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Abstract
Cutaneous autonomic small nerve fibers encompass unmyelinated C-fibers and thinly myelinated Aδ-fibers, which innervate
dermal vessels (vasomotor fibers), sweat glands (sudomotor fibers), and hair follicles (pilomotor fibers). Analysis of their
integrity can capture early pathology in autonomic neuropathies such as diabetic autonomic neuropathy or peripheral nerve
inflammation due to infectious and autoimmune diseases. Furthermore, intraneural deposition of alpha-synuclein in
synucleinopathies such as Parkinson’s disease can lead to small fiber damage. Research indicated that detection and quantitative
analysis of small fiber pathology might facilitate early diagnosis and initiation of treatment. While autonomic neuropathies show
substantial etiopathogenetic heterogeneity, they have in common impaired functional integrity of small nerve fibers. This
impairment can be evaluated by quantitative analysis of axonal responses to iontophoretic application of adrenergic or cholin-
ergic agonists to the skin. The axon-reflex can be elicited in cholinergic sudomotor fibers to induce sweating and in cholinergic
vasomotor fibers to induce vasodilation. Currently, only few techniques are available to quantify axon-reflex responses, the
majority of which is limited by technical demands or lack of validated analysis protocols. Function of vasomotor small fibers can
be analyzed using laser Doppler flowmetry, laser Doppler imaging, and laser speckle contrast imaging. Sudomotor function can
be assessed using quantitative sudomotor axon-reflex test, silicone imprints, and quantitative direct and indirect testing of
sudomotor function. More recent advancements include analysis of piloerection (goose bumps) following stimulation of adren-
ergic small fibers using pilomotor axon-reflex test. We provide a review of the current literature on axon-reflex tests in cutaneous
autonomic small fibers.
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Introduction

Autonomic small fibers mediate neural control of vital organs
such as the cardiovascular, bronchopulmonary, gastrointestinal,

and urogenital system as well as the skin. Autonomic neuropa-
thies are defined by damage to lightly myelinated A-delta and
unmyelinated C-fibers. These “small fibers” constitute the most
peripheral segments of the sympathetic and parasympathetic
branch of the autonomic nervous system. Autonomic neuropa-
thies comprise a group of etiopathogenetically heterogenous dis-
orders, which can manifest with vegetative symptoms such as
orthostatic hypotension, reduced heart rate variability, sexual and
urogenital dysfunction, and dyshidrosis of the skin, frequently
reducing quality of life [1, 2]. Autonomic neuropathies are there-
fore of high clinical relevance. This is further highlighted by an
increase of mortality in those autonomic neuropathies that impair
neural control of the cardiovascular system [3]. Diabetes is the
most prevalent aetiology of autonomic peripheral neuropathy.
Further common causes include amyloidosis, synucleinopathies
such as Parkinson’s disease, and autoimmune diseases such as
acute inflammatory demyelinating polyneuropathy. Moreover,
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autonomic neuropathy can be associated with infectious diseases
such as acquired immune deficiency syndrome, hereditary disor-
ders such as Fabry disease, channelopathies, hereditary sensory,
and autonomic neuropathies as well as neurotoxins such as Shiga
toxin or cisplatin [4]. Aetiologies can be classified into seven
groups as shown in Table 1.

In order to improve detection of autonomic neuropathies,
research has focused on the development of techniques to
infer integrity of the peripheral autonomic nervous system.
Cutaneous small fibers have been identified as diagnostic tar-
get because of their easy anatomic accessibility and early path-
ophysiological involvement in highly prevalent disorders such
as Parkinson’s disease and diabetes. Autonomic small fibers
of the skin comprise sudomotor fibers innervating sweat
glands, vasomotor fibers innervating arterial blood vessels,
and pilomotor fibers innervating pilomotor muscles attached
to hair follicles (Mm. arrectores pilorum).

Research has recently focused on evaluating small fiber
function in patients with synucleinopathies such as
Parkinson’s disease, as in these patients, cutaneous small fi-
bers can be damaged by intraneural deposition of alpha-
synuclein in even in the prodromal and early disease stages
[5–7]. Therefore, techniques to assess small fiber function
might allow early diagnosis and initiation of treatment.
Microneurography is a minimally invasive technique to assess
small nerve fiber integrity, which is mainly used in research
studies and experimental settings. It is not widely used for
clinical diagnostic purposes as it is technically demanding
and requires extensive training. Immunohistochemical analy-
sis of invasive skin punch biopsies allows assessment of small
nerve fiber integrity on a structural level.

Axon-reflex-based assessment of vasomotor, sudomotor, and
pilomotor small fibers may supplement these techniques and
provide non-invasive tools to detect and monitor small fiber neu-
ropathy [8–11]. The physiological concept of the axon-reflex
was introduced by Langley in the 1890s [12, 13]. Some authors
also refer to earlier investigations of the axon-reflex by Sokovnin
and Rozhanskiy [14]. This reflex evokes a localized response
only in those cells that are innervated by the neuron the action
potential was induced in. This neurophysiological pathway dif-
fers from spinal cord reflexes as the reflex arc does neither in-
clude the central nervous system nor any synaptic connections to
other neurons. This observation gained more attention in the
1940s after Sir Thomas Lewis has suggested that the axon-
reflex in cutaneous vasomotor nerve fibers is responsible for
vasodilation in adjacent skin areas after scratching [15]. Since
then, axon-reflex-mediated responses in vasomotor and
sudomotor (and more recently in pilomotor) have been subject
to multiple research studies.

The axon-reflex can be induced by stimulation of small nerve
fiber terminals in the skin. An action potential is generated which
is then conducted to an upstream axon branching point where the
potential switches to neighboring small fibers to travel backward.

Thus, the potential reaches the distal fiber endings in a skin
region adjacent to the area of stimulation (“indirect area”).
Thereby, a local response of the innervated organ is elicited,
i.e., dilation of arterial skin vessels, sweating, or piloerection
[16–18]. The axon-reflex can be elicited by iontophoresis of
cholinergic agents in vasomotor or sudomotor fibers, adrenergic
agents in pilomotor fibers, respectively, as well as by thermal,
mechanic, or electric stimuli. The response is assessed quantita-
tively in the indirect skin area surrounding the “direct area”
where the stimulus is applied.

We aimed to provide a narrative review of the current litera-
ture on axon-reflex assessment. Moreover, we sought to discuss
the drawbacks and potential future implications of these tests.

Assessment of vasomotor function

The cutaneous microcirculation contributes substantially
to thermal haemostasis of the human body and is anatom-
ically based on two horizontal plexuses located in the
dermis. Neural control of microvascular reactivity in these
plexuses is mediated by vasomotor autonomic small nerve
fibers [19]. In these fibers, the axon-reflex can be evoked
directly by pharmacological, thermal, electrical, or me-
chanical stimuli. Topical stimulation of terminal nerve
e n d i n g s o f t h e c u t a n e o u s sma l l f i b e r s w i t h
acetylcholonine (Ach) induces an action potential in un-
my e l i n a t e d C - f i b e r s . T h i s p o t e n t i a l i s t h e n
orthodromically conducted to an axon branch point,
where it is redirected to a group of neighboring axons to
antidromically reach neighboring nerve terminals of C-
fibers innervating the blood vessels. Consecutively, vaso-
active substances, such as substance P (SP) and calcitonin
gene-related peptide (CGRP), are released from C-fiber
nerve terminals causing a vasodilatory response adjacent
to the skin area of direct Ach stimulation [9, 20] (Fig. 1).
The vasodilation caused by this mechanism can be quan-
tified as a measure of neurogenic blood flow. Agents such
as Ach also act directly on the endothelium, causing a
vasogenic blood flow response. Vasogenic and neurogenic
responses can be differentiated topographically. While
vasogenic blood flow responses occur in the skin area of
stimulation (e.g., iontophoretic application of Ach), neu-
rogenic axon-reflex-mediated blood flow responses are
evoked in a skin region adjacent to the area of
stimulation.

Laser Doppler-based techniques such as laser Doppler
flowmetry (LDF), laser Doppler imaging (LDI), and laser
speckle contrast imaging (LSCI) are used to quantify
axon-reflex-mediated vasodilation as a measure of vaso-
motor small fiber function. They provide an index of skin
perfusion by measuring the Doppler shift induced by co-
herent monochromatic light scattering by moving red
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blood cells. The received signal is quantified as the prod-
uct of average red blood cell velocity and concentration.
This signal is often referred to as flux because it does not
provide an exact measure of flow (ml/min) [21].
Limitations of laser Doppler techniques comprise incon-
sistencies in the standardization of settings used for induc-
tion of the axon-reflex such as density and Ach concen-
trations. Further limitations include technical demands as
well as intra-and interindividual variability. Moreover,
technical susceptibility to environmental factors such as
light, temperature, hairs, and humidity may explain why
laser Doppler assessment is predominantly provided in
specialized autonomic centers.

Laser Doppler flowmetry

Procedure

Laser Doppler flowmetry (LDF) is used to assess axon-reflex-
mediated blood flow responses to Ach. Iontophoresis of 10%
Ach solution stimulates the endothelium-dependent produc-
tion of SP, CGRP, and nitric oxide (NO) leading to microvas-
cular vasodilation. The intensity of the detected blood flow in
the indirect area of response constitutes a measure of

vasomotor small fiber function [20, 22]. In the LDF technique,
the laser beam is directed towards a single predefined spot on
the skin in a pre-set distance from the iontophoretic applica-
tion point. The received backscattered signal from moving
blood cells is quantified as the product of average red blood
cell velocity and concentration (flux) [21]. A linear relation-
ship between flux and actual flow has been demonstrated [22].
The technique quantifies the vasodilator response following
Ach iontophoresis at a single predefined skin point with tem-
poral resolution in a predefined distance from the iontophore-
sis capsule [23]. Single-point LDF with one transmitting and
one receiving optical fiber on a fixed area of the skin is accu-
rate at quantifying fast changes in blood flow. Blood flow is
measured over a small volume (1 mm or smaller) with a high
sampling frequency (often 32 Hz) [24]. As opposed to single
point assessment of blood flow, integrating probes, which are
made of seven to eight optical fiber pairs, assess blood flow in
multiple points, thereby decreasing spatial variability and im-
proving reproducibility by averaging the signal from different
scattering volumes [25, 26].

Limitations

The regional heterogeneity of skin perfusion due to intra-
and inter-individual differences of skin anatomy is

Epidermis

Dermis

Acetylcholine

Ac�on poten�al

Orthodromic Conduc�on

An�dromic Conduc�on

Vasogenic (direct) vasodila�onAxon-reflex mediated (indirect) 
vasodila�on

Fig. 1 The vasomotor axon-reflex. Epidermal noceptive C-fibers are
stimulated via iontophoresis of acetylcholine, which induces local
vasodilation of small blood vessels (direct area). Neurophysiologically
seen acetylcholine generates an action potential in the unmyelinated C-
fiber, which is orthodromically conducted toward the spinal cord. At

branching points of the epidermal nerve fibers, the action potential is
antidromically conducted to neighboring nerve endings, inducing a
release of vasoactive substances with consecutive vasodilation in this
neighboring area. This local spread of action potential is known as
axon-reflex and the unstimulated skin area is called indirect area

1688 Neurol Sci (2020) 41:1685–1696



associated with high spatial variability, reducing the inter-
pretability and reproducibility of measurements, particu-
larly when single point LDF probes are used [24]. While
LDF can capture intensity of changes in blood flow at
predefined points, it fails to assess the spatial spread of
axon-reflex-mediated increase in blood flow.

Perspective

LDF enables the detection of cutaneous perfusion differ-
ences between groups of patients with peripheral neurop-
athy and healthy individuals but may not reach enough
sensitivity to compare single individuals to normative
datasets, thereby limiting its clinical utility [1]. Although
LDF cannot be used to screen patients for neuropathy, the
technique may provide useful supplementary information
particularly in longitudinal intra-patient disease monitor-
ing or in cases of extreme vasomotor impairment [27]. In
the clinical setting, results on small fiber function obtain-
ed with LDF might be valuable when showing consisten-
cy with other assessment techniques with lower variabili-
ty. In the scientific setting, LDF has been used to study
familial dysautonomia and has helped to understand the
relationship between receptors and innervation in auto-
nomic dysfunction [28]. Furthermore, research using
LDF in patients with Huntington’s disease displaying va-
somotor impairment was able to lend evidence to the hy-
pothesized involvement of the autonomic nervous system
in the disease’s pathophysiology [29].

Laser Doppler imaging

Procedure

Like in LDF, blood flow is quantified following induction of
axon-reflex-mediated vasodilation by iontophoresis of Ach
into the upper dermal layers. The technique, however, differs
from the single point technique LDF by allowing for spatial
assessment of the predefined skin area which is scanned by a
moving laser beam to generate a two-dimensional perfusion
map. The imager instrument is installed in a static position and
therefore has a defined distance from the scanned skin area
[30, 31]. Repeated scanning allows for evaluation of the re-
sponse with temporal resolution. The two-dimensional perfu-
sion map perfusion map thus changes over time to display
changes in blood flow. The map itself is generated from re-
corded perfusion images of single cells (perfusion units).
Therefore, perfusion values of every single cell measured in
the predefined skin area are recorded, and once single cell
perfusion increases above a predefined threshold, the color
of the respective cell changes. Thresholds used for color cod-
ing vary among LDI analysis techniques.

Flare area method The flare area is defined area of increased
blood flow in the indirect region of axon-reflex-mediated in-
creased blood flow. In order to define the flare area, the num-
ber of perfusion units exceeding a certain perfusion threshold
prior to intophoresis is subtracted from the number of perfu-
sion units exceeding the very same perfusion threshold after
iontophresis of Ach. The perfusion threshold itself is defined
as 125 perfusion units. This fixed setting is based on a previ-
ous study using a capsaicin-based human model of small fiber
neuropathy where a threshold of 125 PU displayed the largest
difference in flare area between pre-and post-iontophoretic
blood flow among subjects [31].

Baseline perfusion method In the baseline perfusion method,
the blood flow threshold is calculated as two standard deviations
of the measured baseline perfusion of the skin surface.
Consequently, the area of axon-reflex-mediated increased blood
flow is defined as the area of all cells above this threshold [32].

Resting blood flow method The axon-reflex-mediated spread
of increased blood flow is assigned to the area in which a
three-fold increase of the baseline blood flow is registered
within the predetermined skin surface. The method was de-
signed using an arbitrarily chosen threshold intending to en-
sure detection of meaningful differences [33].

Limitations

Although LDI assesses blood flow with both spatial and tem-
poral resolution, changes over time are captured with lesser
precision when each perfusion cell is considered. This is be-
cause LDI measures blood flow in a single unit before moving
on to the adjacent unit and so on to lastly put together a map of
blood flow. Temporal resolution is achieved by repeating this
procedure once one map is completed. However, as LDI mea-
sures only one unit at a time, measurement in each single unit
is undertaken discontinuously, contrasting LDF, where contin-
uous assessment is performed in a single point [34].
Therefore, rapid changes in skin blood flow are more difficult
to assess over large skin areas using LDI than in single points
using LDF. Multi-channel laser Doppler techniques were in-
troduced to address this issue. Additionally, movement of the
scanned area must be avoided since this will introduce record-
ing artefacts. The necessity of remaining still might cause
some discomfort to the subject. Technical dependence from
environmental factors such as light, temperature, hairs, and
humidity limits its application. Lastly, the technique lacks a
standardized and widely accepted protocol [35].

Perspective

Previous investigation indicated potential usefulness of LDI in
research studies. Additionally, studies have reported that diabetic

1689Neurol Sci (2020) 41:1685–1696



autonomic neuropathy can be verified early with simple LDI test
in both type 2 and type 1 diabetes mellitus, highlighting the
potential clinical usefulness of the technique [9, 23]. Research
displayed reproducibility of axon-reflex-mediated vasodilation in
repeated assessment via LDI indicating that the technique might
be a reliable tool in longitudinal monitoring of vasomotor integ-
rity. Whether this translates into clinical applicability remains to
be answered. Moreover, research indicated the potential utility of
LDI in the assessment of patients with neurodegenerative disor-
ders. In patients with Alzheimer’s disease, LDI showed impair-
ment of vasomotor function consistent with pathophysiological
involvement beyond the central nervous system [36]. Diagnostic
value of LDI in the clinical assessment of neuropathies remains
to be determined.

Laser speckle contrast imaging

Procedure

When coherent monochromatic laser light hits a matt surface,
the backscattered light generates an interference pattern on the
detector. This high contrast grainy pattern is referred to as
speckle pattern (of light and dark areas) [37]. Moving particles
such as blood cells make the speckle pattern fluctuate, and the
contrast decreases as the velocity of the caterers increases
[38]. Similarly to LDI, laser speckle contrast imaging
(LSCI) allows the assessment of skin perfusion over wide
areas (up to 100 cm2) but, contrasting LDI, with a high fre-
quency (up to 100 images/s). Computer simulations and
in vitro measurements have shown that LSCI provides a per-
fusion index proportional to the concentration and mean ve-
locity of red blood cells [39]. LSCI has high temporal and
spatial resolution [38]. The skin penetration depth (300 mm)
and the sensitivity to movement make up the differences be-
tween LSCI and LDI [40].

Local transient increase in cutaneous blood flow can
be observed after various manoeuvers. Among those,
local thermal hyperemia (LTH) allows evaluation of
axon-reflex-mediated vasodilatory response, as opposed
to post-occlusive reactive hyperaemia (PORH) which is
mediated mechanically. In LTH, local heating of the
skin induces local thermal hyperemia characterized by
a biphasic rise in skin blood flow. A rapid initial peak
is observed within 2–3 min after onset of heating,
which mostly depends on a local sensory nerve axon-
reflex [41, 42].

Limitations

Skin penetration depth has been shown to be deeper for
LDI (1–1.5 mm) than for LSCI (300 μm). However,
penetration depth is highly wavelength-dependent: lower

wavelengths measure the perfusion of capillary loops
and upper plexus, whereas higher wavelengths allow
measurement of deeper dermal circulation [43]. This
should be considered because of the high variability of
cutaneous thickness (e.g., epidermal thickness ranges
from 60 mm on the eyelids to 800 mm on the palms
of the hands). A direct comparison between LSCI and
LDI has shown correlation over a wide range of human
skin perfusion rates, despite a loss of correlation for low
skin perfusion, suggesting a non-linear relationship be-
tween LSCI signal and skin blood flow [44, 45]. Also,
LSCI is more sensitive to movement artefacts than ob-
served with laser Doppler techniques. Commercially
available devices provide arbitrary perfusion units (PU;
1 PU = 10 mV for laser Doppler). The relationship be-
tween PU and contrast is complex and requires comput-
er processing of images obtained using LSCI [40].

Perspective

Overall, the reproducibility of skin perfusion changes is
higher when blood flow is recorded with LSCI compared to
laser Doppler-based techniques, regardless of how data is
expressed [46]. Clinical diagnostic utility of the technique
remains to be determined.

Table 2 gives an overview of available tests of vasomotor
function, their reproducibility, implementation, and underly-
ing physiological pathways.

Assessment of sudomotor function

The integrity of small sudomotor nerve fibers can be assessed
using axon-reflex-based diagnostic tests, of which the most
widely used are described in detail below.

Quantitative sudomotor axon reflex sweat
test

The quantitative sudomotor axon reflex sweat test (QSART) is
considered by many as today’s gold standard for evaluation of
postganglionic sudomotor function. Philipp Low and col-
leagues developed the technique in 1983.

Procedure

The sudomotor axon-reflex can be induced by Ach. Ach so-
lution (usually 10%) is delivered into the upper dermal skin
layers via iontophoresis evoking a local sweat response in the
area of the delivery capsule (direct area). Efferent sudomotor
nerve fibers are activated by binding of Ach to nicotinic and
muscarinic receptors located at terminal nerve endings of

1690 Neurol Sci (2020) 41:1685–1696



efferent sudomotor nerve fibers. A local sweat response of the
stimulated skin area within the capsule is induced (direct area).
Additionally, an action potential within the sudomotor small
fibers is generated. This potential travels antidromically to
reach an axonal branching point, where it is redirected
orthodromically to neighboring efferent sudomotor nerve fi-
bers (indirect area). The evoked local sweat reaction is mea-
sured within the skin capsule as change of relative humidity,
enabling an analyzation of temporal resolution, latency, mag-
nitude, and duration of the tested subject’s sudomotor re-
sponse. The sweat response is digitally analyzed and com-
pared to established clinical standard values [47, 48]. The
onset delay of the evoked sweat response after stimulation is
gender-independent starting 1–2 min after iontophoresis of
Ach in healthy subjects. The maximum sweat response is
estimated approximately 5 min after the end of iontophoresis.
The mean sweat output in contrast is gender-dependent and
additionally depends on the tested body site. Normative values
of mean sweat output for healthy female subjects are 0.25–
1.2μl/cm2 and for male subjects 2–3 μl/cm2 [47]. Tested body

areas are commonly the forearms and the proximal and distal
leg as well as the dorsal aspect of the feet.

Limitations

QSART is the current gold standard of sudomotor function
assessment and well-studied, but due to high technical de-
mands, the technique is predominantly used in specialized
centers for autonomic neurology. The conducting clinical staff
needs to be trained adequately to guarantee a standardized
clinical testing performance. Also, patients may experience a
burning skin sensation or irritation due to iontophoresis,
which is a general limitation of all axon-reflex-based test
methods.

Perspective

Broader clinical use of QSART to reliably diagnose patients
with sudomotor dysfunction is under current scientific and
clinical evaluation. Strategies to develop more user-friendly

Table 2 Practical value and implications of techniques to assess vasomotor function

Laser Doppler flowmetry (LDF) Laser Doppler imaging (LDI) Laser speckle contrast imaging

Arterial occlusion (PORH) Sufficient validity
Fair to poor reproducibility
(improved when normalizing for skin temperature)

Slow kinetics with conventional
LDI
(can be improved by using
multi-channel laser Doppler line)

Sufficient validity
Easy to implement
Very good reproducibility

Pressure (PIV) Sufficient validity
Laborious to implement
(requires custom-made devices)
Lack of data on reproducibility

Laborious to implement
(requires custom-made devices)
Lack of data on validity
Lack of data on reproducibility

Laborious to implement
(requires custom-made

devices)
Lack of data on validity
Lack of data on reproducibility

Thermal local heating (LTH) Sufficient validity
Easy to implement
Fair to poor reproducibility
(improved when normalizing for skin temperature/

using integrated probes)

Laborious to implement
Very good reproducibility

Laborious to implement
Very good reproducibility

Local cooling Sufficient validity
Laborious to implement
(requires custom-made devices)
Acceptable reproducibility

Laborious to implement
(requires custom-made devices)
Lack of data on validity
Lack of data on reproducibility

Laborious to implement
(requires custom-made devices)
Lack of data on validity
Lack of data on reproducibility

Electric current (CIV) Lack of data on validity
Easy to implement
Lack of data on reproducibility

Easy to implement
Lack of data on validity
Lack of data on reproducibility

Easy to implement
Lack of data on validity
Lack of data on reproducibility

Ach iontophoresis Lack of standardized settings
Easy to implement
Fair reproducibility

Lack of standardized settings
Easy to implement

Easy to implement
Lack of data on validity
Lack of data on reproducibility

Nitropusside iontophoresis Lack of standardized settings
Easy to implement
Poor reproducibility

Easy to implement
Lack of standardized settings
Fair reproducibility

Easy to implement
Lack of data on validity
Lack of data on reproducibility

Time–frequency analysis Easy to perform
Heterogeneity in methods
Lack of data on reproducibility

Difficult to perform Difficult to perform

A table of techniques to assess vasomotor function sorted by assessment methodology and stimulus to induce blood flow response. Techniques are sorted
by technology used to capture blood flow (column headings) and stimuli used to evoke blood flow response (left-sided headings)
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electrodes as well as Ach releasing gels to avoid leaking have
been introduced [49].

Quantitative direct and indirect test
of sudomotor function

Quantitative direct and indirect test of sudomotor function
(QDIRT) has been developed to establish an axon-reflex-
based test of postganglionic sudomotor function with compar-
atively low technical demands [50].

Procedure

Epidermal iontophoresis of 10% Ach solution is used to stim-
ulate terminal endings of sudomotor small nerve fibers. Am
action potential is generated and conducted to collateral sweat
glands via the axon-reflex causing the indirect area of sweat
reaction. To quantify the evoked sweat response and therefore
sudomotor function, the tested skin region is covered with an
indicator dye to visualize the occurrence of sweat droplets by
color change of the indicator dye thereby visualizing sweat
response. The color change is assessed by repeated digital
photography with pictures taken every 15 s over 7 min.
Based on the images, sudomotor function is digitally estimat-
ed with the aid of image analyzing software. The parameters
of interest are number, size, and percentage of sweat droplets
in the direct and indirect area of sweating over time [50].
Consequently, QDIRT allows a temporal and spatial analysis
of the evoked sweat reaction.

Limitations

Like QSART, QDIRT requires trained clinical staff in order to
assess sudomotor function accurately to, e.g., avoid blurry
pictures of the sweat response. One major limitation of
QDIRT technique is that further sweat response in skin areas
with already color-changed indicator dye will not be quantifi-
able. Moreover, the interindividual comparability of induced
sweat response in QDIRT is relatively low due to not
predefined skin areas [47]. Also, sweat droplets outside of
the indirect area of sweat response might not be assessed
due to missing indicator dye.

Perspective

QDIRT needs yet to be evaluated concerning its capacity to
detect pathological cutaneous small fiber dysfunction. A mul-
ticenter study is currently under way which comprises longi-
tudinal use of QDIRT in patients with early stage Parkinson’s
disease [51].

Silicone impression mold technique

The silicone impression mold technique offers an axon-reflex
test of sudomotor function which has lesser economical de-
mands than well-established techniques such as QSART.

Procedure

Like QSART, the silicone impression mold technique utilizes
induction of an axon-reflex-mediated spread of sweating fol-
lowing iontophoretic application of a cholinergic agonist to
assess functional integrity of sudomotor small nerve fibers.
The silicone impression is applied for 5 min. It is then re-
moved and evaluated for number and size of sweat droplets.
The silicone impression mold technique is technically less
demanding than other axon-reflex-based tests of sudomotor
function such as QSART. A reduction in the number of sweat
droplet impressions indicates dysfunction of sudomotor small
fibers which is seen in various autonomic neuropathies such
as diabetic neuropathy, hereditary sensory, and autonomic
neuropathy or Fabry’s disease [52].

Limitations

It is noteworthy that cutaneous artefacts such as debris and
hair follicles may impact the impressions. Moreover, quanti-
fication of droplet impressions is rather time consuming as
each silicone unit requires post hoc processing. Lastly, the
silicone impression mold technique does not allow evaluation
of the sudomotor axon-reflex response with temporal resolu-
tion [50]. A limitation of axon-reflex-based tests of sudomotor
function is that a reduction in sweat response is not necessarily
specific for dysfunction of postganglionic sudomotor small
fibers, as impairment of eccrine sweat glands as well as dam-
age or occlusion of their excretory ducts may also reduce the
droplet count. However, separate analysis of direct sweating
in the area of iontophoresis and indirect sweating in the axon-
reflex region using the silicone impression mold technique or
QDIRT may improve diagnostic discrimination between neu-
rogenic and gland-related impairment.

Perspective

This silicone impression mold technique provides the ability
to assess the quantity of sweat droplets produced from indi-
vidual sweat glands and is relatively inexpensive. However,
widespread use of the technique as a clinical screening tool of
small fiber neuropathy would require substantial standardiza-
tion of the technique.

The silicone material would need to be non-occlusive, hy-
drophobic, and display fast polymerization characteristics.
Moreover, preparation of the testing area on the skin as well
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as controlling for environmental factors are challenging in this
regard.

Non-axon-reflex-based sudomotor tests

A variety of tests of sudomotor function is available and
most of them do not measure axon-reflex responses. The
sympathetic skin response (SSR) assesses changes in skin
conduction levels following sympathetic stimuli such as
deep inspiration. The SSR is a well-established technique
which is used in lie detection systems as it is very sensitive
to sudomotor responses to emotional stimuli. However, the
technique is not widely used as a clinical test as it is limited
by high intra-individual and inter-individual variability
[53]. The thermoregulatory sweat test (TST) utilizes con-
trolled heating of the body to induce sweating. Using an
indicator dye applied to the ventral body surface allows
topographic analysis of sweating [54]. The TST can be
combined with axon-reflex tests of postganglionic
sudomotor function to differentiate postganglionic from
preganglionic lesions. Preganglionic damage is character-
i zed by an abnormal TST and norma l QSART,
silicone imprints, and QDIRT [47]. Up to now, the TST
is provided only by highly specialized centers, due to the
high technical demands. In fact, a fully equipped TST
chamber is available in just a handful of autonomic testing
centers. Sudoscan assesses electrochemical skin conduc-
tance. The technique uses reverse iontophoresis and
chronoamperometry to assess the chloride ion concentra-
tion as a measure of sweating [55]. Although Sudoscan is
easy-to-perform and inexpensive, the technique is limited
by the interpretability of results. To date, it remains un-
clear whether Sudoscan stimulates sudomotor small fibers
or the sweat glands directly (or both) [56]. The sensitive
sweat test (SST) has been designed to assess secretion of
each individual sweat gland along with their location,
number, and distribution. Pilocarpin is applied using ion-
tophoresis to induce a direct sweat gland-mediated re-
sponse. Neurogenic responses have not been described.
The SST allows for detailed assessment of sweat gland
integrity and might complement primarily neurogenic
techniques such as QSART in the clinical evaluation of
sudomotor dysfunction [57]. The spoon test qualitatively
evaluates the smoothness with which the convex side of a
spoon slides over moist skin. It does not require any phar-
macological stimulation of the sweat glands and is ex-
tremely easy-to-perform [58]. Its major limitation is the
lack of quantitative assessment as the results depend on
the investigator’s perception of the spoon sliding. Its major
strength is the extremely easy and feasible testing protocol
highlighting the technique’s potential as a clinical screen-
ing tool of sudomotor dysfunction.

Assessment of pilomotor function

Pilomotor function has been less extensively studied compared
to vasomotor and sudomotor techniques. To date, only a few
papers on pilomotor function assessment have been published.

Quantitative pilomotor axon-reflex test

The pilomotor axon-reflex test (QPART) stimulates noradren-
ergic fibers which sets it apart from available cholinergic-based
vasomotor and sudomotor procedures. The direct peripheral
stimulation of the pilomotor axon-reflex can also be evoked
by mechanical, thermal, electrical, or pharmacological stimuli.
Like sudomotor and vasomotor axon-reflex tests, iontophoretic
stimulation of the axon-reflex appears to be a valid technique
which in case of pilomotor testing differs from sudomotor and
vasomotor tests by the choice of agonist applied to the skin.
While sudomotor tests and most vasomotor tests utilize acetyl-
choline, QPART is performed using phenylephrine.

Procedure

Iontophoresis of phenylephrine induces local piloerection in
the area of phenylephrine application (direct region) and axon-
reflex–response region (indirect region). Phenylephrine depo-
larizes the terminal nerve endings of cutaneous unmyelinated
C-fibers (efferent pilomotor nerve fibers), which then evokes
an action potential. Afterwards, the generated action potential
is antidromically conducted to an axon branch point, where
the action potential is transferred to neighboring axons and
then orthodromically conducted to neighboring nerve termi-
nals of C-fibers innervating the Musculi arrectores pilorum.
Consequently, macroscopically visible goose bumps occur on
the skin surface surrounding the iontophoresis skin region.

The outline of the total area of piloerection is defined as the
line connecting the edges of the most peripheral erect hair
follicle impressions. The indirect region is calculated by
subtracting the area of phenylephrine application from the
total area of piloerection. Silicone impressions are used to
create a local topographic map of piloerection. Local applica-
tion of toner is used to increase the visibility of goose bump
impressions and therefore allows image software-based digital
analysis of pilomotor function. Silicone impressions of erect
hair follicles can be quantified by the number of hair follicle
muscle imprints in the areal extent of the axon-reflex response
and the average volume of hair follicle muscular imprints in
the indirect area (Fig. 2) [17].

In the process of developing the technique, a study in healthy
subjects indicated that piloerection can be evoked by phenyl-
ephrine iontophoresis directly beneath the stimulation site and
with latency in surrounding axon reflex regions. There, the
response was shown to be of neurogenic origin. This was
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inferred from the observation that piloerection in the surround-
ing region is significantly reduced after pre-treatment with lido-
caine and was abolished by lidocaine injection [17].

Limitations

To date, QPART has been tested only in small populations of
healthy subjects and patients with Parkinson’s disease and
normative datasets from larger populations to compare indi-
vidual patient data are lacking [9, 59]. Strong emotions and
lowering of ambient temperature are common central provoc-
ative stimuli for piloerection which might be difficult to con-
trol for, particularly in the clinical setting.

Perspective

Research has shown that pilomotor nerve fiber density is de-
creased in skin biopsies of diabetic subjects and subjects treat-
ed with topical capsaicin [16, 59]. Furthermore, research
showed that pilomotor fibers are targeted by damage through
alpha-synuclein deposition in the prodromal and early stages
of synucleinopathies such as Parkinson’s disease [5, 11].

Viewed in conjunction with the aforementioned prelimi-
nary findings of pilomotor dysfunction in patients with
Parkinson’s disease QPART, it might be speculated that
QPART can be used to monitor disease progression as a

surrogate marker of progressive structural small fiber damage.
A longitudinal multicenter study is currently under way to test
this hypothesis [51]. Additional potential applications of
QPART include interventional studies assessing disease-
modifying approaches.

Conclusion

The established axon-reflex-based small fiber test of
sudomotor, vasomotor, and pilomotor function allows specific
assessment of postganglionic function. However, most of
these techniques are limited by technically demanding settings
and substantial interindividual variability. Therefore, compre-
hensive axon-reflex assessment is currently only available at
specialized autonomic laboratories. Recent advancements in-
clude quantification of axon responses with both temporal and
spatial resolution, e.g., via laser Doppler imaging, quantitative
direct and indirect tests of sudomotor function or quantitative
pilomotor axon-reflex test. The usefulness of this new gener-
ation of axon-reflex tests in the clinical assessment of neurop-
athy has yet to be determined.

Acknowledgements Open Access funding provided by Projekt DEAL.

Compliance with ethical standards

Iontophoresis
box

Silicon

Piloerection

Probe

Silicon impression

Scanner

Silicon impressionPilomotor axon-reflex spreadAxon-reflex spread area

Fig. 2 Quantitative pilomotor
axon-reflex test. After stimulation
with phenylepinephrine silicone,
imprints of the tested skin area are
taken and dyed afterwards.
Digital analyzation is performed.
The imprints are then analyzed for
axon-reflex spread

1694 Neurol Sci (2020) 41:1685–1696



Conflict of interest The authors declare that they have no conflict of
interest.

Ethical approval None.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Freeman R (2005) Autonomic peripheral neuropathy. Lancet
365(9466):1259–1270. https://doi.org/10.1016/S0140-6736(05)
74815-7

2. Dimitropoulos G, Tahrani AA, Stevens MJ (2014) Cardiac auto-
nomic neuropathy in patients with diabetes mellitus. World J
Diabetes 5(1):17–39. https://doi.org/10.4239/wjd.v5.i1.17

3. Maser RE, Mitchell BD, Vinik AI, Freeman R (2003) The associ-
ation between cardiovascular autonomic neuropathy and mortality
in individuals with diabetes: a meta-analysis. Diabetes Care 26(6):
1895–1901. https://doi.org/10.2337/diacare.26.6.1895

4. Low PA (2002) Autonomic neuropathies. Curr Opin Neurol 15(5):
605–609

5. Wang N, Gibbons CH, Lafo J, Freeman R (2013) Α-Synuclein in
cutaneous autonomic nerves. Neurology 81(18):1604–1610.
https://doi.org/10.1212/WNL.0b013e3182a9f449

6. Doppler K, Ebert S, Üçeyler N, Trenkwalder C, Ebentheuer J,
Volkmann J, Sommer C (2014) Cutaneous neuropathy in
Parkinson’s disease: a window into brain pathology. Acta
Neuropathol 128(1):99–109. https://doi.org/10.1007/s00401-014-
1284-0

7. Doppler K, Jentschke HM, Schulmeyer L, Vadasz D, Janzen A,
Luster M et al (2017) Dermal phospho-alpha-synuclein deposits
confirm REM sleep behaviour disorder as prodromal Parkinson’s
disease. Acta Neuropathol 133(4):535–545. https://doi.org/10.
1007/s00401-017-1684-z

8. Nabavi Nouri M, Ahmed A, Bril V, Orszag A, Ng E, Nwe P et al
(2012) Diabetic neuropathy and axon reflex-mediated neurogenic
vasodilatation in type 1 diabetes. PLoS One 7(4):e34807. https://
doi.org/10.1371/journal.pone.0034807

9. Kilo S, Berghoff M, Hilz M, Freeman R (2000) Neural and endo-
thelial control of the microcirculation in diabetic peripheral neurop-
athy. Neurology 54(6):1246–1252. https://doi.org/10.1212/WNL.
54.6.1246

10. Shindo K, Iida H, Watanabe H, Ohta E, Nagasaka T, Shiozawa Z
(2008) Sympathetic sudomotor and vasoconstrictive neural func-
tion in patients with Parkinson's disease. Parkinsonism Relat
Disord 14(7):548–552. https://doi.org/10.1016/j.parkreldis.2007.
12.004

11. Siepmann T, Frenz E, Penzlin AI, Goelz S, Zago W, Friehs I et al
(2016) Pilomotor function is impaired in patients with Parkinson’s
disease: a study of the adrenergic axon-reflex response and

autonomic functions. Parkinsonism Relat Disord 31:129–134.
https://doi.org/10.1016/j.parkreldis.2016.08.001

12. Lisney SJW, Bharali LAM (1989) The axon reflex: an outdated idea
or a valid hypothesis. Physiology 4(2):45–48. https://doi.org/10.
1152/physiologyonline.1989.4.2.45

13. Langley JN (1906) Croonian lecture: on nerve endings and on spe-
cial excitable substances in cells. Proc R Soc Lond B 78:170–194.
https://doi.org/10.1098/rspb.1906.0056

14. Yaprak M (2008) The axon reflex. Neuroanatomy 1:17–19. https://
doi.org/10.1007/springerreference_114067

15. Lewis T (1942) Pain. Macmillan Co, New York
16. Gibbons CH, Wang N, Freeman R (2010) Capsaicin induces de-

generation of cutaneous autonomic nerve fibers. Ann Neurol 68(6):
888–898. https://doi.org/10.1002/ana.22126

17. Siepmann T, Gibbons CH, Illigens BM, Lafo JA, Brown CM,
Freeman R (2012) Quantitative pilomotor axon-reflex test - a novel
test of pilomotor function. Arch Neurol 69(11):1488–1492. https://
doi.org/10.1001/archneurol.2012.1092

18. Ziemssen T, Siepmann T (2019) The investigation of the cardiovas-
cular and sudomotor autonomic nervous system - a review. Front
Neurol 10:53. https://doi.org/10.3389/fneur.2019.00053

19. Holowatz LA, Thompson-Torgerson CS, Kenney WL (1985) The
human cutaneous circulation as a model of generalized microvas-
cular function. J Appl Physiol 105(1):370–372. https://doi.org/10.
1152/japplphysiol.00858.2007

20. Berghoff M, Kathpal M, Kilo S, Hilz MJ, Freeman R (2002)
Vascular and neural mechanisms of ACh-mediated vasodilation in
the forearm cutaneous microcirculation. J Appl Physiol 92(2):780–
788. https://doi.org/10.1152/japplphysiol.01167.2000

21. Stern MD (1975) In vivo evaluation of microcirculation by coherent
light scattering. Nature 254:56–58. https://doi.org/10.1038/254056a0

22. Ahn H, Johansson K, Lundgren O, Nilsson GE (1987) In vivo
evaluation of signal processors for laser Doppler tissue flowmeters.
Med Biol Eng Comput 25(2):207–211. https://doi.org/10.1007/
BF02442852

23. Krishnan STM, Rayman G (2004) The LDIflare. Diabetes Care
27(12):2930. https://doi.org/10.2337/diacare.27.12.2930

24. Roustit M, Blaise S, Millet C, Cracowski JL (2010a)
Reproducibility and methodological issues of skin post-occlusive
and thermal hyperemia assessed by single-point laser Doppler
flowmetry. Microvasc Res 79(2):102–108. https://doi.org/10.
1016/j.mvr.2010.01.001

25. Agarwal SC, Allen J, Murray A, Purcell IF (2010) Comparative
reproducibility of dermal microvascular blood flow changes in re-
sponse to acetylcholine iontophoresis, hyperthermia and reactive
hyperaemia. Physiol Meas 31(1):1–11. https://doi.org/10.1088/
0967-3334/31/1/001

26. Tew GA, Klonizakis M, Moss J, Ruddock AD, Saxton JM, Hodges
GJ (2011b) Reproducibility of cutaneous thermal hyperaemia
assessed by laser Doppler flowmetry in young and older adults.
Microvasc Res 81(2):177–182. https://doi.org/10.1016/j.mvr.
2010.12.001

27. Schabauer AM, Rooke TW (1994) Cutaneous laser Doppler
flowmetry: applications and findings. Mayo Clin Proc 69(6):564–
574. https://doi.org/10.1016/s0025-6196(12)62249-6

28. Weiser M, Hilz MJ, Bronfin L, Axelrod FB (1998) Assessing mi-
crocirculation in familial dysautonomia by laser Doppler flowmeter.
Clin Auton Res 8(1):13–23. https://doi.org/10.1007/BF02267599

29. Melik Z, Kobal J, Cankar K, Strucl M (2012) Microcirculation re-
sponse to local cooling in patients with Huntington’s disease. J
Neurol 259(5):921–928. https://doi.org/10.1007/s00415-011-6279-3

30. Rajan V, Varghese B, van Leeuwen TG, Steenbergen W (2009)
Review of methodological developments in laser Doppler
flowmetry. Lasers Med Sci 24(2):269–283. https://doi.org/10.
1007/s10103-007-0524-0

1695Neurol Sci (2020) 41:1685–1696

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S0140-6736(05)74815-7
https://doi.org/10.1016/S0140-6736(05)74815-7
https://doi.org/10.4239/wjd.v5.i1.17
https://doi.org/10.2337/diacare.26.6.1895
https://doi.org/10.1212/WNL.0b013e3182a9f449
https://doi.org/10.1007/s00401-014-1284-0
https://doi.org/10.1007/s00401-014-1284-0
https://doi.org/10.1007/s00401-017-1684-z
https://doi.org/10.1007/s00401-017-1684-z
https://doi.org/10.1371/journal.pone.0034807
https://doi.org/10.1371/journal.pone.0034807
https://doi.org/10.1212/WNL.54.6.1246
https://doi.org/10.1212/WNL.54.6.1246
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.parkreldis.2016.08.001
https://doi.org/10.1152/physiologyonline.1989.4.2.45
https://doi.org/10.1152/physiologyonline.1989.4.2.45
https://doi.org/10.1098/rspb.1906.0056
https://doi.org/10.1007/springerreference_114067
https://doi.org/10.1007/springerreference_114067
https://doi.org/10.1002/ana.22126
https://doi.org/10.1001/archneurol.2012.1092
https://doi.org/10.1001/archneurol.2012.1092
https://doi.org/10.3389/fneur.2019.00053
https://doi.org/10.1152/japplphysiol.00858.2007
https://doi.org/10.1152/japplphysiol.00858.2007
https://doi.org/10.1152/japplphysiol.01167.2000
https://doi.org/10.1038/254056a0
https://doi.org/10.1007/BF02442852
https://doi.org/10.1007/BF02442852
https://doi.org/10.2337/diacare.27.12.2930
https://doi.org/10.1016/j.mvr.2010.01.001
https://doi.org/10.1016/j.mvr.2010.01.001
https://doi.org/10.1088/0967-3334/31/1/001
https://doi.org/10.1088/0967-3334/31/1/001
https://doi.org/10.1016/j.mvr.2010.12.001
https://doi.org/10.1016/j.mvr.2010.12.001
https://doi.org/10.1016/s0025-6196(12)62249-6
https://doi.org/10.1007/BF02267599
https://doi.org/10.1007/s00415-011-6279-3
https://doi.org/10.1007/s10103-007-0524-0
https://doi.org/10.1007/s10103-007-0524-0


31. Illigens BM, Siepmann T, Roofeh J, Gibbons CH (2013) Laser
Doppler imaging in the detection of peripheral neuropathy. Auton
Neurosci 177(2):286–290. https://doi.org/10.1016/j.autneu.2013.
06.006

32. Krämer HH, Schmelz M, Birklein F, Bickel A (2004) Electrically
stimulated axon reflexes are diminished in diabetic small fiber neu-
ropathies. Diabetes 53(3):769–774. https://doi.org/10.2337/
diabetes.53.3.769

33. Green AQ, Krishnan ST, Rayman G (2009) C-fiber function
assessed by the laser doppler imager flare technique and acetylcho-
line iontophoresis. Muscle Nerve 40(6):985–991. https://doi.org/
10.1002/mus.21333

34. Roustit M, Millet C, Blaise S, Dufournet B, Cracowski JL (2010b)
Excellent reproducibility of laser speckle contrast imaging to assess
skin microvascular reactivity. Microvasc Res 80(3):505–511.
https://doi.org/10.1016/j.mvr.2010.05.012

35. Kubasch ML, Kubasch AS, Torres Pacheco J, Buchmann SJ,
Illigens BM, Barlinn K, Siepmann T (2017) Laser Doppler assess-
ment of vasomotor axon reflex responsiveness to evaluate
neurovascular function. Front Neurol 8:370. https://doi.org/10.
3389/fneur.2017.00370

36. Algotsson A, Nordberg A, Almkvist O, Winblad B (1995) Skin
vessel reactivity is impaired in Alzheimer’s disease. Neurobiol
Aging 16(4):577–582. https://doi.org/10.1016/0197-4580(95)
00077-r

37. Briers D, Duncan DD, Hirst E, Kirkpatrick SJ, Larsson M,
Steenbergen W, Stromberg T, Thompson OB (2013) Laser speckle
contrast imaging: theoretical and practical limitations. J Biomed
Opt 18(6):066018. https://doi.org/10.1117/1.JBO.18.6.066018

38. Briers JD (2001) Laser Doppler, speckle and related techniques for
blood perfusion mapping and imaging. Physiol Meas 22(4):R35–
R66. https://doi.org/10.1088/0967-3334/22/4/201

39. Thompson OB, Andrews MK (2010) Tissue perfusion measure-
ments: multiple-exposure laser speckle analysis generates laser
Doppler-like spectra. J Biomed Opt 15(2):027015. https://doi.org/
10.1117/1.3400721

40. Roustit M, Cracowski JL (2013) Assessment of endothelial and
neurovascular function in human skin microcirculation. Trends
Pharmacol Sci 34(7):373–384. https://doi.org/10.1016/j.tips.2013.
05.007

41. Brunt VE, Minson CT (2011) Cutaneous thermal hyperemia: more
than skin deep. J Appl Physiol 111(1):5–7. https://doi.org/10.1152/
japplphysiol.00544.2011

42. Minson CT (2010) Thermal provocation to evaluate microvascular
reactivity in human skin. J Appl Physiol 109(4):1239–1246. https://
doi.org/10.1152/japplphysiol.00414.2010

43. O'Doherty J, McNamara P, Clancy NT, Enfield JG, Leahy MJ
(2009) Comparison of instruments for investigation of microcircu-
latory blood flow and red blood cell concentration. J Biomed Opt
14(3):034025. https://doi.org/10.1117/1.3149863

44. Millet C, Roustit M, Blaise S, Cracowski JL (2011) Comparison
between laser speckle contrast imaging and laser Doppler imaging
to assess skin blood flow in humans. Microvasc Res 82(2):147–
151. https://doi.org/10.1016/j.mvr.2011.06.006

45. Tew GA, Klonizakis M, Crank H, Briers JD, Hodges GJ (2011a)
Comparison of laser speckle contrast imaging with laser Doppler
for assessing microvascular function. Microvasc Res 82(3):326–
332. https://doi.org/10.1016/j.mvr.2011.07.007

46. Rousseau P, Mahe G, Haj-Yassin F, Durand S, Humeau A,
Leftheriotis G et al (2011) Increasing the “region of interest” and
“time of interest”, both reduce the variability of blood flow mea-
surements using laser speckle contrast imaging. Microvasc Res
82(1):88–91. https://doi.org/10.1016/j.mvr.2011.03.009

47. Illigens BM, Gibbons CH (2009) Sweat testing to evaluate auto-
nomic function. Clin Auton Res 19(2):79–87. https://doi.org/10.
1007/s10286-008-0506-8

48. Buchmann SJ, Penzlin AI, Kubasch ML, Illigens BM, Siepmann T
(2018) Assessment of sudomotor function. Clin Auton Res 1:41–
53. https://doi.org/10.1007/s10286-018-0530-2

49. Sletten DM, Kimpinski K, Weigand SD, Low PA (2010)
Comparison of a gel versus solution-based vehicle for the delivery
of acetylcholine in QSART. Auton Neurosci 158(1):123–126.
https://doi.org/10.1016/j.autneu.2010.05.005

50. Gibbons CH, Illigens BM, Centi J, Freeman R (2008) QDIRT:
quantitative direct and indirect test of sudomotor function.
Neurology 70(24):2299–2304. https://doi.org/10.1212/01.wnl.
0000314646.49565.c0

51. Siepmann T, Pinter A, Buchmann SJ, Stibal L, Arndt M, Kubasch
AS et al (2017) Cutaneous autonomic pilomotor testing to unveil
the role of neuropathy progression in early Parkinson’s disease
(CAPTURE PD): protocol for a multicenter study. Front Neurol
8. https://doi.org/10.3389/fneur.2017.00212

52. Kennedy WR (2002) Usefulness of the silicon impression mold
technique to evaluate sweating. Clin Auton Res 12(1):9–10.
https://doi.org/10.1007/s102860200003

53. Shahani BT, Halperin JJ, Boulu P, Cohen J (1984) Sympathetic skin
response–a method of assessing unmyelinated axon dysfunction in
peripheral neuropathies. J Neurol Neurosurg Psychiatry 47(5):536.
https://doi.org/10.1136/jnnp.47.5.536

54. Fealey RD, Low PA, Thomas JE (1989) Thermoregulatory sweat-
ing abnormalities in diabetes mellitus. Mayo Clin Proc 64(6):617–
628. https://doi.org/10.1016/s0025-6196(12)65338-5

55. Vinik AI, Nevoret ML, Casellini C (2015) The new age of
Sudomotor function testing: a sensitive and specific biomarker for
diagnosis, estimation of severity, monitoring progression, and re-
gression in response to intervention. Front Endocrinol 6:94. https://
doi.org/10.3389/fendo.2015.0009

56. Novak P (2017) Electrochemical skin conductance: a systematic
review. Clin Auton Res. https://doi.org/10.1007/s10286-017-
0467-x

57. Loavenbruck AJ, Hodges JS, Provitera V, Nolano M,
Wendelshafer-Crabb G, KennedyWR (2017) A device to measure
secretion of individual sweat glands for diagnosis of peripheral
neuropathy. J Peripher Nerv Syst 22(2):139–148. https://doi.org/
10.1111/jns.12212

58. Bors E (1964) Simple methods of examination in Paraplegia: i.
THE SPOON TEST. Paraplegia 2:17–19. https://doi.org/10.1038/
sc.1964.4

59. Nolano M, Provitera V, Caporaso G, Stancanelli A, Vitale DF,
Santoro L (2010) Quantification of pilomotor nerves: a new tool
to evaluate autonomic involvement in diabetes. Neurology 75(12):
1089–1097. https://doi.org/10.1212/WNL.0b013e3181f39cf4

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

1696 Neurol Sci (2020) 41:1685–1696

https://doi.org/10.1016/j.autneu.2013.06.006
https://doi.org/10.1016/j.autneu.2013.06.006
https://doi.org/10.2337/diabetes.53.3.769
https://doi.org/10.2337/diabetes.53.3.769
https://doi.org/10.1002/mus.21333
https://doi.org/10.1002/mus.21333
https://doi.org/10.1016/j.mvr.2010.05.012
https://doi.org/10.3389/fneur.2017.00370
https://doi.org/10.3389/fneur.2017.00370
https://doi.org/10.1016/0197-4580(95)00077-r
https://doi.org/10.1016/0197-4580(95)00077-r
https://doi.org/10.1117/1.JBO.18.6.066018
https://doi.org/10.1088/0967-3334/22/4/201
https://doi.org/10.1117/1.3400721
https://doi.org/10.1117/1.3400721
https://doi.org/10.1016/j.tips.2013.05.007
https://doi.org/10.1016/j.tips.2013.05.007
https://doi.org/10.1152/japplphysiol.00544.2011
https://doi.org/10.1152/japplphysiol.00544.2011
https://doi.org/10.1152/japplphysiol.00414.2010
https://doi.org/10.1152/japplphysiol.00414.2010
https://doi.org/10.1117/1.3149863
https://doi.org/10.1016/j.mvr.2011.06.006
https://doi.org/10.1016/j.mvr.2011.07.007
https://doi.org/10.1016/j.mvr.2011.03.009
https://doi.org/10.1007/s10286-008-0506-8
https://doi.org/10.1007/s10286-008-0506-8
https://doi.org/10.1007/s10286-018-0530-2
https://doi.org/10.1016/j.autneu.2010.05.005
https://doi.org/10.1212/01.wnl.0000314646.49565.c0
https://doi.org/10.1212/01.wnl.0000314646.49565.c0
https://doi.org/10.3389/fneur.2017.00212
https://doi.org/10.1007/s102860200003
https://doi.org/10.1136/jnnp.47.5.536
https://doi.org/10.1016/s0025-6196(12)65338-5
https://doi.org/10.3389/fendo.2015.0009
https://doi.org/10.3389/fendo.2015.0009
https://doi.org/10.1007/s10286-017-0467-x
https://doi.org/10.1007/s10286-017-0467-x
https://doi.org/10.1111/jns.12212
https://doi.org/10.1111/jns.12212
https://doi.org/10.1038/sc.1964.4
https://doi.org/10.1038/sc.1964.4
https://doi.org/10.1212/WNL.0b013e3181f39cf4

	Assessment of cutaneous axon-reflex responses to evaluate functional integrity of autonomic small nerve fibers
	Abstract
	Introduction
	Assessment of vasomotor function
	Laser Doppler flowmetry
	Procedure
	Limitations
	Perspective

	Laser Doppler imaging
	Procedure
	Limitations
	Perspective

	Laser speckle contrast imaging
	Procedure
	Limitations
	Perspective

	Assessment of sudomotor function
	Quantitative sudomotor axon reflex sweat test
	Procedure
	Limitations
	Perspective

	Quantitative direct and indirect test of sudomotor function
	Procedure
	Limitations
	Perspective

	Silicone impression mold technique
	Procedure
	Limitations
	Perspective

	Non-axon-reflex-based sudomotor tests
	Assessment of pilomotor function
	Quantitative pilomotor axon-reflex test
	Procedure
	Limitations
	Perspective

	Conclusion
	References


