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Deoxy-sphingolipids, oxidative stress, and vitamin
C correlate with qualitative and quantitative
patterns of small fiber dysfunction
and degeneration
Maike F. Dohrna,b, Christina Dumkea, Thorsten Hornemannc, Stefan Nikolind, Angelika Lamperte, Volker Espenkottf,
Jan Vollertg,h,i,j, Annabelle Ouwenbroeka, Martina Zanellac, Jörg B. Schulza, Burkhard Gessa, Roman Rolkef,*

Abstract
Definedby dysfunction or degeneration of Ad andC fibers, small fiber neuropathies (SFNs) entail a relevant health burden. In 50%of cases,
the underlying cause cannot be identified or treated. In 100 individuals (70% female individuals; mean age: 44.8 years) with an idiopathic,
skin biopsy–confirmedSFN,we characterized the symptomatic spectrumandmeasuredmarkers of oxidative stress (vitaminC, selenium,
and glutathione) and inflammation (transforming growth factor beta, tumor necrosis factor alpha), as well as neurotoxic 1-deoxy-
sphingolipids. Neuropathic pain was the most abundant symptom (95%) and cause of daily life impairment (72%). Despite the common
use of pain killers (64%), the painDETECT questionnaire revealed scores above 13 points in 80% of patients. In the quantitative sensory
testing (QST), a dysfunction of Ad fibers was observed in 70% and of C fibers in 44%, affecting the face, hands, or feet. Despite normal
nerve conduction studies, QST revealed Ab fiber involvement in 46% of patients’ test areas. Despite absence of diabetes mellitus or
mutations in SPTLC1 or SPTLC2, plasma 1-deoxy-sphingolipids were significantly higher in the sensory loss patient cluster when
compared with those in patients with thermal hyperalgesia (P, 0.01) or those in the healthy category (P, 0.1), correlating inversely with
the intraepidermal nerve fiber density (1-deoxy-SA:P,0.05, 1-deoxy-SO:P,0.01). Patientswith arterial hypertension, overweight (body
mass index . 25 kg/m2), or hyperlipidemia showed significantly lower L-serine (arterial hypertension: P , 0.01) and higher 1-deoxy-
sphingolipid levels (arterial hypertension: P, 0.001, overweight: P, 0.001, hyperlipidemia: P, 0.01). Lower vitamin C levels correlated
with functional Ab involvement (P, 0.05). Reduced glutathione was lower in patients with Ad dysfunction (P, 0.05). Idiopathic SFNs are
heterogeneous. As a new pathomechanism, plasma 1-deoxy-sphingolipids might link the metabolic syndrome with small fiber
degeneration.
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1. Introduction

Small fiber neuropathies (SFNs) comprise a symptom spectrum
caused by dysfunction or degeneration of intraepidermal C and
Ad nerve fibers.4,18 Neuropathic pain, the leadingmanifestation of

SFNs, is typically described as a burning, tingling, electrifying,
pricking, or itching sensation on the surface of or closely
underneath the skin. SFNs can also cause sensory deficits,
including a reduced pinprick and temperature perception, as well
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as autonomic symptoms, such as reduced sweat production, dry
eyes, orthostatic intolerance, gastrointestinal disturbances, in-
continence, and erectile dysfunction. At the brink of being
considered a rare disease, the prevalence of SFNs is estimated
approximately 1 in 2000 inhabitants.35 The diagnosis is confirmed
by the combination of (1) the characteristic clinical picture and
patient history, (2) evidence of either small fiber dysfunction using
quantitative sensory testing (QST) or of small fiber degeneration in
the skin biopsy, and (3) the exclusion of a large fiber
polyneuropathy by nerve conduction studies (NCSs).5,10 Despite
and because of being difficult to objectify, SFNs have the potential
to cause severe disability and a high psychological burden.

The causative spectrum of SFNs is heterogeneous ranging from
inflammatory and metabolic to hereditary causes.4,7,18,19 Approxi-
mately half of all diagnosed SFNs remain idiopathic to date.4

As a potential risk factor, oxidative stress has previously been
identified to be a key player in diabetic36,49 or autoimmune19

neuropathies. The antioxidant vitamin C is critically involved in
myelination processes17 and has therefore been discussed to
mitigate disease severity in Charcot–Marie–Tooth disease type 1A;
however, clinical trials eventually failed to show a significant
benefit.16,33 In the context of small fiber neuropathies, inflammatory
cytokines were shown to be significantly elevated in patient skin
specimens,42 although specific serum marker constellations in-
dicative for SFN subtypes have not been described so far. Higher
serum levels of neurotoxic 1-deoxy-sphingolipids were shown in
patients with diabetic neuropathies2,6,29 and with hereditary sensory
and autonomic neuropathy (HSAN) types 1A and C.34,39 In a small
HSAN1A cohort, the oral substitution of L-serine was associated
with an improvement of disease severity; long-term effects remain,
however, to be studied in larger cohorts.12,14,31

In this study, we examined the phenotypic spectrum of
idiopathic small fiber neuropathies in a cohort of 100 affected
individuals and correlated the presence or absence of certain
features with serum markers of inflammation, oxidative stress,
and metabolic syndrome. As potentially influenceable contribu-
tors to the development of SFNs, they might become targets for
future treatment approaches.

2. Materials and methods

2.1. Patient selection

All patients were examined at the Neuromuscular Outpatient
Clinic, Department of Neurology of the RWTH Aachen University
Hospital, Aachen, Germany. The study design conformed to the
Declaration of Helsinki, and ethical approval was obtained before
study initiation (EK 310/16). All parts of the study protocol were
conducted by the same experienced examiners. For study
participation, preexisting symptomatic treatments, for example
neuropathic pain medications, were not paused.

After a preselection of 140 patients, we prospectively included
100 individuals in total. For inclusion, patients had to show the
clinical phenotype of a small fiber neuropathy and a pathological
intraepidermal nerve fiber morphology proven by skin biopsy. The
presence of a large fiber neuropathy was excluded by nerve
conduction studies (see further). Laboratory analyses including a
peripheral blood cell count, glycated hemoglobin (HbA1c),
carbohydrate-deficient transferrin, vitamin B12, folic acid, creat-
inine, thyrotropin, angiotensin-converting enzyme, antinuclear
antibodies, antineutrophil cytoplasmic antibodies, anticitrulli-
nated protein antibodies, rheumatoid factor, and creatine kinase
ruled out the presence of most of other known acquired causes.

2.2. Patient history and painDETECT questionnaire

A detailed patient history was obtained using a standardized
protocol for all study visits. We assessed the age at symptom
onset, the first symptoms, the symptom dynamics during the
disease course, the current pattern including sensory plus and
minus symptoms and autonomic dysfunction, alleviating or
worsening factors, and the symptom of highest subjective impact
on quality of life. We further assessed a detailed social and family
history and asked for former and current comorbidities.

The pain history was specified, focusing on pain characteris-
tics, intensity, localization, radiation, dynamics, and influencing
factors. We quantified neuropathic pain components using the
painDETECT questionnaire with a 38-point global sum score.11

An overall score of 19 points or more indicates a neuropathic
character of pain with a probability of 90%, whereas it is unlikely
when less than 12 points are scored.

2.3. Bedside examinations

In a detailed bedside examination, we qualitatively assessed all
sensory modalities, including perception of light touch, pinprick,
and temperature to be reduced or normal. In case of any
impairment, we further examined its distribution pattern, namely
length-dependent or discontinuous, and the precise levels of
perception compared to normal. To assess clinically significant
large fiber involvement, we further screened all patients for a
reduced vibration perception at medial malleoli, patella, and wrist
levels, using a Rydel-Seiffer tuning fork (64Hz) with a default scale
from 0 to 8, for signs of afferent ataxia (gait pattern, Romberg
manoeuvre, and heel–knee test), abnormalities in deep tendon
reflexes, and reduction in muscle strength (range 0-5 according
to medical research council).

2.4. Neurophysiological examinations

Nerve conduction studies were performed by the same
experienced examiners in all 100 cases. Compoundmotor action
potentials (CMAPs), motor nerve conduction velocities, distal
motor latency, and F-waves were measured at the tibial nerve on
one side. Sensory nerve action potentials (SNAPs) and sensory
nerve conduction velocities were orthodromically measured for
the sural nerve on both sides.

In 99 of the 100 patients, we assessed a complete quantitative
sensory testing (QST) profile at one clinically affected site. In total,
17 affected hands and 82 affected feet were tested. If mirror
image body areas such as both feet were affected, we assessed
the patient’s most affected foot. Following the protocol of the
German Research Network on Neuropathic Pain (DFNS),15,38 the
same experienced examiners applied standardized stimuli on
different skin areas to delineate the type of involved nerve fibers
compared with a group of healthy control subjects, who were
matched for age, sex, and body region.25,27 This enabled
measuring quantitative thresholds of thermal and mechanical
detection and pain, paradoxical heat sensations, thresholds to
von Frey filaments, mechanical pain thresholds to pinprick stimuli
and blunt pressure, stimulus/response functions for pinprick and
dynamic mechanical allodynia, and pain summation (wind-up
ratio).

2.5. Interpretation of nerve fiber involvement

When we analyzed each patient’s data set, we found both loss
and gain in sensory nerve fiber function. For comparison, we used
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a control group of 100 age-matched, sex-matched, and area-
matched healthy control subjects. As shown in previous
studies,15,38 deficits in Ad fiber function can typically be
characterized by abnormal cold detection thresholds (CDTs).
Dysfunction of C fibers is represented by elevatedwarmdetection
threshold (WDT) values. A combined loss of function of C and Ad
fibers is reflected by elevated cold pain thresholds (CPTs), heat
pain thresholds (HPTs), pressure pain thresholds (PPTs),
mechanical pain thresholds (MPTs), or decreased mechanical
pain sensitivity (MPS). Ab fiber deficits can be seenwith increased
mechanical detection thresholds (MDTs) and vibration detection
thresholds (VDTs). Increasedmechanical pain sensitivity (MPS) or
the presence of dynamic mechanical allodynia (DMA) is
consistent with the concept of central sensitization of the
nociceptive system. Temporal summation (wind-up) of pain is
assumed to be consistent with elevated wind-up ratios (WURs).
Because these values cluster in their functional interpretation, we
applied established statistical analyses1,37 to divide our study
participants into QST-based subgroups, namely (1) sensory loss,
(2) mechanical hyperalgesia, and (3) thermal hyperalgesia.

2.6. Assessment of sudomotor function

We measured the electrochemical skin conductance at both the
patients’ palms and soles of the feet using the already established
Sudoscan device. For that, patients stood upright, distributing their
body weight equally to the plate electrodes. A not noticeable current
of ,4V was applicated by default, stimulating sweat production.
Results were given in percentiles and compared with those of
healthy sex-matched, age-matched, and weight-matched controls.

2.7. Skin biopsies

A skin punch biopsy indicative of small fiber degeneration was an
inclusion criterion for the study. We therefore did not obtain new
specimens within this study protocol, but reassessed the
preexisting neuropathological reports. In 61% of the cases, this
report originated from the Institute of Neuropathology of the
RWTH Aachen University Hospital and in the other 39% from
different German centers. The standards of obtainment, fixation,
processing, and evaluation of skin biopsies have been described
elsewhere.47 To assess the intraepidermal nerve fiber density, the
PGP9.5 staining was used. Depending on the skin section
available, we retrieved additional information on sweat gland
innervation from some but not all reports. Inflammatory infiltrates
or amyloid deposits pointing toward a known etiology of
neuropathy were exclusion criteria in this study.

2.8. Biomarker analysis

Except for transforming growth factor beta (TGF-b), sphingoli-
pids, fat, and amino acid profiles, all serum laboratory values were
measured at the clinically validated laboratory of the RWTH
Aachen University hospital, following the local standard proce-
dures. This includes the analysis of tumor necrosis factor alpha
(TNF-a), glutathione (reduced, oxidated, and overall levels),
selenium, and vitamin C. Transforming growth factor beta was
measured from EDTA blood specimens after being transferred on
dry ice to the Synevo study service laboratory in Berlin, Germany.
The plasma sphingoid base and amino acid profile, as well as
plasma triglycerides, were analyzed at the Institute of Clinical
Chemistry, University Hospital Zürich (Zürich, Switzerland).
Before analysis, the extracted plasma sphingolipids were
subjected to an acid/base hydrolysis to release the free sphingoid

bases from the conjugated N-acyl chains and headgroups. The
profiling included C16SO, C16SA, C17SO, C17SA, C18SO,
C18SA, C19SO, C20SO, C20SA, sphingadiene, 1-deoxy-
sphingosine (1-deoxySO), and 1-deoxy-sphinganine (1-
deoxySA). Details on the procedure have been described
earlier.29,34 The plasma profiles were compared with a group of
34 not age-matched or sex-matched healthy individuals. The
molecular genetic analysis of the SPTLC1 and SPTLC2 genes
was part of a standardized next-generation sequencing–based
diagnostic panel for sensory neuropathies performed at the
Institute for Human Genetics at the RWTH Aachen University
Hospital. Using the same screening panel, we excluded known
pathogenic variants in the GLA gene.

2.9. Statistical evaluation

The original data set was implemented into SPSS and Graphpad
Prism7 softwares. To compare one groupwith another, we used the
Student t test for normally distributed and the Mann-Whitney-
Wilcoxon test for nonparametric data. Gaussian distribution was
tested with the Kolmogorow–Smirnow, D’Agostino & Pearson
omnibus, and Shapiro–Wilk normality tests. Group comparisons
were performed using 1-way ANOVA or with the Kruskal–Wallis test
if non-parametric. The P levels were corrected for multiple
comparisons with the Tukey–Kramer or Dunn post-test method.
Linear regression analyses were performed to assess clinical,
paraclinical, and score correlations. To compare individual QST
parameters directly with each other and to correlate themwith other
numeric markers, we standardized them in comparison with healthy
sex-matched and age-matched control values from identical body
regions. All QST parameters with the exception of PHS, CPT, HPT,
and VDT were normally distributed in log space and were
transformed logarithmically before statistical analysis. We calculated
z score values using the expression: z score 5 (valuepatient –
meancontrols)/SDcontrols. This procedure resulted in a QST profile
presenting all parameters as standard normal distributions (zero
mean and unit variance) independent of age, sex, and body region.
Z values greater than 0 indicate a gain of function when the patient is
more sensitive to the tested stimuli compared with controls
(hyperalgesia, allodynia, and hyperpathia), whereas z scores less
than 0 indicate a loss of function. To assign patients to sensory
phenotypes, a published algorithm44 was used, which is based on
sensory profiles from patients with neuropathic pain1 and healthy
participants with induced mechanistic surrogate models.43

2.10. Data availability

The data that support the findings of this study are available on
request from the corresponding author. The data are not publicly
available due to their containing information that could compro-
mise the privacy of research participants.

3. Results

3.1. Patient cohort

We examined 100 patients (70% female individuals, 30% male
individuals; mean age at examination: 44.8 [20-77] years) with
clinical and histological signs of SFNs and normal lower limb
nerve conduction studies to exclude a significant large fiber
polyneuropathy (Table 1). Unspecific clinical signs were not
considered exclusion criteria so that distal pallhypoesthesia
occurred in 10% and abolished Achilles tendon reflexes in 5%
of the patients. The mean duration between symptom onset and
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histological diagnosis was 5.9 years (5 months-30 years) and more
than 10 years in 23.6% of the cohort. The age at onset was broadly
distributed,mostly involving the third, fourth, and fifth decades of life;
however, 12% of the included patients reported first symptoms
before the age of 20 years. The distribution patternwasdescribed as
length-dependent in 58% and as diffuse in 41% of the patients. To
be classified idiopathic, common disease causes such as diabetes
mellitus were excluded before study participation. With overweight
(35%), arterial hypertension (27%), and hyperlipidemia (9%) belong-
ing to the most frequent comorbidities, however, a nondiabetic
metabolic syndrome (combination of 3 of the above, followingWHO
definition) was diagnosed in 5%. Concomitant chronic pain
syndromes were migraines (15%) and fibromyalgia (11%), and a
postural tachycardia syndromewas found in8%.Themost common
medications in our patient cohort addressed pain: a specific
treatment of neuropathic pain had been administered in 49%
(anticonvulsants [n5 39], antidepressants [n5 23], topic drugs [n5
1]), and unspecific pain killers were taken in 12% (NSAIDs [n5 28],
opioids [n5 19]). Combinations were possible.

3.2. Small fiber neuropathy characteristics

3.2.1. Symptom history

Sensory plus signs, including paresthesias and neuropathic pain,
were most frequently the first manifestation of SFNs in this collective
(57%), whereas sensory minus signs such as numbness and
thermhypoesthesia occurred in 23% and autonomic symptoms in
10%. Further unspecific complaints such as fatigue or generalized
weakness were attributed to the SFN onset in another 65%. In 11%
of the cases, patients reported not one but several first symptoms at
the same time. A potentially triggering event in timely correlation with
symptom onset was reported in 60% of the patients. This included
psychological stress (25%), infections (15%), medications (8%), and
others (17%). At the time of the clinical visit, 95% of the patients
reported neuropathic pain, 88% paresthesia, and 77% numbness.
With96%of theexaminedcohort, the feetplaced first in the rankingof
affected localizations, whereas 78% of the patients reported an
(additional) hand and 72% a lower leg involvement (Fig. 1A). The
whole armsand legs but not the trunk and facewere affected in 29%.
The face was affected in 33% and the trunk in 38% (Fig. 1B).
Autonomic symptomswerepresent in 85%overall, themost frequent
of which were reported dizziness, (impending) blackouts (57%),
diarrhea (43%), and hyperhidrosis (47%). In 9 of these patients, a
postural tachycardia syndrome had previously been diagnosed. A
significantweight loss hadnot beennoted in anyof the cases.Ninety-
two percent of the patients reported a relevant daily life impairment.
The most common cause of such was neuropathic pain (72%).

3.2.2. Qualitative and quantitative assessment of
neuropathic pain

Patients described the quality of pain to be burning (74%),
pricking (55%), needling (29%), pulsing (24%), electric shock-like
(22%), and nagging (15%). However, other descriptive terms
were used in 36%. With a mean point score of 17.56 7.0 (range:
0-32), the painDETECT was in linear regression with the NRS,
which was highly significant (P, 0.001). Acknowledging that the
painDETECT has not been validated as a follow-up questionnaire,
its point values were significantly higher in patients with a
progressive disease course compared with those with a stable
disease course (P , 0.01), which was in accordance with the
NRS values (P , 0.01).

3.2.3. Qualitative and quantitative assessment of nerve fiber
dysfunction

Sensory deficits were reported in 99%, but subjectively involved
areas did not overlap with our clinical examination results (Fig. 1C
and D). Compared with age-matched, sex-matched, and area-
matched healthy controls, the SFN cohort showed a highly
significant thermal hypoesthesia (P , 0.001) (Fig. 2), which is a
characteristic sign of C (warmth) and Ad fiber (cold) dysfunction.
Most likely related to central sensitization, they further experi-
enced a profound mechanical hyperalgesia, as well as allodynia
and an increased number of paradoxical heat sensations. The
vibration detection threshold, a typical parameter for protopathic
Ab nerve fiber function, was normal in this cohort fitting into the
diagnosis of a pure SFN. However, the mechanical detection
threshold, likewise amarker for epicritic Ab fiber involvement, was
significantly elevated as well. Such tactile hypoesthesia can be
observed in patients with large fiber damage. However, in healthy
subjects with central sensitization of the nociceptive system after

Table 1

Patient overview.

Demographics

Sex Male: 30; female: 70

Age at examination, y 44.8 6 12.5 (20-77)

BMI, kg/m2 27.5 6 5.6 (17-41)

Symptoms and disease course

Age at onset, y 36 (6-57)

Disease duration, y 9.4 6 9.6 (1-42)

Duration until diagnosis, y 5.9 6 6.7 (0-30)

Sensory plus symptoms 98%

Sensory minus symptoms 94%

Autonomic symptoms 85%

Length-dependent distribution 58%

Progressive course 84%

Clinical signs of large fiber involvement

Abolished Achilles tendon reflexes 5%

Pallhypoesthesia at ankles 10%

Daily life impairment caused by SFN 92%

NRS [0-10] 4.13 6 2.24 (0-10)

PainDETECT [0-38] 17.54 6 6.98 (0-32)

Paraclinical examinations

Signs of large fiber polyneuropathy in NCS 0%

Signs of Ab fiber dysfunction in QST* 61% (46%)

Signs of Ad fiber dysfunction in QST* 84% (70%)

Signs of C fiber dysfunction in QST* 61% (44%)

Sudomotor dysfunction 23%

Distal IENFD, fiber/mm 3.35 6 2.17 (0.1-10.5)

Slightly reduced distal IENFD 23%

Moderately reduced distal IENFD 29%

Severely reduced distal IENFD 35%

Early signs of degeneration 10%

No classification 3%

Laboratory

1-deoxy-SA, mmol/L 0.07 6 0.04 (0.016-0.222)

1-deoxy-SO, mmol/L 0.33 6 0.22 (0.16-0.89)

Reduced glutathione, mg/L [150-460] 265.9 6 139.2 (34-765)

Vitamin C, mg/dL [4-20] 10.99 6 5.01 (0.9-25.1)

TGF-b, ng/mL [18.3-41.6] 24.07 6 7.33 (9.3-46.3)

TNF-a, ng/L [,8.1] 6.18 6 2.22 (3.9-13.8)

Demographics, symptoms, clinical signs, nerve conduction studies, quantitative sensory testing, skin biopsy,

and laboratory test results in 100 patients with idiopathic small fiber neuropathy.

* Combining the test and control areas, test area only in parentheses.

BMI, body mass index; IENFD, intraepidermal nerve fiber density; NCSs, nerve conduction studies; NRS,

numeric rating scale; QST, quantitative sensory testing; SFN, small fiber neuropathy; TGF-b, transforming

growth factor beta; TNF-a, tumor necrosis factor alpha.
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intradermal capsaicin injections, a purely functional secondary
hypoesthesia could be detected. This phenomenon might be
explained possibly due to a functional switch at the spinal level
based on C-fiber-induced primary afferent depolarization, result-
ing in presynaptic inhibition of low threshold mechanoreceptor
input and an ensuing loss of tactile sensitivity.26 Interestingly, this
finding was observed in 34% of our patients, indicating that such
a functional shift of epicritic large fiber performance might be
present in SFN, where C fiber input is disturbed as well. The
preserved Ab fiber function of deeper tissues (VDT) supports this
assumption.

3.2.4. Histological assessment of nerve fiber degeneration

In the overall cohort, the mean distal intraepidermal nerve fiber
density (IENFD) was 3.4/mm 6 2.2/mm (0.1/mm-10.5/mm).
Depending on age-related and sex-related normative values,23

this reduction of IENFD was classified as slightly reduced in 23%,
moderately reduced in 29%, and severely reduced in 35% of the
cases (Table 1). In 10%, the IENFDwas normal, but other signs of
nerve fiber degeneration, such as swellings of the nerve endings
(.1.5 mm), were observed. Histologically, a disturbed innervation
of sweat glands was reported in 20% of the patients.

3.2.5. Sudomotor dysfunction

The presence or absence of histologically visible sweat gland
degeneration did not correlate with the electrochemical skin
conductance (X2 test, P. 0.05), showing a moderately reduced
sudomotor function in 23% and a severely reduced

electrochemical skin conductance in 4% of 52 examined
patients. Hands were more frequently (19%) affected by
sudomotor dysfunction than feet (4%), and a combination of
both occurred in 4%. This did not correlate with the subjective
sensory involvement patterns described earlier (Fig. 1). Patients,
who reported a subjective hypohidrosis (n 5 14), did not show a
higher rate of measurable sudomotor dysfunction in this test (X2

test, P . 0.05) nor did patients who reported a predominant or
first autonomic manifestation.

3.3. Phenotype clusters and diagnostic patterns

To determine SFN subphenotypes, we correlated different di-
agnostic parameters assessing potential patterns and clusters.
Patients, who reported sensory plus symptoms as first SFN
manifestation, continued to experience such plus symptoms
significantly more often than patients with other first symptoms (P
, 0.05). Patients with a progressive disease course were
significantly more likely to experience pain (P , 0.001), and the
disease duration correlated with the painDETECT score (P, 0.05).
Patients with numbness experienced a significantly longer disease
duration than those without (P , 0.05). No significant correlations
were observedbetween the localization patterns (length-dependent,
asymmetric, and diffuse) and the reported disease course (stable,
slowly progressive, and relapsing–remittent).

Patients with C fiber dysfunction in the QST experienced
significantly higher painDETECT scores (P , 0.001), which was
mostly attributed to burning and pressure pain. Contrarily,
patients with Ab nerve fiber involvement reported significantly
higher pain intensities when exposed to light touch (P, 0.01) and

Figure 1. Sensory symptom distribution patterns. Visualization of the symptom distribution pattern (A). Comparison of sensory distribution patterns (B) based on
subjective symptoms (C) and clinical examination results (D). (A) In different shades of gray, the frequency of the different body regions as the main sites of pain is
plotted. The darker the color, themore often the corresponding area was indicated as themain pain location. Combinations were possible. (B) In 100 patients with
idiopathic small fiber neuropathy, only 1 individual did not report any sensory symptoms, whereas the clinical sensory testing was normal in 8%. A purely distal
localization (I and II) was observed in 25% in the clinical examination but reported in 14% only in the patient history. Subjectively, 49% of the patients showed an
involvement of the trunk (V and VI) and 33% of the face (VI), which was clinically reflected by 36% (V and VI) and 12% (VI), accordingly. These discrepancies might
partially be explained by the fact that neuropathic pain, the most abundant sensory symptom, cannot be measured by clinical parameters. We conclude that the
extent of subjective symptoms is not fully qualifiable or quantifiable by the clinical examination alone.
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experienced a significantly higher percentage of mechanical
inducibility of pain (P , 0.001).

Based on the leading parameter constellation by QST, 10
patients were classified as sensory loss, 38 as mechanical
hyperalgesia, and 41 patients as thermal hyperalgesia pheno-
type, whereas the remaining 10 patients showed a sensory profile
mostly resembling that of healthy participants. Comparing the
different QST parameters with each other, we observed
correlation patterns within the parameter group associated with
C and Ad nerve fiber dysfunction (CDT, WDT, TSL, PHS, CPT,
HPT, MPT, and PPT) and those measuring Ab nerve fiber
involvement and sensitization mechanisms (MDT and VDT).
Markers of sensitization (DMA, MPS, and WUR) correlated with
each other and, partially, with measures of both small and large
nerve fiber function as well. A correlation matrix is listed in
Table 2. Comparing parameters of small fiber degeneration and
small fiber dysfunction directly, there was no significant correla-
tion in this cohort (IENFD and QST z values). We did not detect
significant differences in painDETECT values between the patient
subgroups with normal, slightly, moderately, and severely
reduced IENFD and no significant regressions as well. The
presence or absence of autonomic symptoms did not correlate
with either sudomotor function or histological sweat gland
denervation nor was the electrochemical skin conductance
significantly different between individuals with or without histo-
logical signs of sweat gland denervation.

3.4. Biomarkers and clinical correlations

To better understand potential etiologies and biomarker constel-
lations, we measured several blood parameters and compared
them within patient subgroups. 1-deoxySA and 1-deoxySO have
both been previously described in association with diabetic and
hereditary sensory and autonomic neuropathies, disturbing
axonal outgrowth. Diabetes mellitus, known to increase plasma
1-deoxy sphingolipid levels, was ruled out in all patients before
study inclusion. To further exclude a hereditary liability to 1-deoxy
sphingolipid production, the patients were screened for molec-
ular genetic mutations in the genes SPTLC1 and SPTLC2,
revealing no pathogenic or likely pathogenic variants in any of the
cases.

Compared with healthy controls (n 5 34, 21 female
individuals, 13 male individuals, mean age: 51 years; mean 1-
deoxy-SA: 0.076 0.03mmol/L, range: 0.03-0.15mmol/L; mean
1-deoxy-SO: 0.43 6 0.17 mmol/L, range: 0.1-1.4 mmol/L),
plasma 1-deoxySA and 1-deoxySO were not significantly
elevated in the overall SFN cohort (mean 1-deoxy-SA: 0.07 6
0.04 mmol/L, range: 0.02-0.2 mmol/L; mean 1-deoxy-SO: 0.33
6 0.22 mmol/L, range: 0.16-0.89 mmol/L) and neither were
other physiological sphingoid bases such as C18SO and
C18SA. In patients with SFNs, however, both 1-deoxySA and
1-deoxySO were found to correlate inversely with the distal
IENFD (Fig. 3A), meaning that patients with higher 1-deoxySL
plasma levels showed a significantly lower IENFD (1-deoxy-SA:
P , 0.05, r 5 20.2; 1-deoxy-SO: P , 0.01, r 5 20.3). Cluster
members of the sensory loss category showed significantly
higher 1-deoxySA levels compared with the thermal hyper-
algesia or healthy (P , 0.01, P , 0.1) category. Furthermore,
we observed an inverse correlation of these lipids with thermal
pain perception in the painDETECT (1-deoxy-SA: P , 0.01,
r520.3, 1-deoxy-SO: P, 0.05, r 520.2), as well as with the
C nerve fiber–specific QSTmarker WDT (1-deoxy-SA: P, 0.05,
r520.2, 1-deoxy-SO: P, 0.05, r520.2). A linear regression
was found between the body mass index and both 1-deoxy-
sphingoid bases (1-deoxy-SA: P, 0.001, r5 0.4, 1-deoxy-SO:
P, 0.01, r5 0.4), which was a unique finding different from the
nontoxic C18 sphingolipids. Similarly, both 1-deoxySA and
1-deoxySO plasma levels were found to be significantly higher in
patients with arterial hypertension (1-deoxy-SA: P , 0.001,
1-deoxy-SO: P , 0.01) (Fig. 3B). The 1-deoxy-sphingolipid
bases correlated with triglyceride (1-deoxy-SA: P , 0.001, r 5
0.7, 1-deoxy-SO: P , 0.001, r 5 0.7) and cholesterol levels in
plasma (1-deoxy-SA: P, 0.01, r5 0.2, 1-deoxy-SO: P, 0.05,
r 5 0.1), and an inverse correlation was observed with high-
density lipoprotein (HDL) cholesterol (1-deoxy-SA: P, 0.01, r5
20.3, 1-deoxy-SO: P, 0.01, r520.3), (Fig. 3C). Considering
that 1-deoxy-sphingoid bases are derived from L-alanine
instead of L-serine, a significant correlation was observed with
the former (P , 0.001, r 5 0.4) and an inverse correlation with
the latter (P, 0.001, r520.4), as well as with the serine/alanine
ratio (1-deoxy-SA: P , 0.0001, r 5 20.6, 1-deoxy-SO: P ,
0.001, r 5 20.2), (Fig. 3D). Accordingly, a low serine/alanine
ratio was observed in patients with lower HDL cholesterol levels
(Fig. 3E) or arterial hypertension (Fig. 3F).

The mean vitamin C levels in this cohort were 11 6 5 mg/dL
(range: 0.9-25.1; reference: 4-20 mg/dL; supplementary
Figure 1B, available as supplemental digital content at http://
links.lww.com/PAIN/B562). We found a serum vitamin C de-
ficiency in 10% of the patients. Leading symptoms, localization
patterns, clinical course, or neuropathic pain severity did not
significantly deviate from the rest of the cohort. However, patients

Figure 2. Quantitative sensory profiles. Patients with SFN showed increased
thermal detection thresholds, indicating a loss of performance for Ad (CDT) and
C fiber (WDT) function. In addition, dynamic mechanical allodynia (DMA) and
mechanical (eg, MPT and MPS) but not thermal hyperalgesia were found,
consistent with the concept of secondary central sensitization of the
nociceptive system. Ab fiber dysfunction was observed after epicritical (touch)
but not protopathic (vibration) stimulation. Asterisks denote levels of
significance: **P , 0.01, ***P , 0.001. CDT, cold detection threshold; CPT,
cold pain threshold; DMA, dynamic mechanical allodynia; HPT, heat pain
threshold; MDT, mechanical detection threshold; MPS, mechanical pain
sensitivity; MPT, mechanical pain threshold; NRS, numeric rating scale; PHS,
paradoxical heat sensation; PPT, pressure pain threshold; QST, quantitative
sensory testing; TSL, thermal sensory limen; VDT, vibration detection
threshold; WDT, warm detection threshold; WUR, wind-up ratio.
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Table 2

Correlation matrix.

CDT
(Ad)

WDT
(C)

MDT (Ab) VDT
(Ab)

PainDETECT NRS Distal
IENFD

Reduced
glutathione

Vitamin
C

TNF-
a

TGF-
b

1-Deoxy-
SA

1-Deoxy-
SO

L-
alanine

L-serine HDL LDL Triglyceride

CDT (Ad) <0.001
r 5 0.5

<0.001
r 5 0.6

<0.001
r 5 0.41

0.01 0.07 0.87 0.89 0.004 0.50 0.15 0.13 0.07 0.37 0.10 0.14 0.80 0.10

WDT (C) <0.001
r 5 0.5

<0.001
r 5 0.45

0.001 0.07 0.32 0.22 0.55 0.18 0.57 0.44 0.04 0.03 0.17 0.48 0.02 0.45 0.02

MDT (Ab) <0.001
r 5 0.6

<0001
r 5
0.45

0.001 0.001 <0.001
r 5 20.37

0.60 0.79 0.01 0.83 0.94 0.87 0.54 0.76 0.37 0.53 0.50 0.53

VDT (Ab) <0.001
r 5 0.41

0.001 <0.001
r 5 0.37

0.29 0.43 0.25 0.35 0.10 0.09 0.18 0.21 0.12 0.62 0.01 0.42 0.41 0.81

PainDETECT 0.01 0.07 0.001 0.29 <0.001
r 5 0.42

0.36 0.60 0.70 0.46 0.39 0.34 0.67 0.85 0.38 0.86 0.49 0.69

NRS 0.07 0.32 <0.001
r 5 20.37

0.43 <0.001
r 5 0.42

0.92 0.50 0.51 0.52 0.23 0.77 0.74 0.60 0.42 0.48 0.54 0.73

Distal IENFD 0.87 0.22 0.60 0.25 0.36 0.92 0.42 0.11 0.59 0.003 0.04 0.004 0.62 0.87 0.54 0.14 0.03

Reduced

glutathione

0.89 0.55 0.79 0.35 0.60 0.50 0.42 0.83 0.59 0.80 0.52 0.83 0.11 0.01 0.61 0.51 0.50

Vitamin C 0.004 0.18 0.01 0.10 0.70 0.51 0.11 0.83 0.37 0.65 0.83 0.43 0.85 0.31 <0.001
r 5 0.41

0.58 0.07

TNF-a 0.50 0.57 0.83 0.09 0.46 0.52 0.59 0.59 0.37 0.51 0.27 0.95 0.08 0.05 0.53 0.51 0.78

TGF-b 0.15 0.44 0.94 0.18 0.39 0.23 0.003 0.80 0.65 0.51 0.15 0.49 0.04 0.62 0.12 0.22 0.93

1-Deoxy-SA 0.13 0.04 0.87 0.21 0.34 0.77 0.04 0.52 0.83 0.27 0.15 <0.001
r 5 0.83

<0.001
r 5 0.43

<0.001
r 5 20.49

0.005 0.14 <0.001
r 5 0.71

1-Deoxy-SO 0.07 0.03 0.54 0.12 0.67 0.74 0.004 0.83 0.43 0.95 0.49 <0.001
r 5 0.83

<0.001
r 5 0.44

0.001 0.001 0.21 <0.001
r 5 0.7

L-alanine 0.37 0.17 0.76 0.62 0.85 0.60 0.62 0.11 0.85 0.08 0.04 <0.001
r 5 0.43

<0.001
r 5 0.44

0.40 0.13 0.87 <0.001
r 5 0.41

L-serine 0.10 0.48 0.37 0.01 0.38 0,42 0.87 0.01 0.31 0.05 0.62 <0.001
r 5 20.49

0.001 0.40 0.27 0.88 0.27

HDL 0.14 0.02 0.53 0.42 0.86 0.48 0.54 0.61 <0.001
r 5 0.06

0.53 0.12 0.005 0.001 0.13 0.27 0.04 <0.001
r 5 20.45

LDL 0.80 0.45 0.50 0.41 0.49 0.54 0.14 0.51 0.58 0.51 0.22 0.14 0.21 0.87 0.88 0.04 0.86

Trigylceride 0.10 0.02 0.53 0.81 0.69 0.73 0.03 0.50 0.07 0.78 0.93 <0.001
r 5 0.71

<0.001
r 5 0.7

<0.001
r 5 0.41

0.27 <0.001
r 5 20.45

0.86

Using z values derived from age-matched, sex-matched, and area-matched healthy controls, we correlated all QST parameters with each other (shown here are only CDT, WDT, MDT, and VDT), with the pain questionnaire painDETECT, the numeric rating scale, and several blood markers. Representative

parameters for Ad, C, and Ab nerve fiber dysfunction showed a high tendency to cluster with each other. Another significant correlation was observed between the numeric rating scale, depicting the momentary pain level, and the painDETECT score, which is an indicator for neuropathic pain. The painDETECT

further correlated with both parameters of Ad and Ab fiber dysfunction and with markers of (central) sensitization. 1-Deoxy-sphingolipid bases were found to correlate with L-alanine and triglycerides. An inverse correlation was found with WDT, IENFD, L-serine, and HDL cholesterol. Significant correlations are

shown in bold, and correlation coefficients r added whenever P values were , 0.001.

CDT, cold detection threshold; HDL, high-density lipoprotein; IENFD, intraepidermal nerve fiber density; LDL, low-density lipoprotein; MDT, mechanical detection threshold; NRS, numeric rating scale; QST, quantitative sensory testing; TGF-b, transforming growth factor b; TNF-a, tumor necrosis factor a; VDT,

vibration detection threshold; WDT, warm detection threshold; 1-deoxySA, 1-deoxy-sphinganine; 1-deoxySO, 1-deoxy-sphingosine.

1
8
0
6

M
.F
.
D
o
h
rn

e
t
a
l.·

1
6
3
(2
0
2
2
)1

8
0
0
–1

8
1
1

P
A
IN

®



with an Ab nerve fiber dysfunction showed significantly lower
vitaminC levels in serum (P,0.05) than thosewith a pureCandAd
neuropathy (Fig. 4A).Moreover, patientswith sensory loss showed
significantly lower vitamin C levels than patients with thermal
hyperalgesia or mechanical hyperalgesia (P , 0.01). Vitamin C
levels were significantly lower in patients with arterial hypertension
(P , 0.05). The IENFD did not correlate with vitamin C levels.

To assess further oxidative stress markers, we measured
serum levels of selenium (89.2 6 19.2 mg/L) (supplementary
Figure 1A, available as supplemental digital content at http://links.
lww.com/PAIN/B562) and glutathione (supplementary Figure 1C,
available as supplemental digital content at http://links.lww.com/
PAIN/B562) in its reduced (mean 265.9 6 139.2 mg/L) and
oxidized (mean 113.9 6 36.4 mg/L) forms, as well as its overall
(mean 381.6 6 135.5 mg/L) amount. Of these, reduced
glutathione was below the reference level (150-460 mg/L) in
22% of the patients. These patients did not differ from the rest of
the cohort regarding quality, severity, localization, and course of
symptoms. However, reduced glutathione values were signifi-
cantly lower in patients with Ad nerve fiber dysfunction (P, 0.05)
(Fig. 4B).

As markers of inflammation, we measured TNF-a (n5 90) and
TGF-b (n5 80) levels in serum, identifying elevated TNF-a levels
in 16.7% and reduced TGF-b levels in 12.5% of the examined
patients. One further patient had elevated TGF-b in serum.
Comparing these patients with the overall SFN cohort, we did not
find specifically correlating subphenotypes such as a relapsing
course or a diffuse localization reminding of other inflammatory
neuropathies. Neither did one of the 2 parameters correlate with
any of the characteristics of metabolic syndrome. However, TGF-
b values were significantly lower in serum of patients with a
moderately and severely reduced distal IENFD compared with
those with a normal IENFD (Fig. 4C).

4. Discussion

In this study, we characterized a cohort of 100 patients with
idiopathic SFNs, assessed common and variable symptoms, and
correlated these with several markers for metabolic syndrome,
oxidative stress, and systemic inflammation. This is the largest
study on patients with idiopathic SFNs that has been published in
the literature so far. Except for skin biopsies that had to show
positive results as an inclusion criterion and were therefore
obtained before study participation, all examinations were
performed by the same experienced investigators. The main
limitation of this studywas, indeed, the lack of a control group that
showed negative results for biopsy. We were thereby not able to
calculate sensitivities or specificities for the used diagnostic tests,
which has, albeit, been done before.8 The purpose of this study
was rather to characterize patients with idiopathic small fiber
neuropathies, to determine subphenotypes, and to correlate
these with potential biomarker constellations.

In concordance with the literature,4,18,19,22,40,45 our data
showed that first manifestations, leading symptoms, progression
patterns, and localizations vary distinctly. These results reflect the
symptomatic heterogeneity of SFN even within strictly prese-
lected, idiopathic patients.

Neuropathic pain was the most common first manifestation of
SFNs with a tendency to become even more frequent with a
progressive course and more severe with a longer disease
duration. It was significantly associated with daily life impairment.
The painDETECT score was significantly higher in patients with C
fiber dysfunction in the QST, but did not correlate with the IENFD
in distal skin biopsies. This supports the hypothesis that

neuropathic pain, the key symptom of SFN, might be more
closely related to small fiber dysfunction than degeneration.
Reported by Woolf, abnormal sensory afferent fiber input is the
prerequisite for an impaired peripheral nociceptive drive to spinal
cord projection neurons to the brain.48 Such wide dynamic range
(WDR) projection neurons may sensitize on this ongoing input,
resulting in a facilitated synaptic transmission and lowered
threshold of these central neurons.

Furthermore, the IENFD did not correlate with any other
sensory symptom categories; neither did sweat gland innervation
correlate with subjective hypohydrosis or measured sudomotor
function. Contrarily, these symptom patterns weremore precisely
reflected by clinical examinations and QST, further supporting
that SFN symptoms are better explained by small fiber
dysfunction than degeneration. Skin biopsies, required to show
small fiber degeneration as an inclusion criterion in this study,
have previously been discussed as a silver standard for SFN.45

Throughout the literature, they range notably in sensitivity (58%-
94%) and specificity (64%-92%),5,8,23,30 depending on the
respective IENFD cutoff values. As a potential confounder, skin
biopsies constitute a histological snapshot, representing a very
local andmomentary degeneration status only, additionally taking
into account that one third of the biopsies was not evaluated at
our center. The functional significance of small fiber dysfunction
rather than degeneration is also supported by the fact that
disease duration did not correlate with reduced IENFD, whereas
longer courses were associated with more frequently reported
sensory loss. It is conceivable that a shift from plus to minus
symptoms occurs with disease progression.

Autonomic symptoms did not correlate with objective param-
eters such as body mass index or electrochemical skin
conductance. Being subjectively experienced and situation-
dependent, objective measures for autonomic symptoms are
known to be limited. Interestingly, the Sudoscan showed an
abnormal electrochemical skin conductance in only 27% of the
examined patients. In comparison with diabetic neuropathies,3

this number is relevantly lower. This strengthens our hypothesis
that certain etiologies might correlate with clinical patterns and
that diabetic SFN might differ from idiopathic ones to some
extent.

Fibromyalgia was a concomitant diagnosis in 11% of our
patients, which due to overlapping symptoms and discussed
disease mechanisms merits to be mentioned as a potential
limitation. Contrarily, one could argue that the described patient
collective is representative for what has been observed through-
out the literature: patients with SFN tend to have a higher
prevalence of fibromyalgia, and patients with fibromyalgia
frequently show signs of small fiber pathology. Whether these
are completely distinct diagnoses or whether there is a spectrum
with some overlap seems to be controversial and is not in the
focus of this work.

Known to be neurotoxic in hereditary sensory and autonomic
neuropathy (HSAN) type 1,34 1-deoxy-sphingolipids have pre-
viously been demonstrated to inhibit axonal outgrowth. Even
without mutations in SPTLC1 or SPTLC2, 2 genes encoding for
the serine palmitoylCoA-transferase, the synthesis of sphingoid
bases can be shifted toward an overproportioned use of L-
alanine instead of L-serine, which results in the lack of 1 hydroxyl
group in position 1 that is essential for further metabolism and
degradation. This is favored when L-serine is lacking13,28 or L-
alanine, the main gluconeogenic amino acid, is overabundant in
conditions such as diabetes mellitus.2 In the patient cohort
studied here, plasma 1-deoxy sphingolipids were significantly
higher in the sensory loss cluster and showed a significantly
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inverse correlation with the distal IENFD. Looking at features of
metabolic syndrome other than diabetes mellitus, 1-deoxy-
sphingoid bases were significantly higher in SFN patients with
arterial hypertension, hypercholesterolemia, and overweight.
Considering that 1-deoxy sphingolipids have been previously
described as markers of the metabolic syndrome32 and that
metabolic syndrome is a risk factor of other prediabetic axonal
neuropathy subtypes as well,20 we hypothesized that they
promote nerve fiber degeneration and might therefore be held
responsible for a subgroup of SFNs so far considered idiopathic.
In this patient collective, diabetes mellitus was ruled out by
measuring the percentage of glycated haemoglobin. We admit
that although HbA1c levels were all within the range of normal, an
impaired glucose tolerance was not explicitly excluded by oral
glucose tolerance testing.

Plasma 1-deoxy-sphingolipids correlated inversely with L-serine/
L-alanine ratios in plasma. A functional lack of the former and

overabundance of the latter, potentially associated with changes in
hepatic metabolism, might be a possible factor contributing to the
development of SFNs that merits further investigation in the future.
The inverse association between plasma serine/alanine and 1-
deoxy-sphingolipid levelswas also reported recently in the context of
the rare eye diseasemacular telangiectasia type 213 and in cancer.28

Patients with primary serine biosynthetic defects often manifest with
intellectual disability, microcephaly, ichthyosis, seizures, and periph-
eral neuropathy. In addition, these patients showed significantly
elevated plasma 1-deoxy-sphingolipids.9 Increasing serine availabil-
ity by oral supplementation in the context of a therapeutic
intervention has already been shown to improve the course of
HSAN1.12,14 Consequently, 1-deoxy-sphingolipids might not only
contribute to pathophysiological understanding of SFN, but also
become a therapeutic target in the future.

Vitamin C is an essential cofactor for collagen formation and
myelination. As an antioxidant, it functions as an electron donor in

Figure 3. 1-Deoxy sphingolipid bases and characteristics of metabolic syndrome. Within this idiopathic small fiber neuropathy cohort (n5 100), plasma levels of
the neurotoxic sphingoid base 1-deoxy-sphinganine (1-deoxySA) correlated inversely with the intraepidermal nerve fiber density measured in skin biopsies from
the distal lower limbs (A). Representing markers of metabolic syndrome, 1-deoxySA levels were significantly higher in patients with arterial hypertension (B) and
correlated inversely with HDL cholesterol levels in plasma (C). Considering that 1-deoxy-sphingolipids are derived from alanine instead of serine, we found a
significant correlation between 1-deoxySA levels and the serine/alanine ratio in plasma (D). Accordingly, serine/alanine ratios were significantly lower in patients
with low HDL cholesterol levels (E) or arterial hypertension (F). Altogether, this suggests that 1-deoxySA levels increase by a misbalance in L-serine/L-alanine
levels, which is most likely associated with (beginning) metabolic syndrome. HDL, high-density lipoprotein; IENFD, intraepidermal nerve fiber density.
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redox reactions, thereby playing a protective role in obesity and
metabolic syndrome. In a recent study including 120 patients with
postherpetic neuralgia, vitamin C levels correlated negatively with
several sensory plus symptoms,46 suggesting a protective effect
on C and Ad nerve fibers. In our idiopathic SFN cohort, we found
reduced vitamin C levels in 10 patients. Overall vitamin C levels
correlated inversely with the mechanical detection threshold,
which is a marker for Ab nerve fiber dysfunction. Accordingly, a
negative correlation between the sensory loss cluster and vitamin
C levels was shown. Interlinking neuropathy and vitamin Cwith its
protective role in metabolic syndrome and oxidative stress,
vitamin C levels were significantly lower in patients with arterial
hypertension. No such correlation was observed with plasma
lipids and other oxidative stress markers such as selenium and
glutathione. By contrast, serum levels of reduced glutathione
were significantly lower in patients with signs of Ad nerve fiber
dysfunction, adding to the hypothesis that oxidative stress might
primarily contribute to the development of small fiber neuropathy,
whereas lower vitamin C levels might promote myelinated fiber
involvement, independently.

Similar to oxidative stress, inflammation is an important
mechanism of nerve damage.21 Transforming growth factor beta
is one of the most common anti-inflammatory cytokines down-
regulating TNF-a levels and favoring the maturation of regulatory
T cells. In this cohort, we found reduced TGF-b serum levels in 10
patients and significantly lower levels in patients with a
moderately or severely reduced IENFD (Fig. 4). There was no
significant correlation with TNF-a levels, which were elevated in
15 patients overall. Reduced TGF-b serum levels have previously
been described in patients with complex regional pain syndrome,
another disorder defined partly by neuropathic pain,41 whereas
serum TNF-a level was found to be elevated41 and its gene
expression upregulated in skin biopsies obtained from patients
with SFNs.42 Of interest, these proinflammatory serum constel-
lations did not cluster in patients with a relapsing disease course
or diffuse and discontinuous distribution, which were both
assumed possible features of autoimmune neuropathy. Similar
to 1-deoxy-sphingolipids and vitamin C, TNF-a and TGF-b have
previously been described to play a role in obesity and metabolic
syndrome.24 In this cohort, however, they did not correlate with
any of the aforementioned metabolic markers. We conclude that
inflammation might be (partially) responsible for or contribute to
the pain pattern at least in a subgroup of idiopathic SFNs.

5. Conclusions

Metabolic syndrome, oxidative stress, and inflammation are
closely interlinked. Each of these, and especially a combination,
can contribute to nerve damage. In this study, we showed that
neurotoxic 1-deoxy-sphingolipids, associated with metabolic
syndrome, correlate with nerve degeneration and dysfunction.
Vitamin C deficiency correlates with Ab fiber dysfunction and
sensory loss but not with other markers of oxidative stress.
Elevated TNF-a and reduced TGF-b in serummight contribute to
inflammatory processes; however, they did not correlate with
distinct clinical patterns in this cohort.

For patients, families, and caregivers, idiopathic SFNs entail a
relevant daily life burden. To improve both cure and care for these
patients, 3 main problems need to be addressed in the future: the
lack of pathophysiological understanding, the lack of specific
treatment, and the lack of diagnostic gold standards, all
increasing the risk of chronification. Further studies are needed
to fill these gaps.

Figure 4. Serum vitamin C, reduced glutathione, and TGF-b in correlation with
subphenotypes. Serum levels of vitamin C were significantly lower in patients
with a disturbed Ab nerve function (A) and reduced glutathione significantly
lower in individuals with Ad involvement (B). Normative values are indicated by
horizontal lines. Patients with a more pronounced nerve fiber degeneration,
indicated by a lower intraepidermal nerve fiber density in distal skin biopsies,
tended to show lower TGF-b levels in serum, which correlated significantly (C).
TGF-b, transforming growth factor b.
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[32] Othman A, Rütti MF, Ernst D, Saely CH, Rein P, Drexel H, Porretta-
Serapiglia C, Lauria G, Bianchi R, von Eckardstein A. Plasma
deoxysphingolipids: a novel class of biomarkers for the metabolic
syndrome? Diabetologia 2012;55:421–31.

[33] Passage E, Norreel JC, Noack-Fraissignes P, Sanguedolce V, Pizant J,
Thirion X, Robaglia-Schlupp A, Pellissier JF, Fontés M. Ascorbic acid
treatment corrects the phenotype of a mouse model of Charcot-Marie-
Tooth disease. Nat Med 2004;10:396–401.

[34] Penno A, Reilly MM, Houlden H, Laurá M, Rentsch K, Niederkofler V,
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