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Chemically-induced quantitative sudomotor axon reflex test (QSART) and quantitative sensory testing (QST) are
established clinical tools to assess thin fiber function in humans.We investigated stimulus-response functions to
transcutaneous electrical stimuli of different current intensity (3.75 to 10 mA) and pulse frequency (5 to 100 Hz)
comparing sweat output (ml/h/m2) and pain intensity (numeric rating scale [NRS], 0–10). Efferent sudomotor
and afferent nociceptive responses were recorded after a 30 s electrical stimulation period of distal (hand and
foot) and proximal (forearm and thorax) body sites with 3 repetitive measures per body site.
Sweat responses increased intensity dependently and peaked (~100 ml/h/m2) at highest currents (10 mA) that
had been administered. Similarly, pain ratings increased with an escalating current intensity. At a constant
stimulus intensity of 7.5 mA, sudomotor activity was highest (~75 ml/h/m2) at a stimulus frequency of 20 Hz
without further increase at 50 or 100 Hz. In contrast, pain ratings increased frequency dependently and reached
NRS 7 at 100 Hz. Sudomotor activity, but not pain ratings, was significantly different between the body sites
(pb0.05, ANOVA) with maximum sweat responses obtained at the ventral forearm.
Varying response patterns for higher stimulation frequencies between sweating (peak maximum at 20 Hz) and
pain (maximum at 100 Hz)might indicate differential axonal properties of sympathetic efferent and nociceptive
afferent fibers. Electrically induced QSART could be a useful explorative and clinical method to indirectly study
characteristics of frequency-dependent axonal excitability changes of sudomotor fibers.
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1. Introduction

Functional investigation of thin fibers includes subjective tests, for
instance quantitative sensory testing (QST), and objective methods
such as measurement of sweat output. Baseline sweat production and
responses to localized chemical or electrical stimuli represent
functions of postganglionic sympathetic sudomotor neurons. The
sweat output can be analyzed after iontophoresis of acetylcholine by
imaging silicone sweat droplet impressions (Gibbons et al., 2008),
recording the induced axon reflex area of sweat production (iodine-
starch reaction (Schlereth et al., 2005; Namer et al., 2004; Riedl et al.,
1998), or by measuring the total sweat output within this area
(quantitative sudomotor axon reflex testing, QSART (Low et al.,
1983)). The acetylcholine-induced QSART is widely used to assess
impaired sudomotor function clinically in thin fiber neuropathy
(Singer et al., 2004). Chemical stimulationwith acetylcholine is robust
and well-tolerated by the patients. For structural analysis, epidermal
nerve fiber and sweat gland density quantified in skin biopsies is used
as a diagnostic tool for e.g. diabetic neuropathy (Kennedy et al., 1996;
Gibbons et al., 2009). Axonal excitability of sympathetic fibers would
be another useful clinical parameter, especially for those diseases in
which axonal sodium channels are involved, such as erythromelalgia
(Waxman, 2007; Cummins et al., 2004) that is also linked to abnormal
sympathetic skin responses (Kazemi et al., 2003).

In order to assess axonal excitability, transcutaneous electrical
stimulationwas used to induce a combined sudomotor and nociceptor
activation. Thereby, both intensity of axon reflex sweating and area of
axon reflex erythema can be quantified (Namer et al., 2004). The
measurement of axon reflex erythema responses is mainly used under
steady state conditions and therefore requires several minutes of
electrical stimulation. Thus, systematic analyses of stimulus-response
functions for current intensity or frequency would be problematic
using this extended protocol. We therefore assessed transient sweat
responses and pain to electrical stimulation of 30 s duration.
Differential axonal excitability and activation profiles were explored
and functionally described for sudomotor neurons and nociceptors by
means of current intensity- and frequency-dependent response
curves in different body sites.

2. Methods

The local Ethics Committee of the UniversityMedicineMannheim at
theUniversity of Heidelberg, Germany, approved the study according to
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the Declaration of Helsinki. Twenty volunteers (average 38±12 years,
10 male and 10 female) were recruited, informed in detail about the
purpose and time course of the study, requested to sign the informed
consent form and to complete a medical history questionnaire.
2.1. Design of the sweat chamber

Quantitative measurement of sudomotor function was performed
using a circular chamber made out of polycarbonate makrolone®

(inner diameter 25.4 mm; height 8 mm). Each chamber had two
lateral holes (3 mmØ) serving for dry air supply (inlet) into the upper
part of the chamber and humid air outlet from the lower part (Fig. 1A).
The chambers were equipped with a polycarbonate separator disc
that directed the flow of dry air from the upper into the lower part of
the chamber, preventing the air from entering directly the outlet
without passing the skin surface (Fig. 1B, C).
2.2. Humidity measurement

Filtered (FP10, Boge, Germany) and dried (MDK 6, KT 2016 M,
Zander, Germany) air (1.5 bar, pressure gauge control unit, Heyer,
Germany) was led into the upper part of the chamber (inlet) at a
constant flow rate of 6 l/h adjusted by an air flow control unit (KDG
1113 V 000, Kobold Messring GmbH, Germany). After having entered
the lower part, the air flow reached the skin surface absorbing the
sweat. The sweat content was measured by a humidity sensor
(HygroClip-SC04, Rotronic GmbH, Germany) placed into the outlet
tube at a 5 cm distance to the lower chamber (Fig. 1A).
Fig. 1.Design of the sweat chamber and principle of measurement. Dry air is led into the
upper part of the chamber towards the opposite wall. There it is directed to the lower
part of the chamber via a separation disc containing seven openings. On the way back to
the outlet the dry air passes the skin surface from which it takes up the evaporated
sweat. The humid air leaves the lower part of the chamber and passes a humidity sensor
for measurement (A). The direction of the air flow from the upper part (dotted line) to
the lower part of the chamber (solid line) via the holes containing separation disc is
shown in (B). The chamber is placed above a pair of adhesive contact electrodes used
for electrical stimulation (C).
2.3. Humidity data recording and calculation

Values for absolute humidity (g/m3), relative humidity (%), tem-
perature (°C), and air pressure (hPa) were measured by the humidity
sensor control unit (HygroLab 2, Rotronic GmbH, Germany) and stored
at 0.5 Hz intervals on a computer by HW4 software (Rotronic GmbH,
Germany). Sweat output was calculated offline inml/h/m2 according to
the absolute humidity, flux and the surface area of the skin covered by
the chamber.

2.4. Electrical stimulation

To induce axon reflex sweating, electrical stimuli were delivered
transdermally by a pair of self-adhesive rectangular 3×10 mm surface
electrodes (Pierenkemper, Germany) attached to the skin. Surface
electrodes were connected to a constant current stimulator (DS7A,
Digitimer, UK) delivering square wave pulses triggered by an external
generator (Pulsgenerator PG1, Rimkus, Germany). Axon reflex
sweating was assessed in response to 150 pulses delivered in 10
bursts with 15 stimuli each and 2 s intervals between the bursts.
Responses to the current intensity and the current frequency were
investigated. Constant current pulses were studied in randomized
order at intensities of 3.75–5–6.25–7.5–8.25–10 mA delivered at
20 Hz frequency and 0.5 ms pulse duration. Frequency of current
pulses was determined by the time interval between the 10 stimuli of
delivered bursts. Frequencies of 5–10–20–50–100 Hz were investi-
gated in randomized order at a current intensity of 7.5 mA and 0.5 ms
pulse duration.

Maximum pain intensity perceived during the 30 s stimulation
period was recorded by means of an 11-point numeric rating scale
(NRS) with the endpoints “no pain” (0) and “maximum pain” (10).

2.5. Experimental protocol and set up

As outlined above, different current intensities were assessed at a
frequency of 20 Hz and stimulation frequencies were tested at a
stimulation intensity of 7.5 mA. In a second session we quantified the
sweat response from different body sites, i.e. the volar forearm, the
dorsum of the hand and the foot, the upper and the lower back, and in
response to current frequencies of 5–20–100 Hz, respectively,
administered at 7.5 mA and a pulse width of 0.5 ms.

Volunteers were laid comfortably on a bed in an air-conditioned
(humidity 55%–65%, temperature 22–24 °C) room. The sweat chamber
was attached air tight (Biatain® self-adhesive rings, Coloplast GmbH,
Germany) to the skin, with its centre above the surface electrodes used
for electrical stimulation (Fig. 1C), and held in position by flexible
bandages (Urgoflex®, Urgo GmbH, Germany). As a control, a second
sweat chamber was attached to the non-stimulated contra-lateral body
site assessing the systemic sweat response.

Following to the fixation of the chambers on the skin, the entire
systemwas flushedwith dry air until a constant value of humidity was
measured. Thereafter, a baseline period of 15 s was recorded, followed
by the 30 s stimulation interval delivering 150 electrical pulses and a
105 s recording period. Sweat responses were assessed in triplicate for
each current intensity and pulse frequency, and mean responses were
used for statistical evaluation.

2.6. Statistics

Sweat volume per hour per square meter was calculated in Excel
2003 (Microsoft®, US) and analyzed by Statistica® 7.0 software package
(Statsoft, US). Analysis of variance (ANOVA) of sweat output over time
was performed between the factors “current intensity”–“pulse frequen-
cy”–“body site” and Fisher's Least Significance Test (LSD) as post-hoc
tests to identify significant differenceswithin factors (pb0.05). Data are
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presented in the manuscript with standard deviation (SD) and are
depicted in the figures as means±SEM.

3. Results

3.1. Time course of sweat response

Electrical stimulation caused an almost linear increase of sweat
output approximately 15 s after stimulation onset and peak maximum
sweat responses were recorded approximately 15 s after termination of
the electrical stimulation. Thereafter, humidity output decreased
exponentially to baseline levels within 2 min of recording (Fig. 2A).
Repetitive electrical stimulation in 2.75 min intervals reliably evoked a
sweat response. No significant differenceswere obtained between the 3
stimulations performed within each session for sweat output and pain
(data not shown). Baseline and electrically induced peak maximum
sweat output were significantly higher in male subjects than in females
(pb0.001, ANOVA), but stimulus-response functions for intensity and
frequency did not vary significantly with gender and therefore are
shown as mean values for all panellists.

3.2. Current intensity

Sweat responses dose-dependently increased with increasing
current intensity. No significant sweat response was induced by
Fig. 2. Sweat output quantified in ml/h/cm2 and pain intensity (numeric rating scale, NRS)
current intensities and pulse frequencies. (A): Sweat output (left panel) and pain (inlet) inc
Pain and sweat output also increased with higher stimulation frequency up to 20 Hz. High-fre
panel), but pain ratings (inset) still increased. (**pb0.01, *pb0.05, LSD post-hoc tests).
currents of 3.75 mA, whereas a current of 5 mA already caused a brief
sweat output of max. 42.5±25 ml/h/m2. Sweat responses increased
significantly with further increasing current intensities (pb0.001,
ANOVA), reaching a maximum of 99.9±46 ml/h/m2 at 10 mA.

Similarly, pain ratings increased with ascending current intensity
(pb0.0001, ANOVA). The stimulation with 5 mA already induced a
significantly elevated pain rating of NRS 3.2±1.1 (pb0.04, Fishers LSD
test), which further increased to about NRS 6.1±1.1 at 7.5 mA
(pb0.0001, Fishers LSD test) (Fig. 2A, inlet). Significantly enhanced
maximum pain was recorded at 10 mA (NRS 8.1±1.2) (pb0.005,
Fishers LSD test).

3.3. Stimulation frequency

Sweat output increased with increasing frequency of stimulation
(pb0.0001, ANOVA). At 5 Hz maximum sweat output of about 52.9±
28 ml/h/m2 was recorded 15 s after stimulation offset which was
already significantly elevated in comparison to the contra-lateral (not
stimulated) body site (pb0.0005, ANOVA). Increasing the pulse
frequency to 20 Hz pulses enhanced sweat response to 76.5±39 ml/
h/m² (pb0.005, Fishers LSD test), but a further frequency increase to
50 Hz and 100 Hz (~80±40 ml/h/m2) did not elevate the 20 Hz sweat
output (pN0.3, Fishers LSD test; Fig. 2B).

Pain ratings increasedwith increasing frequency of the stimulation
(pb0.0005, ANOVA). NRS of 4.2±1.5 was recorded at 5 Hz which
upon electrical stimulation (150 pulses in 30 s, black bar) administered at increasing
reased intensity dependently, starting at 5 mA and reaching a maximum at 10 mA. (B):
quency pulses delivered at 50 Hz and 100 Hz did not further increase sweat output (left

image of Fig.�2
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further increased to 5.5±1 at 10 Hz (pb0.0005, Fishers LSD test). In
comparison to 10 Hz, enhancement of the pulse frequency to 20 Hz
significantly elevated NRS to 6.1±1.4 (pb0.05, Fishers LSD test)
(Fig. 2B, inlet). A further increase of the stimulation frequency to
50 Hz and 100 Hz evoked an elevated pain of NRS 6.6±1.4 and 6.8±
1.7 which was, however, not statistically significant between 20 and
50 Hz or between 50 and 100 Hz (pN0.1, Fishers LSD test), but
between 20 and 100 Hz (p-0.02, Fisher LSD test).

3.4. Body site

Electrically induced sweat responses were significantly different
between the investigated body sites (pb0.0001, ANOVA). Maximum
sweat output was recorded at the forearm skin when compared to the
other body regions, regardless whether 5 Hz (pb0.05, ANOVA), 20 Hz
(pb0.005, ANOVA) or 100 Hz (pb0.0001, ANOVA) had been investi-
gated (Fig. 3A). No significant difference of the sweat output,
however, was recorded between the other investigated body sites,
i.e. the foot, the hand, or the thorax at either 5 Hz (pN0.4, ANOVA),
20 Hz (pN0.3, ANOVA) or 100 Hz (pN0.4, ANOVA) .Within these body
regions, the distal sites, i.e. the dorsum of the hand and foot, revealed
the strongest sweat response with a maximum of, on average, 35 ml/
h/m2 and 30 ml/h/m2, respectively. The upper and the lower thorax
responded with the smallest sweat output which was calculated at a
Fig. 3. Sweat output (ml/h/cm2) and pain intensity (NRS) measured in response to
electrical stimulation at 5, 20 and 100 Hz (10 mA, 0.5 ms pulse width) at different body
sites. (A) The maximum sweat response was recorded at the ventral forearm, the hand
dorsum and the dorsumof the foot, whereas virtually no sweat output could bemeasured
at the trunk. (B) In contrast, pain ratings did not vary significantly between the
investigated body sites. (*pb0.05, LSDpost-hoc tests; comparisons to pain ratings at 5 Hz).
maximum of 28 ml/h/m2 (Fig. 3A). In contrast, pain ratings did not
significantly differ between the investigated body sites (pN0.5,
ANOVA) (Fig. 3B).
4. Discussion

In the present study, we systematically investigated stimulus-
response functions of nociceptors and postganglionic sudomotor
fibers for both frequency and intensity of transcutaneously delivered
current pulses. Electrically evoked action potentials spread along the
branches of sympathetic efferent neurones (“sudomotor axons”) via
the so called “axon reflex” and evoke sweat gland activation (“axon
reflex sweating”), which can be quantified by measurement of the
sweat output (principle known as “QSART”). In parallel, acute
activation of thinly myelinated (A-delta) and unmyelinated C-
nociceptors evokes pain, which can be assessed psychophysically by
pain ratings. We demonstrate in healthy volunteers that sweat output
and pain ratings increased with current intensity and stimulus
frequency. However, trains of high-frequency stimuli exceeding
20 Hz did not further increase sweat output, but caused higher pain
ratings at 100 Hz. Pain ratings did not significantly differ between
different body sites, whereas sudomotor function was highest in the
forearm and lowest in the thorax.

Sudomotor function can be assessed by sympathetic skin responses
(SSR) (Fagius and Wallin, 1980; Kokotis et al., 2007) and the
quantitative sudomotor axon reflex test (QSART) (Low et al., 1983)
which quantifies postganglionic sympathetic activation upon choliner-
gic stimulation.QSART is beingused for clinical detection of distal small-
fiber neuropathy (Illigens and Gibbons, 2009; Gibbons et al., 2009; Low
et al., 1983). Sudomotor axon reflexes evoked by electrical stimulation
can be explored more precisely than e.g. SSR, as stimulus-response
functions of the sympathetic efferent neurons can be assessed for
intensity (Namer et al., 2004) and frequency. Transcutaneous electrical
stimuli directly activate human C-nociceptors and sympathetic efferent
neurons, asdemonstratedpreviously inmicroneurographyexperiments
(Schmelz et al., 1998; Torebjörk and Hallin, 1974). Skin innervation
territories of sympathetic efferent fibers were mapped with pseudo-
unipolar electrical stimulation using a pointed metal probe and
intensities of 5–10 mAat 0.2 msduration (Schmelz et al., 1998). Current
density and pulse duration of the electrical stimuli in our study were
even higher as those used in microneurography. Also, electrical stimuli
caused pain and led to an axon reflex erythema (Namer et al., 2004).
Given that electrical thresholds of C-nociceptors responsible for the
induction of the axon reflex erythema are higher than those of
sudomotor axons (Schmidt et al., 1998) the electrical stimulus used in
the present study should have been strong enough indeed to activate
the local sympathetic efferentfibers in the skin.Moreover, the two small
and closely spaced epicutaneous stimulation electrodes provided a high
current density. The current spread was not sufficient to cause muscle
contractions, and therefore, the pain sensation was directly linked to
electrical stimulation of nociceptors.

Our study revealed further that sweat output reached a maximum
at frequencies above 20 Hz and did not rise with higher stimulation
frequencies, whereas pain ratings, on the other hand, increased
frequency-dependently up to 100 Hz. Maximum discharge frequen-
cies of human C-nociceptors can reach 190 Hz for a few pulses
(Weidner et al., 2002). However, activity-dependent hyperpolariza-
tion of C-fibers increases the activation threshold and eventually leads
to conduction block (Weidner et al., 1999). When afferent C-fibers
were stimulated 20 times at 1, 2, 5 and 10 Hz, the units responded
regularly to the 1 and 2 Hz stimulation, but about 50% of the fibers did
not follow pulses at 5 Hz, and almost 75% blocked at stimuli of 10 Hz
(Torebjörk and Hallin, 1974). In contrast, A-delta fibers have much
less activity-dependent hyperpolarization and can also follow 50 Hz
stimulation (Torebjörk and Hallin, 1974). We therefore conclude that

image of Fig.�3


115P. Sommer et al. / Autonomic Neuroscience: Basic and Clinical 159 (2011) 111–116
the increase of pain rating observed for stimulation frequencies at 50
and 100 Hz can be attributed to A-delta nociceptor stimulation.

In contrast to nociceptor discharges consisting of C- and A-delta
components, all sudomotor fibers are unmyelinated. Thus, at higher
stimulation frequencies nocompensationeffects of thinlymyelinatedA-
delta fibers are available and sympathetic efferents start to block
conduction. Alternative explanations for the peak sweat responses
beyond 20 Hz stimulation might be a limited acetylcholine concentra-
tion that has not increased despite higher stimulation frequencies, or an
acetylcholine concentration that has reached already supra-maximum
level at 20 Hz stimulation.However, higher intensity stimulation led to a
further sweat increase (~100 ml/h/m2) above the maximum recorded
at 20 to 100 Hz (~75 ml/h/m2), indicating that increasing current
intensity might compensate for frequency-dependent conduction fail-
ures, as observedbefore in humanC-fibers (Torebjörk andHallin, 1974).
Thus, we conclude that sympathetic neurons blocking some of the high-
frequency stimuli is the most probable explanation for the peak sweat
responses recorded at frequencies N20 Hz. The fact that the sweat
response does not decrease at stimulation frequencies exceeding 20 Hz,
by contrast, could indicate that the decrease of the total number of
action potentials is compensated by ahigher instantaneous frequency of
the conducted action potentials. Thus, the total number of conducted
action potentials might be reduced at higher stimulation frequencies
(50 and 100 Hz), but the frequency of conducted action potentials is still
higher and thus may have compensated a potentially frequency-
dependently impaired sweat response. Data from direct activation of
postganglionic sudomotor fibers using intraneural stimulation in
microneurographic studies confirm this frequency effect (Kunimoto et
al., 1991, 1992b). Identical numbers of electrical stimuli at a constant
frequency provoked a smaller increase of sweat output as compared to
stimulation at irregular intervals with peak frequencies of 10 Hz, and
therefore impulse frequency has been assumed to be the primary
determinant of sudomotor fiber efficacy (Kunimoto et al., 1992a).

It is interesting to note that the painful electrical stimulation did
not provoke a generalized sympathetic response strong enough to
increase the sweat production at the non-stimulated contra-lateral
body site. Obviously, at the stimulation site, sudomotor fibers are
excited in a synchronized fashion and accordingly release their
acetylcholine simultaneously resulting in concentrations sufficient to
activate sweat glands. The half-life of acetylcholine is short, as it is
rapidly degraded by ubiquitous cholinestereases (Wessler et al.,
2003), and thus its accumulation and concomitant sweat response
depend on the timing of the acetylcholine release. By contrast,
sympathetic bursts required for sympathetic skin responses at the
contra-lateral control site reach the skin much less synchronized as
their inhomogeneous conduction velocities of 0.5 to 1.5 m/s cause
more dispersionwith increasing axonal length. Moreover, considering
that the physiological firing rate of C-fibers is low (Schmelz et al.,
1998), they are apparently less effective contributing to an assumed
pain-induced centrally mediated galvanic skin response.

Chemically-induced QSART revealed regional differences in sweat
rates with highest sweat output in the lower leg and forearm, followed
by foot and proximal leg (Sletten et al., 2010). The area of the
acetylcholine-induced axon reflex sweating as assessed by the iodine-
starch reaction has been shown to be largest in the lower leg (Schlereth
et al., 2005; Riedl et al., 1998) confirming the QSART results. In our data
the regional distribution order of the sweat response was virtually
identical, but very high sweat rates were recorded in the forearm.
Possible factors for this finding include higher innervation density of
sudomotor fibers and higher density of sweat glands in forearm skin.
However, the density of nerve fibers innervating sweat glands is lowest
in thedistal parts of the leg, followedby the distal thigh, and is highest in
the proximal thigh (Gibbons et al., 2009). In contrast, sweat gland
density is low at the trunk with about 100 glands per cm2 (Machado-
Moreira et al., 2008) and increases in the periphery at the foot dorsum
with about 200 glands per cm2 (Taylor et al., 2006; Hwang and Baik,
1997). Also, the size of single innervation territories of sympathetic
efferents was found to be similar between the lower leg and foot
(Macefield et al., 2002; Schmelz et al., 1998) and therefore cannot
account for the differences identified between the forearm and other
body sites. In addition to the number of sweat glands and their
innervation, electrically induced sweating is also modulated by
electrical thresholds of the sympathetic fibers and it has to be
investigated whether these are lower in the forearm.

In summary, electrically induced axon reflex sweating increased
linearly with stimulus intensities up to 10 mA. Optimum stimulation
frequency was 20 Hz without further increase of sweating rates up to
100 Hz. We conclude that electrically induced axon reflex sweating is a
swift andwell controlledway to assess the excitability of postganglionic
sympathetic fibers. It therefore might also be used in clinical diagnostic
to detect functional impairment in thin fiber neuropathy, but the
possible limitations of the painful electrical stimulation in patients need
to be considered.
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