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Introduction: Small fiber neuropathies (SFN) induce pain and/or autonomic symptoms.
The diagnosis of SFN poses a challenge because the role of skin biopsy as a reference
method and of each neurophysiological test remain to be discussed. This study
compares six methods evaluating small sensory and autonomic nerve fibers: skin biopsy,
Quantitative Sensory Testing (QST), quantitative sweat measurement system (Q-Sweat),
Laser Evoked Potentials (LEP), Electrochemical Skin Conductance (ESC) measurement
and Autonomic CardioVascular Tests (ACVT).

Methods: This is a single center, retrospective study including patients tested for
symptoms compatible with SFN between 2013 and 2016 using the afore-mentioned
tests. Patients were ultimately classified according to the results and clinical features as
“definite SFN,” “possible SFN” or “no SFN.” The sensitivity (Se) and specificity (Sp) of
each test were calculated based on the final diagnosis and the best diagnostic strategy
was then evaluated.

Results: Two hundred and forty-five patients were enrolled (164 females (66.9%), age:
50.4 £ 15 years). The results are as follows: skin biopsy: Se = 58%, Sp = 91%; QST: Se
=72%, Sp = 39%; Q-Sweat: Se = 53%, Sp = 69%; LEP: Se = 66%, Sp = 89%; ESC:
Se = 60%, Sp = 89%; Cardiovascular tests: Se = 15%, Sp = 99%. The combination of
skin biopsy, LEP, QST and ESC has a Se of 90% and a Sp of 87%.

Conclusion: Our study outlines the benefits of combining skin biopsy, ESC, LEP and
QST in the diagnosis of SFN.

Keywords: Small fiber neuropathy (SFN), pain, autonomic nervous system, skin biopsy, neurophysiology

INTRODUCTION

Small fiber neuropathies (SFN) are peripheral neuropathies involving small and thinly myelinated
fibers (Ad) and unmyelinated (C) nerve fibers. Large fibers may be unaffected (pure SEN) or affected
(mixed neuropathy). Patients with SFN usually present with neuropathic pain, paraesthesia,
dysesthesia and/or thermo-algic hypoesthesia, but can also experience autonomic symptoms
(orthostatic hypotension, urinary or digestive disorders, dry eye or mouth syndrome). The
topography of the sensitive symptoms may or may not be length-dependent (1). Thus, the clinical
signs of SFN are not very specific.
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TABLE 1 | Description of the methods.

Number of sensory fibers Functional evaluation of small fibers

Skin biopsy QST LEP Q-Sweat ESC  ACVT
Intra-epidermal nerve fiber Sensory fibers Autonomic C fibers
density

C AS

The table summarizes the different methods and the type of fiber analyzed.
QST, Quantitative Sensory Testing; LEP, Laser Evoked Potentials;, ESC, Electrochemical
Skin Conductance measurement; ACVT, Autonomic Cardio-Vascular Tests.

Electrophysiological diagnosis of SFN poses a challenge for
neurologists. Indeed, nerve conduction studies are unaffected in
terms of pure SEN. Therefore, several specific diagnostic methods
have been studied exploring either sensitive or autonomic fibers:
Intra-Epidermal Nerve Fiber Density (IENFD) evaluation by
skin biopsy, (2-4) Quantitative Sensory Testing (QST), (5, 6)
quantitative sweat measurement system (Q-Sweat), (7, 8) Laser
Evoked Potentials (LEP), (9-11) and recently Electrochemical
Skin Conductance (ESC) measurement (12-14, 14) (Table 1). We
also performed Autonomic CardioVascular Testing (ACVT) to
assess the autonomic nervous system.

However, data comparing the diagnostic value of these
methods for the diagnosis of SFN are scarce, and there is
currently no consensus on the type and number of tests
to be performed. While some authors have suggested that
two abnormal tests are necessary to confirm the diagnosis of
SEN, these criteria take into account only a few tests (skin
biopsy and QST in the very first criteria published by Devigili
et al, skin biopsy, QST and Q-Sweat for Thaisethawattkul
et al.). Tesfaye et al. proposed criteria for diabetic SEN
(NEURODIAB criteria) with different levels of probability
including probable SEN (with clinical criteria associating length-
dependant symptoms, clinical signs of small fiber and normality
of nerve conduction on the sural nerve) and definite SNF
(requiring an abnormal IENFD and/or an abnormal QST at the
foot) (15).

The purpose of this study was to determine the
diagnostic value of skin biopsy, QST, Q-Sweat, LEP,
ESC measurement and cardio-vascular testing for the
diagnosis of SEN, and then to evaluate the most relevant
diagnostic strategy.

METHODS

Patient Population
Two hundred and forty-five patients referred to the laboratory
with suspected SEN were enrolled in the study. Cinical signs
(such as pinprick and thermal sensory loss, allodynia or
hypoesthesia) were not mandatory inclusion.

The cohort comprised 164 (66.9%) women from 11 to 85 years
of age (mean: 50.4 &+ 15.0).

These patients underwent small fiber evaluation between
August 2013 and January 2016 with the following inclusion
criteria: (1) sensory and/or autonomic symptoms consistent

with SFN; (2) normal nerve conduction (normal ulnar, median,
sural, superficial peroneal sensory responses and ulnar, median,
tibial, peroneal motor responses with F-waves) according to our
laboratory normative values.

If the clinical examination was consistent with an involvement
of the central nervous system or if only LEP or QST were
abnormal, we performed an MRI of the central nervous system
so as not to miss a brain or spinal cord injury.

The French National Commission for Data Protection (CNIL)
was notified before this single-center (Toulouse University
Hospital, Toulouse, France), retrospective cohort study was
carried out using retrospective data gleaned from hospital
medical records.

Description of Tests
All of the tests were performed in succession over 1 day: QST,
Q-Sweat, LEP, CVT, ESC measurement and skin biopsy.

QST was performed on the hand and foot (on the right side,
unless symptoms were lateralised only on the left side of the
body) using Thermotest® device (Somedic, Sollentuna, Sweden)
and the “method of limits” as described by Rolke et al. (16).
We set the warm detection threshold and heat pain threshold as
the absolute difference between the measured threshold (average
of three trials for each threshold) and the baseline temperature
of 32°C. Threshold values were analyzed with normative values
established by Rolke et al. (17).

Q-Sweat was performed in 3 sites: foot, proximal leg and
forearm (on the right side, unless symptoms were lateralised on
the left side of the body) using the Q-SWEAT® device (WR
Medical Electronic, Minneapolis, USA). (18) Sweat volume was
recorded for each site. The results were analyzed in comparison
with normative values published by Novak (18).

LEPs were recorded using a YAG laser (Medtronic, Dublin,
Ireland; wavelength: 1340 nm, power: 0.5 to 15J, beam diameter:
4mm) coupled to a Medelec Synergy® device (Oxford
Instruments, Abingdon, UK) and a scalp EEG electrode placed
at Cz with reference to earlobes. The laser stimulation was
performed on the dorsum of the hand and feet (on the right
side, unless symptoms were lateralised on the left side of the
body). The first step was a “psychophysical” approach allowing
the operator to determine both sensitive and painful thresholds.
LEPs were then recorded using an intensity corresponding to a
painful threshold. Amplitudes and latencies were measured and
compared to normative values published by Devos et al. (19).

ACVT was performed using continuous ECG and
blood pressure recordings by digital photoplethysmography
(NEXFIN®, BMEYE B.V., Amsterdam, Netherlands). ACVT
included 5 tests (“Ewing tests”) that generate an autonomic
neuropathy score (“Ewing score” ranging from 0 to 5). These
procedures investigate study variations in heart rate and/or
blood pressure with Valsalva maneuver, deep breathing, standing
up, and sustained handgrip, as described by Ewing et al. (20)
The variations recorded during the cardiovascular tests were
interpreted using the normative values of our laboratory,
which are in accordance with the values reported by Low and
Benarroch (21).
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ESC was measured using the Sudoscan® device (Impeto
Medical, Paris, France). The hands and feet of each patient were
placed for 2 min on stainless steel metal electrodes to which a low-
voltage electrical current was applied. The ESC was automatically
calculated using the device for palms and soles (expressed in .S).
The normative values of skin conductance used in our center
are those recommended by the manufacturer: skin conductance
is considered normal if it exceeds 70 and 60 S in the feet and
hands, respectively.

A skin biopsy was performed with a 3-mm punch in a single
site in the distal leg and processed as described by Lauria et al.
(2, 3) in order to determine the IENFD. IENFD values were
compared to normative values published by Lauria et al. (2) the
biopsy was considered abnormal if the IEFND was lower than
anticipated for age and gender (<5™ percentile).

Final Diagnosis
By analogy with published criteria, (22, 23) we used anomalies in
at least 2 of the 6 tests as diagnostic criteria for SFN.

At the end of the evaluation, two neurologists summarized
all of the clinical data and the test results. Each patient received
a diagnosis: “definite SFN” if the criteria were met, “no SFN”
if the criteria were not met. In certain situations (limit values,
results possibly modified by treatments or pre-existing condition,
abnormalities inconsistent with the symptoms, a single abnormal
test but highly suggestive clinical picture), the diagnosis of SEN
was considered “possible.”

For patients with a final diagnosis of “definite SFN,” the most
probable cause was documented (if data were available).

Statistical Analysis

Descriptive analyses were performed including frequency and
percentage for qualitative characteristics and mean, standard
deviation (SD), minimum and maximum for quantitative
characteristics. Population characteristics and the results of
the investigations were compared between the three groups
(“Definite SFN;” “No SFN” and “Possible SFN”) using the
Chi2 (Fisher Test as appropriate) for qualitative variables and
Wilcoxon’s rank sum test for quantitative variables.

The diagnostic performances of the tests (skin biopsy, QST,
Q-Sweat, ESC measurement, LEP, and ACVT) were studied by
sensitivity/specificity analysis. For the analyses, the results of
these 5 tests were considered either “Normal” or “Abnormal,” and
the reference was the final diagnosis of SFN which comprised 2
groups: “Definite SFN” and “No SFN.” Sensitivity was therefore
the ability of a test to correctly classify a patient as “Definite
SEN” and specificity was the ability of a test to correctly classify a
patient without SFN (“No SFN”). The Positive Predictive Value
(PPV) and Negative Predictive Value (NPV) were calculated.
PPV was the percentage of patients with a normal test and final
diagnosis of “Definite SFN” and NPV was the percentage of
patients with an abnormal test and a final diagnosis of “No SFN.”

Finally, the aim was to determine the best strategy for
the diagnosis of SFN: after selecting the 4 tests with the
best sensitivity/specificity outcomes, we calculated sensitivity,
specificity, PPV and NPV for each possible combination of

these 4 tests (always using the abnormality of two tests as the
SFN criterion).

All P-values were two-sided and only P-values below 0.0001
were considered statistically significant in order to limit the risk
of false positive results. SAS® statistics software, version 9.4 (SAS
Institute Inc., Cary, NC) was used for all analyses.

RESULTS
Description of the Entire Cohort

Patients’ characteristics are shown in Table2 In terms of
symptoms, patients were mainly referred for pain (191 patients,
79.9%). Of the 212 patients for whom symptom topography was
documented, the findings were length-dependant in 54.7% of
cases. The mean DN4 score was 4.7 £ 2.0.

Comparison of the “No SFN” and “Definite
SFN” Groups

Characteristics of the three groups are compared in Table 2.
Although there was no significant difference between groups in
terms of weight, age or gender, patients in the “definite SFN”
group tended to be older with a higher BMI than those in the “no
SEN” group (55.1 years vs. 47.1, P = 0.0003; 24.2 kg/m2 vs. 23.4, P
=0.01). The DN4 score did not differ between the “definite SFN”
and “No SFN” groups (4.8 vs. 4.6, P = 0.40).

Causes of SFN

The most probable causes have been documented for 71 patients
with definite SFN and summarized in Figure 1. The most
frequent causes are diabetes (14 patients, 19.7%), associated
with glucose intolerance (6 patients, 8.5%), followed by Sjogren’s
syndrome (12 patients, 16.9%) and other dysimmune causes (12
patients, 16.9%).

Comparison of the Results of the

Explorations Based on the Final Diagnosis
The results of each exploration based on the final diagnosis
(“Definite SEN,” “Possible SEN” or “No SFN”) are compared in
Table 3.

No significant difference was found between the “Definite
SEN” and “No SEN” groups in terms of Q-Sweat, QST and
CVT outcomes.

As regards skin biopsy, a significant difference in IENFD was
highlighted between the “Definite SFN” and “No SFN” groups
(4.6 + 3.0 and 8.0 £ 2.4 fibers/mm, respectively; P < 0.0001).

ESC differed significantly between the “Definite SEN” and “No
SEN” groups both in the hands (60.2 & 16.7 vs. 75.0 £ 8.9 uS; p
< 0.0001) and feet (70.2 & 16.5 vs. 81.6 == 7.0 u.S; P < 0.0001).

Regarding LEP, only the amplitude of the N2P2 complex after
foot stimulation differed between the 2 groups (14.0 & 13.3, vs.
24.1+12.3 wV, P < 0.0001).

Correlations Between the Tests

The only significant inter-test correlation is between skin biopsy
and ESC. Indeed, when the average foot ESC is related to
the patient’s weight (foot conductance/kg), this variable is
correlated with the IENFD measured by skin biopsy (number
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TABLE 2 | Population characteristics.

Group comparison

Total Definite Possible No SFN “Definite SFN” “Definite SFN” and “No SFN” and
population SFN SFN and “No SFN” “Possible SFN” “Possible SFN”
n =245 n=102 n=>53 n =90
Age (years) 50.4 +£15.0 55.1 £15.5 46.7 £ 13.6 47.1£14.0 0.0003 0.001 0.85
(11-85) (11-85) (21-71) (18-76)
Gender
Women 164 (66.9%) 61 (59.8%) 35 (66.0%) 68 (75.6%) 0.02 0.45 0.22
Men 81(33.1%) 41 (40.2%) 18 (34.0%) 22 (24.4%)
BMI (kg/m?) 242+ 4.8 251 +56.1 23.9+5.3 23.4 £ 441 0.01 0.15 0.62
(15.6-40.4) (15.6-40.4) (16-38.6) (16.8-35.3)
Age of symptoms n=170 n=73 n =236 n =61
< 1 year 29 (17.1%) 12 (16.4%) 8 (22.2%) 10 (16.4%) 0.18
1-5 years 93 (54.7%) 36 (49.3%) 19 (52.8%) 38 (62.3%) 0.45 0.64
> 5 years 48 (28.2%) 25 (34.3%) 9 (25.0%) 13 (21.3%)
Symptoms n =239 n=102 n =49 n =288
Pain 191 (79.9%) 88 (86.3%) 439 (79.6%) 64 (72.3%) 0.10* 0.11* 0.10*
Paraesthesia 19 (7.9 %) 8 (6.9%) 1(2.0%) 11 (12.5%)
Autonomic symptoms 26 (10.9%) 5 (4.9%) 8 (16.3%) 13 (14.8%)
Others (restless legs, etc.) 3 (1.3%) 2 (2.0%) 1(2.0%) 0 (0.0%)
Topography of symptoms n=212 n=94 n=44 n=74
Length-dependent 116 (54.7%) 55 (58.5%) 27 (61.4%) 34 (46.0%) 0.1 0.75 0.11
Non-length-dependent 96 (45.3%) 39 (41.5%) 17 (38.6%) 40 (54.0%)
DN4 score n=177 n=74 n=237 n =66
474+20 4.8 £2.1 48420 4.6 +2.1 0.40 0.81 0.61
(0-8) (0-8) (0-8) (0-8)
Taking at least one drug that n =210 n =90 n=45 n=75
may change the test results
59 (28.1%) 26 (28.9%) 16 (35.6%) 17 (22.7%) 0.36 0.43 0.13

SFN, Small Fiber Neuropathy; BMI, Body Mass Index. Wilcoxon tests are performed for the comparisons of quantitative variables, and Chi2 tests for qualitative variables. *Fisher test.
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FIGURE 1 | Prevalence of possible cause in patients with definite Small Fiber Neuropathy for whom aetiological investigations were documented.

of fiber/mm?) with a p coefficient of 0.38 (P <0.0001). This
correlation is stronger (p = 0.58, P < 0.0001) if the IENFD
is also related to patient body weight. Conversely, there is
no significant correlation between the IENFD and foot ESC
if this variable is not related to body weight (p = 0.18,
P =0.005).

Diagnostic Performance of the

Investigations

The diagnostic performance of the investigations was evaluated
by studying the normality or abnormality of each test in each
patient according to the final diagnosis in patients with a definite
diagnosis (i.e., in 104 patients with a “definite SFN” and 87
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TABLE 3 | Exploration results (based on the final diagnosis).

Group comparison

Total population Definite SFN  Possible SFN No SFN “Definite SFN” “Definite SFN” “No SFN” and
and “No SFN” and “Possible  “Possible SFN”
SFN”
n =245 n=102 n=>53 n=90
Skin biopsy
IntraEpidermal nerve Fiber 6.21 £+ 3.41 4.61+3.04 6.58 + 4.01 7.83 +2.53 <0.0001 0.0006 0.003
Density (fibers/mm)
Quantitative Sensory Testing (QST)
Perceptual threshold in the foot 43.5 £ 4.25 44.48 + 4.13 43.11 +4.18 42.62 + 4.24 0.003 0.05 0.44
(C)
Heat painful threshold in the foot 46.94 £ 3.12 47.32 £ 3.2 47.06 + 2.49 46.43 £+ 3.31 0.03 0.08 0.52
(°C)
Perceptual threshold in the hand 37.97 + 4.09 38.84 + 4.39 37.35 +£3.38 37.34 £3.97 0.004 0.06 0.28
(°C)
Heat pain threshold in the hand 45.09 + 4.33 4497 + 4.74 45.4 £+ 3.99 45.06 £+ 4.04 0.88 0.87 0.72
(C)
Quantitative sweat measurement (Q-Sweat)
Sweat volume (foot) (L) 0.32 £+ 0.31 0.28 +0.28 0.35 +£0.42 0.34 +0.28 0.05 0.45 0.31
Sweat volume (proximal leg) (L) 0.45 £ 0.42 0.41+£0.44 0.5+0.48 0.47 £0.36 0.02 0.15 0.61
Sweat volume (forearm) (L) 0.39 £ 0.45 0.39 £ 0.58 0.39 £ 0.38 0.38 £ 0.4 0.18 0.30 0.99
Electrochemical Skin Conductance (ESC) study
Mean conductance in the hands ~ 66.36 + 15.62 60.09 + 16.87 64.32+ 1595  74.67 +8.95 <0.0001 0.20 0.0004
1S)
Mean conductance in the feet 75.73 £ 13.6 70.08 £16.63 76.71 £ 11.26 81.56 + 6.88 <0.0001 0.02 0.002
1S)
Laser Evoked Potentials (LEP)
N2P2 complex amplitude (foot 18.78 £ 13.78 13.94 +13.41 19.68 £ 14.04 23.98 +12.13 <0.0001 0.01 0.10
stimulation) (jLV)
N2 latency (foot stimulation) (ms) 287.16 &+ 56.48 308.27 + 63.72 287.35 + 64.93 269.29 + 36.14 0.0005 0.06 0.33
P2 latency (foot stimulation) (ms)  398.13 + 66.03  420.88 +£ 70.7 401.85+ 71.27 377.01 +51.62 0.0008 0.10 0.21
N2P2 complex amplitude (hand 21.79 £ 16.09 18.48 +£18.03 22.38 £ 1529 2545+ 13.14 0.0003 0.07 0.22
stimulation) (jLV)
N2 latency (hand stimulation) 221.85+41.78 23241 +£50.16 2155 +29.51 215.32 £+ 37.02 0.01 0.15 0.51
(ms)
P2 latency (hand stimulation) 320.27 +£54.73 326.83+66.96 317.81 £42.72 315.38+47.3 0.52 0.79 0.62
(ms)
Cardio-vascular Testing (CVT)
Baseline systolic blood pressure  124.45 + 15.65 127.68 + 16.36 120.64 &+ 15.49 123.02 &+ 14.31 0.01 0.001 0.21
(mmHg)
Baseline diastolic blood pressure ~ 73.46 + 9.62 73.42 £10.16  72.83 £ 9.56 73.9 +9.08 0.83 0.86 0.71
(mmHg)
Valsalva ratio 1.67 +1.06 172+ 1.6 1.6 +£0.25 1.65 4+ 0.33 0.06 0.22 0.56
Heart rate variation during deep 17.98 + 8.57 16.32 + 8.96 18.67 +7.53 19.4 +8.47 0.01 0.03 0.74
breathing (bpm)
30:15 ratio 1.27 £ 019 1.23+£0.18 1.26 £0.16 1.31 £0.21 0.005 0.14 0.29
SBP during isometric handgrip 24.05 £ 1517 23.4 +14.47 2466 £ 1797 24.45+14.32 0.73 0.93 0.66
(mmHg)
DBP variation during isometric 16.30 + 8.95 16.86 + 9.44 15.00 + 9.10 16.41 +6.87 0.83 0.27 0.16
handgrip (mmHg)
SBP variation in upright posture —8.42 +£13.72 -375+14.46 —-538+1458 —1.89+12.25 0.49 0.75 0.37
(mmHg)
DB variation in upright posture 3.31 £8.95 4.44 £7.55 1.47 £12.19 3.156+7.98 0.53 0.44 0.68
(mmHg)
Ewing score 0.72+0.78 0.83 +0.84 0.91 +£0.9 0.48 &+ 0.56 0.006 0.69 0.008

SFN, Small Fiber Neuropathy, SBR, Systolic Blood Pressure, DBR, Diastolic Blood Pressure. Bold values refer to statistically significant results.
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TABLE 4 | Diagnostic performance of each test in terms of sensitivity, specificity, PPV (Positive Predictive Value) and NPV (Negative Predictive Value) which were
determined from the final diagnosis of SFN based per se on the abnormality of two tests.

Total population Definite SFN Possible SFN No SFN Sensitivity Specificity PPV NPV
(Cl1 95%) (C1 95%)

Total 245 102 53 90
Skin biopsy
Normal 155 42 33 80 0.58 0.91 0.88 0.66
Abnormal 84 59 17 8 (0.48-0.68) (0.83-0.96)
QsT
Normal 87 28 24 35 0.72 0.39 0.57 0.55
Abnormal 155 72 29 54 (0.62-0.81) (0.29-0.50)
Q-Sweat
Normal 131 44 28 59 0.53 0.69 0.65 0.58
Abnormal 97 50 20 27 (0.43-0.64) (0.568-0.78)
ESC study
Normal 145 40 26 79 0.60 0.89 0.86 0.66
Abnormal 97 61 26 10 (0.50-0.70) (0.80-0.94)
LEP
Normal 135 32 32 71 0.66 0.89 0.88 0.68
Abnormal 86 63 15 8 (0.56-0.76) (0.80-0.94)
CVT
Normal 214 84 45 85 0.15 0.96 0.81 0.50
Abnormal 27 15 8 4 (0.09-0.24) (0.89-0.99)

SFN, Small Fiber Neuropathy; QST, Quantitative Sensory Testing; ESC, Electrochemical Skin Conductance; LER, Laser Evoked Potentials; CVT, Cardio-Vascular Testing.

patients with “no SFN” with the exception of patients for whom
the diagnosis was “possible SFN”). The results of the sensitivity
(Se), specificity (Sp), positive predictive value (PPV) and negative
predictive value (NPV) calculations are summarized in Table 4.

The test with the best sensitivity in our study is the QST, with
a Se of 72%, but a low Sp of 39%. The exploration with the best
specificity is cardiovascular exploration, with a Sp of 96% but
only 15% Se. Quantification of IENFD by skin biopsy has a Se
of 58% and a Sp of 91%. LEP have a Se of 66%, a Sp of 89%. ESC
measurement is characterized by a good Sp of 89% and a Se of
60%. The Q-Sweat has a Se of 69% and a Sp of 53%.

Identification of a Diagnostic Strategy

Based on previous calculations, we concluded that the four most
interesting tests were skin biopsy, LEP, ESC measurement, and
QST. The calculations of Se, Sp, PPV, and NPV of the different
combinations of these tests (with two-test abnormality as a
criterion for diagnosis of SFN) are summarized in Table 5.

The best combination is the combination of the four tests (skin
biopsy, LEP, ESC measurement, and QST) with a Se of 92%, a Sp
of 88%, a PPV of 90% and a NPV of 91%. Among the three-test
combinations, skin biopsy, ESC measurement and LEP generated
a Se of 67% but a Sp and a PPV of 100% and a NPV of 73%.

DISCUSSION
Diagnostic Strategy

Our results show that the best combination of tests to diagnose
SEN comprises skin biopsy, LEP, ESC, and QST. The combination

of these 4 tests generates a PPV of 90%, specificity of 88%
with sensitivity of 92% and a NPV of 91%. This combination
has the advantage of being based on sensitivity and specificity
data calculated previously but also allows rational exploration
of small fibers. Indeed, skin biopsy is a structural exploration
whilst LEP and QST involve functional exploration of sensory
aspects (A-delta and C fibers, respectively) and ESC explores
the autonomic aspect. It should be noted that, of the four
explorations, we propose LEP, QST, and ESC, which were
the three tests recommended by Lefaucheur et al. (24) after
comparing five diagnostic methods (not including skin biopsy or
Q-Sweat) (24).

Diagnostic Performance of Each Test
According to our results, QST is the most sensitive test for
SEN diagnosis (72% Se, 40% Sp). This high sensitivity may
be explained by the subjectivity of the test, which is based on
patient self-reporting.

The second most sensitive exploration was LEP with a Se of
66% and a Sp of 90%. These results differ from the data published
by Di Stefano et al. (78% Se, 81% Sp), (25) but the latter were
obtained using skin biopsy as the gold standard.

The results generated with Q-Sweat were less interesting than
those reported by Thaisetthawatkul et al. (23) 82% Se and 89%
Sp vs. 64% Se and 54% Sp. This can be explained by differences in
the number of studied sites (3 in our study (foot, proximal leg and
forearm) instead of 4 (foot, distal leg, proximal leg and forearm)
and in the interpretation of the results. Indeed, whereas we
considered the test abnormal when the response was abnormal
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TABLE 5 | Comparison of different diagnostic strategies for small fiber neuropathy.

Tests combination Total population Definite SFN Possible SFN No SFN Sensitivity Specificity PPV NPV
(C1 95%) (C1 95%)

Total 245 102 53 90

Skin biopsy + ESC measurement + LEP + QST

<2 abnormal tests 108 8 21 79 0.92 0.88 0.9 0.91
(0.85-0.97) (0.79-0.94)

>2 abnormal tests 137 94 32 11

Skin biopsy + ESC measurement + LEP

<2 abnormal tests 138 28 28 82 0.67 1.00 1 0.73
(0.57-0.76) (0.96-1.00)

>2 abnormal tests 107 74 25 8

Skin biopsy + LEP + QST

<2 abnormal tests 149 29 36 84 0.72 0.93 0.92 0.75
(0.62-0.8) (0.86-0.98)

>2 abnormal tests 96 73 17 6

Skin biopsy + ESC measurement + QST

<2 abnormal tests 166 34 42 90 0.73 0.91 0.9 0.75
(0.61-0.81) (0.83-0.96)

>2 abnormal tests 79 68 1 0

LEP + ESC measurement + QST

<2 abnormal tests 137 27 28 82 0.74 0.91 0.9 0.76
(0.62-0.82) (0.83-0.96)

>2 abnormal tests 108 75 25 8

QST, Quantitative Sensory Testing; ESC, Electrochemical Skin Conductance; LER, Laser Evoked Potentials; PPV, Positive Predictive Value; NPV, Negative Predictive Value.

at one site, Thaisetthawatkul et al. used a composite criterion that
required an abnormal value at two sites or at one site where a
symptom was reported by the patient.

In our study, 59% Se and 88% Sp were recorded for the
ESC measurement, which is similar to the results reported by
Lefaucheur et al. (24).

Using the diagnosis based on the complete evaluation, as
detailed above in the “final diagnosis” paragraph, skin biopsy has
a Se of only 58% and a Sp of 92% in our study. This sensitivity
is lower than the published data which range from 69 to 90%
(3, 26, 27). However, these results were obtained in studies in
which clinical examination was the only gold standard for SEN
diagnosis. Our results also differ from those recently published
by Devigili et al. which report a sensitivity of 94.3% and a
specificity of 91.9% (28). It could be explained by methodological
differences: we did not include clinical signs as a criteria for SEN
but only used tests results in our population of patients with
suggestive symptoms. This discrepancy suggests that patients
with clinical signs are more likely to have an abnormal IEFND.

Therefore, it is uncertain whether skin biopsy can be
considered as a reference method for the diagnosis of SFN. A
significant proportion of the SFNs could be related to functional
impairment of small fibers, detectable by functional explorations,
but without fiber destruction as evidenced in biopsy. However,
there could also be a difference in sensitivity between the various
staining techniques used to read the slides in fiber counting.
The technique used by Provitera et al. (29) with marking of
the basal lamina ensures a more reliable fiber count and affects
the sensitivity of the technique. A comparative study of the two

techniques would be necessary to clarify this issue. The problem
of uniformity of techniques and standards poses an additional
difficulty in the interpretation of skin biopsy.

Correlations

DN4 surprisingly did not differ between the groups “Definite
SEN”, “no SFN” and “possible SFN.” This result confirms that
although DN4 is a screening tool for SEN, a high DN4 score is
not sufficient to assess the diagnosis of SFN.

Interestingly, no significant correlation was established
between the raw exploratory data (including sensory and
autonomic nervous system investigations). The only significant
inter-test correlation in our study is a correlation between IENFD
and skin conductance in the feet, which is significant only when
the latter variable is related to patient weight. This result is
consistent with the data reported by Novak (30).

Causes

The distribution of underlying causes in patients with SFN in
our cohort is consistent with some published data (22, 31).
Indeed, the dominant causes are diabetes, glucose intolerance
and Sjogren’s syndrome as well as other dysimmune causes (the
slightly higher prevalence of these causes in our cohort can be
explained by the fact that some patients were recruited by the
Internal Medicine Department). However, a more recent study
in 2018 showed a high prevalence of sodium channelopathies by
mutation of the SCN9A, SCN10A and SCN11A genes (which
accounted for 16.8% of the causes found in 921 patients)
(32). This result is not reflected in our cohort because the
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search for channelopathy was not systematically part of the SFN
recommended aetiological assessment at that time.

In our study, etiological investigations were performed once
the diagnosis of SFN was made. Concerning the medical
background of our patients, in the “possible SEN” group, 4
patients had Sjogren’s syndrome and 1 had diabetes; in the
“no SEN” group, 7 patients had Sjogren’s syndrome and 2 had
diabetes; in the “definite SFN” group, 11 patients had Sjogren’s
syndrome, 12 had diabetes and 3 had an history of alcohol abuse
or an history of cancer chemotherapy.

Limits

One of the main methodological criticisms made in 2008
of Devigili's study (22) was the incorporation bias (the
investigations assessed in terms of diagnostic value in the study
were also included in the criteria used for the diagnosis of SEN).
Botez and Herrmann pointed out that this bias was likely to
overestimate the sensitivity of the tests (33). This incorporation
bias is also present in our study. However, it is impossible to avoid
it at the present time, given the absence of a real gold standard for
the diagnosis of SFN.

Recently Devigili et al. questionned the relevance of resarching
SEN in patients without suggestive clinical signs (28). We
believe that including in our research patients with neurological
symptoms only is interesting because it reflects the population in
which SEN is suspected in clinical practice. In this population,
it is intersting to notice that functional tests can be abnormal
although biopsy do not show IEFD reduction.

The single center and retrospective nature of our study are
other methodological limitations.

Finally, uncertainty remains for patients classified as “possible
SFN” (when test results were borderline or when the test results
could have been modified by a treatment or condition).

Strengths
To date and to the best of our knowledge, our study is the first to
compare a combination of 6 tests in the diagnosis of SFN.

Furthermore, the study population is similar to the population
encountered in daily practice and the difficulties associated
with SFN diagnosis, i.e., patients with suggestive symptoms
(mainly pain) without extensive fiber neuropathy. A number of
published studies investigated populations combining patients
with pure SFN and mixed neuropathy of both small and
large fibers (as indicated by abnormal nerve conduction). Our
study avoids this pitfall by selecting only patients with normal
nerve conduction.

Finally, we propose an original diagnostic approach based on
our initial results, by calculating the PPV and NPV of different
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