht worden. Dit is een minimaal invasieve
procedure, met weinig tot geen nadelige neveneffecten voor de patiënt.6
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In hoofdstuk 2.1 worden normaalwaarden voor intra-epidermale zenuwvezeldichtheid
(intraepidermal nerve fiber density, IENFD) gepresenteerd. Allereerst werden data
verzameld van gezonde Nederlandse en Italiaanse vrijwilligers. Er bleek sprake van
een leeftijdsafhankelijke afname van IENFD, met lagere vezeldichtheden in mannen
ten opzichte van vrouwen. Klinische toepasbaarheid werd getoond in een cohort
sarcoïdose patiënten. Vervolgens werd een internationale collaboratie gevormd,
tussen acht huidbiopt laboratoria in Europa, de VS en Azië. Dit resulteerde in wereldwijd
toepasbare referentiewaarden en validatie van de bevindingen van ons instituut
(hoofdstuk 2.2). Al met al is het gebruik van IENFD in de klinische praktijk mogelijk
geworden door de (voor leeftijd en geslacht) gestratificeerde normaalwaarden die
deze onderzoeken hebben opgeleverd.
Hoewel de afname techniek van een huidbiopt vrij simpel is en weinig invasief, zijn de
handelingen erna (fixeren, kleuren, tellen) tijdsintensief en is dit niet in elk pathologisch
laboratorium mogelijk. Bovendien is de sensitiviteit van IENFD vermoedelijk beperkt,
vanwege de grote variatie in vezeldichtheid bij gezonde mensen. Daardoor is het
meestal nodig de diagnose SFN te stellen door middel van een combinatie van IENFD
en andere onderzoeken.
Hoofstuk 3.1 bevat een review over temperatuur drempel onderzoek (temperature
threshold testing, TTT), een breder beschikbare, kwantitatieve, techniek, die vaak
gebruikt wordt voor SFN evaluatie. Er is een grote variatie in gebruikte apparatuur,
onderzochte modaliteiten, test methodologie en wijze van rapportage van uitkomsten.
Er blijkt een gebrek aan internationale standaardisatie bij gebruik van TTT. Enkele
praktische, op beschikbare literatuur gebaseerde, aanbevelingen zijn bijvoorbeeld:
testen van warmte en koude sensatie drempels; gestratificeerde normaalwaarden
gebruiken; gebruik van een reactietijd onafhankelijk test algoritme. De responsiviteit
van TTT moet nog middels klinische studies onderzocht worden.
Middels onderzoeksgegevens van vele patiënten werd een uitgebreid, voor patiënt en
onderzoeker belastend, TTT protocol geoptimaliseerd, met behoud van sensitiviteit en
specificiteit (hoofdstuk 3.2).
Het beste resultaat werd verkregen door warmte en koude drempel te meten aan
voeten en handen op een reactie tijd onafhankelijke wijze. Uiteraard dient een patiënt
hierbij coöperatief en goed geconcentreerd te zijn, en is het resultaat subjectief
waardoor simulatie niet volledig uitgesloten kan worden.7
In theorie worden deze beperkingen omzeild door het meten van door hitte-contact
opgewekte cerebrale potentialen (contact heat evoked potentials, CHEPs), aangezien
men niet verwacht dat de patiënt de uitkomst hiervan kan bepalen. Hoofdstuk
4 beschrijft het verkrijgen van CHEPs van een groot cohort gezonde Nederlanders.
Latenties bleken gerelateerd aan lengte, amplitudes beïnvloed door geslacht. Er is een
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leeftijdsafhankelijke afname van amplitudes met geringe toename van latenties bij
toenemende leeftijd. Er werden gestratificeerde normaalwaarden verkregen waarmee
CHEP resultaten van patiënten geëvalueerd kunnen worden.
Helaas zijn er enkele praktische problemen verbonden aan CHEPs. In sommige
gezonde mensen kon geen reactie opgewekt worden, eerder ook door anderen
beschreven, hetgeen leidt tot een lage specificiteit. Het is mogelijk dat sommige
“gezonde mensen” subklinische sensibele stoornissen hebben waardoor deze CHEP
afwijkingen veroorzaakt worden. Daarnaast werd een duidelijkere respons gezien bij
een hogere start temperatuur, echter een andere start temperatuur kan leiden tot
andere latentie en mogelijk amplitude. Standaardisatie voor de klinische praktijk is
dan ook belangrijk en moet verder onderzocht worden zodat gebruik van CHEPs en
toegevoegde waarde hiervan bij de diagnostiek van SFN duidelijk wordt. Wij zagen in
74% van de patiënten met een verlaagde IENFD een afwijkende CHEP of TTT waarde,
maar de relatie tussen CHEPS, TTT en IENFD dient verder opgehelderd te worden.
Bovendien vinden patiënten CHEPs een pijnlijk onderzoek, erger dan bijvoorbeeld een
huidbiopt, waardoor praktische toepasbaarheid mogelijk beperkt wordt.
Klinische en klinimetrische aspecten van dunne vezel neuropathie
Het bestaan van polyneuropathieën met (overwegend) dunne vezel betrokkenheid
wordt reeds tientallen jaren onderkend,8 maar de aandacht gaat overwegend uit naar
diabetische polyneuropathieën, vermoedelijk vanwege de grote aantallen aangedane
patiënten. De afgelopen jaren is de interesse in en de zoektocht naar onderliggende
oorzaken toegenomen, alsook de behoefte aan meer specifieke behandelingen. SFN
is geen ongebruikelijke aandoening en zelfs als geen oorzaak of behandeling bestaat
kunnen patiënten gebaat zijn bij een syndroomdiagnose. Het komt voor dat klachten
jarenlang miskend worden (en bijvoorbeeld behandeld worden met cognitieve
gedragstherapie) voordat duidelijk wordt dat SFN de oorzaak is.
Een schatting van de (minimale) incidentie en prevalentie wordt gepresenteerd in
hoofdstuk 5, betreffende het verzorgingsgebied van het Maastricht Universitair
Medisch Centrum. Hier is sprake van een incidentie van minimaal 12/100.000/jaar en
prevalentie van 53/1000.000, aanzienlijke getallen, met name wanneer rekening wordt
gehouden met het gegeven dat de werkelijke cijfers naar alle waarschijnlijkheid hoger
uitvallen wanneer niet alleen naar verwezen patiënten gekeken wordt. Hopelijk neemt
bewustwording van SFN en hieraan gerelateerde klachten toe in de toekomst.
Verbeterde herkenning van pijnlijke polyneuropathieën en autonome verschijnselen,
als onderdeel van het brede spectrum van de polyneuropathieën, is belangrijk. Zowel
voor patiënt als arts, aangezien dit de diagnostische en behandelstrategieën bepaalt
en kan leiden tot gepaste uitleg omtrent de klachten.
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In hoofdstuk 6 worden pijn en autonome disfunctie middels vragenlijsten geëvalueerd
in een groep sarcoïdose patiënten met en zonder mogelijke SFN. Autonome klachten
werden gerapporteerd door alle patiënten, maar duidelijk meer in patiënten die
werden verdacht van SFN (hetgeen voor de hand ligt, de verdenking SFN is gebaseerd
op het anamnestisch bestaan van pijn en autonome disfunctie). Pijn werd eveneens
door iedereen gerapporteerd, maar was ernstiger in patiënten met een verlaagde
IENFD, en vooral bij de meer specifiek neuropathische pijntypes. Het gebruik van
vragenlijsten kan de ernst van problemen verhelderen en mogelijk bijdragen aan de
herkenning van SFN.
Hoofdstuk 7 onderzoekt de invloed van SFN op kwaliteit van leven. Patiënten met SFN
ervaren een ernstige algehele reductie van kwaliteit van leven, pijn verklaart slechts
een deel hiervan. In dit onderzoek, de SF-36, een generieke gezondheid gerelateerde
kwaliteit van leven vragenlijst, werd gebruikt en vergeleken met gepubliceerde
normaalwaarden voor de Nederlandse bevolking. De invloed van SFN is aanzienlijk,
waarbij de scores vergelijkbaar zijn met die van patiënten die recent een hartinfarct
hebben doorgemaakt. Pijn en autonome verschijnselen verklaarden 32% van de
afname in kwaliteit van leven. Dit impliceert dat andere aspecten, zoals verstoorde
slaap, vermoeidheid en stemmingsstoornissen, ook van belang zullen zijn.
Al met al kunnen we concluderen dat interesse in (patiënten met) SFN geen luxe
maar noodzaak is.
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Diagnosticeren van SFN
Het gebrek aan een gouden standaard voor de diagnose SFN zal een uitdaging blijven.
Hoewel clinici tegenwoordig elkaars criteria voor de definitie en diagnose overnemen,9
hebben TTT en IENFD als bevestigende onderzoeken beperkte sensitiviteit en
specificiteit. Er is behoefte aan betrouwbare, valide en responsieve instrumenten om
SFN te diagnosticeren.
Zenuwgeleidingsonderzoek is alleen bruikbaar om dikke vezel betrokkenheid te
bepalen, in SFN is dit onderzoek per definitie normaal. Zoals eerder beschreven zijn er
enkele beperkingen van TTT: het is subjectief, moeilijk te vergelijken tussen centra die
verschillende protocollen gebruiken, betrouwbaarheid hangt af van testmethode en
testlocatie, validiteit en responsiviteit zijn onbekend. Hoewel opgewekte potentialen,
door laser of hitte-contact, een veelbelovend alternatief lijkt, is dit een pijnlijk en
mogelijk lastig te implementeren onderzoek.
Microneurografie is een gespecialiseerde techniek die informatie levert over
dunne sensibele en autonome vezels. Met een metalen micro-electrode, die in
een perifere zenuw ingebracht wordt, kunnen afferente en efferente ontladingen
worden geregistreerd. Veel onderzoek is gewijd aan sympathische microneurografie,
ter beoordelingen van de neurale autonome regulatie.10, 11 Afferente nociceptieve
ontladingen van C-vezels kunnen ook geregistreerd worden, bij pijnlijke
polyneuropathie zijn hyperexcitatie en sensitisatie van C-vezels aangetoond.12 Deze
techniek kan inzicht bieden in zenuw (dis)functie en in chronische pijnsyndromen
zoals fibromyalgie, waarbij hyperexcitatie en sensitisatie ook zijn aangetoond.13 Echter,
deze techniek is niet wijdverbreid en weinig artsen zijn in staat deze registraties uit
te voeren. Het is bovendien een tijdrovend onderzoek en tot nog toe zijn weinig
patiënten onderzocht met het oog op SFN en vooralsnog zijn er geen gestratificeerde
normaalwaarden. Momenteel is de waarde hiervan voor het diagnosticeren van SFN
nog onzeker, maar het is voor wetenschappelijk onderzoek een interessante techniek.
Hoewel IENFD bepaling middels een huidbiopt betrouwbaar en valide is gebleken,
moet responsiviteit nog onderzocht worden om te kunnen beoordelen of dit als
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uitkomstmaat kan dienen in klinische studies. Het is verder (minimaal) invasief met
beperkte beschikbaarheid. Confocale microscopie van de cornea zou een geschikt
alternatief kunnen zijn. Na toedienen van lokale verdoving wordt een microscooplens
op de cornea gepositioneerd. Met een digitale camera wordt een reeks foto’s
vervaardigd die nadien geanalyseerd kunnen worden. Een speciale microscoop die
geschikt is voor in vivo oogonderzoek is noodzakelijk, maar een dergelijke microscoop
heeft verschillende toepassingen in de oftalmologische praktijk. Op non-invasieve
wijze kan hiermee zenuwvezeldichtheid van de cornea onderzocht worden. Het lijkt
erop dat corneale vezeldichtheid net zo informatief is als IENFD.14-16
Vermoedelijk is een combinatie van onderzoeken, wellicht stapsgewijs uitgevoerd,
uiteindelijk de beste methode om de diagnose SFN te bevestigen. Er zijn plannen deze
aspecten rondom de diagnostische aanpak van SFN in een internationale bijeenkomst
aan te kaarten, in de hoop tot een consensus te komen.
Klinische en klinimetrische aspecten van dunne vezel neuropathie
Zoals eerder aangegeven, zelfs als (nog) geen behandeling voorhanden is, kunnen
patiënten gebaat zijn bij tijdige (h)erkenning van de diagnose SFN.17 Daarom zijn valide
en betrouwbare screeningsinstrumenten en vragenlijsten nodig om mogelijke SFN
patiënten te identificeren. Deze middelen dienen bij voorkeur responsief te zijn indien
ze gebruikt gaan worden bij klinische studies.18 De meeste vragenlijsten die bestaan
voor patiënten met een polyneuropathie zijn ordinale multi-item composiet schalen,
die ondanks algemeen bekende tekortkomingen nog steeds gebruikt worden.19-21
Ordinale schalen leveren in essentie descriptieve data zonder numerieke waarde.
Moderne middelen zoals de Rasch methodologie worden toenemend gebruikt om
vragenlijsten te onderzoeken, verbeteren en creeëren.22, 23 “Het Rasch model geeft aan
dat de kans dat een patiënt een vraag correct kan beantwoorden of een taak kan
uitvoeren is een logistische functie van de moeilijkheid van de taak en de mogelijkheid
van de patiënt die te volbrengen”. Voor verschillende neuromusculaire ziekten, zijn
zo specifieke uitkomstmaten vervaardigd.24-26 Op diezelfde manier zal een op Raschgebaseerde beperkingen vragenlijst worden geconstrueerd, specifiek voor SFN, die
aan de diverse klinimetrische eisen voldoet.
Differentiatie van pijn ervaringen kunnen verder gedifferentieerd worden om de
effecten van pijn op het dagelijks leven te evalueren en de effecten van therapie te
bestuderen. Het optreden van nachtelijke pijn heeft wellicht een grotere impact dan
pijn overdag. Andere aspecten zoals de verschillende soorten pijn, locaties, intensiteit,
relatie tot activiteiten, zijn eveneens van belang om vast te stellen alvorens over te gaan
tot medicatie studies. Om een adequate pijn vragenlijst volgens Rasch methodologie
te ontwikkelen, kunnen focus groep interviews en het vergaren van informatie over
hoe SFN gerelateerde problemen interfereren met het dagelijkse en sociale leven van
patiënten, van groot belang zijn.
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Niet alleen willen we patiënten kunnen vertellen wat er met ze aan de hand is, maar
ook wat ze kunnen verwachten, zoals mogelijk is voor andere polyneuropathieën zoals
Guillain-Barré syndroom (GBS) en chronische idiopathische axonale polyneuropathie
(CIAP).27, 28 Het natuurlijke beloop van SFN moet op meerdere niveaus ontrafeld worden
(pathologie: IENFD; beperkingen: klachten vragenlijsten; activiteiten en participatie:
functionele vragenlijsten). Dit alles zal uiteindelijk bijdragen aan toekomstige
interventie studies.
Het blijft belangrijk je af te vragen wat voor patiënten belangrijk is. Zo kan er klinisch
geen relevant verschil zijn voor een patiënt tussen bijvoorbeeld een IENFD van 1
of 2 vezels/mm, hoewel dit kan bijdragen aan het begrip van de dynamiek tussen
pathologie en beperking. Pijn wordt daarentegen beschouwd als een geschikte
uitkomstmaat, zoals ook vastgesteld door de IMMPACT groep.29 Kwaliteit van leven is
niet iets om alleen maar vast te leggen. Een multidisciplinaire aanpak die tot doel heeft
kwaliteit van leven te bevorderen is essentieel. Zowel medicamenteuze interventies als
revalidatie trajecten moeten ingezet worden en geëvalueerd worden met geschikte
meetinstrumenten ter evaluatie van kwaliteit van leven.
Blik in de toekomst
Dunne vezel neuropathie is in essentie geen ziekte maar een syndroomdiagnose, een
combinatie van klachten en afwijkingen met diverse onderliggende aandoeningen. Als
zodanig is het beginpunt voor een zoektocht naar mogelijke oorzaken en oplossingen.
Echter, een genetische afwijking zou een gemeenschappelijke factor kunnen zijn,
aangezien zoveel uiteenlopende aandoeningen (zie Tabel 1, introductie) min of meer
hetzelfde syndroom veroorzaken.
Op dit moment wordt binnen onze onderzoeksgroep veel aandacht besteed aan het
ontrafelen van de relatie tussen SFN en varianten in spanningsafhankelijke natrium
kanalen.1-3, 30-33 Deze zoektocht naar genetische afwijkingen als oorzaak van afwijkende
pijnsensatie leidt wellicht niet alleen naar een antwoord waarom deze verschillende
aandoeningen tot dezelfde symptomen lijden, maar ook tot ontwikkeling van een
gerichte behandeling.
Van de negen bekende isovormen van het humane spanningsafhankelijke
natriumkanaal komen er vijf voor in het perifere sensibele of autonome zenuwstelsel.
Deze kanalen spelen een belangrijke rol bij het ontstaan en voort geleiden van actie
potentialen. Hun aanwezigheid en functioneren doen een sleutelpositie vermoeden
in nociceptie, waardoor ze een potentieel aangrijpingspunt zijn voor behandeling van
neuropathische pijn.34
Een grote internationale multicenter multidisciplinaire studie (PROPANE) is opgezet
om translationeel onderzoek te verrichten naar pijnlijke polyneuropathieën. Dit project
heeft onder andere tot doel: genetische afwijkingen in de diverse natriumkanalen te
exploreren middels “whole exome sequencing”; de effecten van deze afwijkingen op
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functioneren te evalueren, en daarmee het mechanisme van neuropathische pijn;
aangrijpingspunten voor medicatie te identificeren; risico patiënten te herkennen
en de oorzaak van zenuwschade in verschillende condities te verklaren. Hiertoe
zullen patiënten met pijnlijke polyneuropathie worden onderzocht, maar ook zal
translationeel onderzoek plaatvinden met behulp van zebravis modellen.
Behalve dit enorme onderzoeksproject zijn er nog andere studies die genoemd dienen
te worden. Ten eerste wordt, gebaseerd op het werkingsmechanisme van lacosamide
(een nieuw anti-epilepticum dat trage inactivatie van natriumkanalen doet toenemen
en daardoor overactiviteit dempt), het pijnstillende effect van dit middel onderzocht
bij patiënten met een bewezen genetische natrium kanalopathie. Ten tweede zal een
revalidatieprogramma, gebaseerd op een bio-psycho-sociaal model, aangeboden
worden aan een groep SFN patiënten en prospectief geëvalueerd worden.
Zoals gebruikelijk is de conclusie van dit proefschrift dat meer onderzoek nodig is.
Gelukkig zijn er internationaal enthousiaste en getalenteerde mensen samen bezig de
geheimen van dunne vezel neuropathie te ontrafelen!
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VALORISATION
Introduction
Science serves a purpose, even when not immediately apparent. As researchers
continuously question and examine current knowledge of every part of existence, this
knowledge will expand and ultimately have impact on daily practice/life. Who would
have thought Nikola Tesla’s at the time “crazy experiments” would lead to the wireless
radio, indoor lighting and electroshock therapy of today?
However, society has a right to ask anyone that wants support (either financial or
otherwise) from that society, to justify that support. In the next chapter, the results of
this thesis will be looked at from a more general point of view than just a medical one.
Valorization
Valorization means “determining value”. More specifically in the context of research:
“translation of knowledge into a (commercial) product, service or process”.
How does this apply to the research presented in this thesis? We have presented
new insight into the diagnosis of small fiber neuropathy (SFN), showed minimum
incidence and prevalence of SFN in a defined population and shown several clinical
characteristics of SFN and implications on patients’ quality of life. Some more general
implications of the results have been touched upon in previous chapters, but will be
discussed in more detail in this chapter.
Diagnosis of small fiber neuropathy
The possibilities and limitations of several diagnostic techniques for SFN have been
presented. By doing so, guidance can be created for clinicians, but also for policymakers, to determine what tests are of value in the diagnostic procedure. For example,
standard neurological examination, nerve conduction studies (to examine other
forms of polyneuropathy), and temperature threshold testing (using the presented
optimized protocol) should be considered first step investigations in patients with
possible (small fiber) neuropathy. This may lead to recognition of SFN and a directed
search for underlying illnesses in a substantial amount of patients. Second, for those
in whom a diagnosis is still elusive, determination of corneal or intra-epidermal nerve
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fiber density can be performed in a specialized center, where also other advanced
techniques such as contact heat evoked potentials may be applied. Also, the decision
to search more extensively for an etiological factor could be based on the results
thereof. Microneurography might presently be reserved for research purposes only.
Following such a stepwise approach might not only lead to better diagnosis of patients
with appropriate tests (“products”) but may also lead to better recognition how to
organize care for these patients (“services and process”).
Also, the ongoing research into channelopathies is an important sequel, that may
reveal the basis for pain and possibly provide targeted treatment, in a wider array of
polyneuropathies.
Clinical and clinimetric aspects of small fiber neuropathy
With the presented minimum prevalence and incidence for SFN, better insight into
the extent of the problem has been sketched. The socio-economic burden of small
fiber neuropathy is better appreciated, and puts costs of research and interventions in
perspective. Also, this improves the possibility to evaluate interventions on a population
scale. A prevention program (“services and process”) for diabetes mellitus (DM) may for
example be evaluated also by incidence of SFN, as both glucose intolerance and DM
are important associated diseases.
The delineation of symptoms of SFN and the evaluation of screening tools such as
the questionnaires used in this thesis (see appendix) improves recognition of SFN. We
hope earlier that appropriate diagnostic workup is initiated sooner with increasing
awareness, possibly with the help of such questionnaires. As the impact on quality of
life is substantial, this could be of importance for patients. The benefit of finding more
appropriate treatment strategies are apparent when impact is appreciated correctly.
Not only patients and care workers are helped by better understanding of the extent
of complaints and the impact on quality of life. Again, socio-economic burden is high
in diseases with such a large impact on daily living and relevant outcome measures
(”products”) help improve evaluation of care both on an individual as on group level
(“service and process”).
It is equally important to realize what further research should focus on. Fortunately,
a current large scale international study is dedicated to illuminate fundamental
processes in SFN!
Conclusion
In this chapter, an effort has been made to put the thesis in a broader perspective.
We think the steps made in this thesis lead beyond the doorway of the doctors’ office.
Though they may be small steps, they lead us forward.
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Dankwoord
Mij is ooit verteld dat het dankwoord één van de (zo niet hèt) best gelezen hoofdstukken
is van een proefschrift. Vast niet omdat het zo’n origineel stukje is, geen hoofdstuk dat
zo inwisselbaar is als het dankwoord. Al variëren natuurlijk de namen van proefschrift
tot proefschrift. Misschien omdat iedereen even wil controleren of hij/zij genoemd
wordt? Wil eenieder vereeuwigd worden in een drukwerk? Dan zal dit hoofdstuk
vermoedelijk een heleboel mensen teleurstellen…
Allereerst gaat mijn dank uit naar alle patiënten en vrijwilligers die bereid zijn geweest
zich te onderwerpen aan diverse vragenlijsten, onderzoeken en ingrepen. Zonder hen
was er niets (geen reden, geen resultaten, geen motivatie) geweest om artikelen over
te schijven, laat staan een proefschrift samen te stellen. Dus duizendmaal dank!
Ooit nam ik mij voor, dat als ik het onzalige idee op zou vatten te promoveren, het
wel over iets zinnigs moest gaan. Zou u menen dat dat gelukt is, dan is dat geheel
te danken aan Karin en Ingemar. Zonder hun ideeën, navorsingen, protocollen,
analyses, aanmoedigingen, correcties en ga zo maar door, was er niets van terecht
gekomen. Ze zijn voor mij grote voorbeelden (altijd positief en enthousiast) en tevens
schrikbeelden (nooit slapende “dag en nachtwerkers”). Bij deze wil ik jullie dus danken
voor al jullie harde werk en de moeite die jullie hebben genomen mij hierdoorheen te
slepen! Ook hierbij veel dank aan de leden van de corona, het kritisch doorlezen van
een proefschrift is een hele klus!
Zonder Pieter was ik overigens nooit bij Karin en Ingemar terecht gekomen om
onderzoek te gaan doen, dus naar mijn idee een terechte vermelding alhier. Dit
onderzoek kon verricht worden mede dankzij Elske, die dunne vezel neuropathie bij
sarcoïdose op de kaart zette. Ook zouden zonder Marjolein en haar ILD team (met
Gé, Gerry, Sita, Anita) vast nooit zoveel patiënten hiervoor te vinden zijn geweest.
Crucial to this thesis was the work on intraepidermal nerve fiber density. This was made
possible by Giuseppe, whose work in this field was and is essential. I want to thank
you for your energetic and inspiring help in this project. Of course many thanks also
to Rafaela, Gracia, and Paola, who have taught me much, and always with a smile.

Ook heb ik uiteraard veel te danken aan Jan, met wie ik eindeloos veel “huidjes” heb
gekleurd, Benoit en ook de andere laboranten op de histologie en immunologie,
die mijn aanwezigheid en gebruik van ruimte, “kleurstoffen” en apparatuur volledig
aanvaardden. Ilse en Aline dank ik voor hun inzet om verwerking en beoordeling van
de huidbiopten zo secuur mogelijk over te nemen. Natuurlijk ook veel dank aan Marc,
zonder een laptop, werkplek en microscoop was er heel wat minder uit mijn handen
gekomen.
Om nog even een cliché erin te gooien, onderzoek doe je niet alleen. Maar dat niet
alleen, je bent meestal niet als enige onderzoek aan het doen. Zo had ik gelukkig
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