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Abstract

Skin sympathetic nerve activities (SSNAs) were recorded simultaneously from the tibial and peroneal nerves by microneurography at
an ambient temperature of 25°C in five subjects with primary palmoplantar hyperhidrosis. The resting activity of the tibial SSNA
innervating the sole (glabrous skin) increased moderately (36.5 + 1.5 bursts /min), while mental arithmetic provoked marked responses

8.3 + 457.4% compared with the resting level) in the hyperhidr

+ 4.2 bursts /min and 142.2 + 58.4%.

osis group compared with the control normohidrosis group (n =5,
respectively). Differentiation of the tibial SSNA into sudomotor (innervating sweat glands)

and vasoconstrictor (innervating presphincter of skin vessels) revealed that this SSNA enhancement was attributable to not only
sudomotor but also vasoconstrictor components during mental arithmetic. In contrast, the responses in the peroneal SSNA (innervating the
dorsum pedis, hairy skin) of the hyperhidrosis group were only slightly changed, exhibiting no significant difference from those in the
normohidrosis group. Reflex bursts elicited by sound and electric stimulation were normal in amplitude and latency. When the ambient
temperature was elevated to 30°C, the tibial SSNAs became more enhanced than did the peroneal SSNAs. The tibial SSNA was markedly
enhanced in the hyperhidrosis group (290.0 + 78.5%) compared with the normohidrosis group (78.3 + 25.4%). We conclude that the
excessive responses in SSNA to the palmar and plantar glabrous skin to both mental and thermal stimuli may be responsible for the

profuse sweating in subjects with primary palmoplantar hyperhidrosis.
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. L. Introduction

Hyperhidrosis is a pathological condition in which
Sweating exceeds that required for thermoregulation [4],
and can be very distressing and a source of intense embar-
fassment, interfering with social and work commitments.

| | Hyperhidrosis that is secondary to endocrinological abnor-

- malities, inflammatory conditions, or cerebrovascular dis-

" eases must be distinguished from primary hyperhidrosis,

Which usually occurs early in adolescence and is character-

‘lzed by excessive sweating in the palms, axillae, or soles
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[7]. Epidemiological studies suggest that 0.6—1.0% of the
population suffers from this condition [1].

Most patients with primary hyperhidrosis are young
women, some of whom suffer from excessive and obvious
sweat dripping from the hands [20)]. Since the most effec-
tive treatment for primary hyperhidrosis of the palms and
soles (palmoplantar hyperhidrosis) is sympathectomy of
the thoracic or lumbar region [5,20], it is suspected that
these patients may also suffer from hyperactivity in sympa-
thetic outflow to the skin (skin sympathetic nerve activity,
SSNA), which contains sudomotor (SM) as well as vaso-
constrictor (VC) nerve activities [10]. The SM nerve activi-
ties accelerate sweating by stimulating the sweat gland
and VC activities constrict the presphincter of the skin
vessels.
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Since the hyperhidrotic area is limited to the glabrous
skin, and it has been clarified that skin sympathetic nerve
activity to the glabrous skin behaves differently from that
to the hairy skin [12,19]. it is beneficial to measure the
resting activities and the responses to the various arousal
stimuli in the sympathetic outflow to the glabrous skin and
to the hairy skin simultaneously.

To clarify the changes which occur in the discharge
patterns elicited from the tibial and peroneal SSNAs in
patients with primary palmoplantar hyperhidrosis, we mon-
itored the alterations in their SSNAs from the tibial nerve
to the sole (glabrous skin) and peroneal nerve to the
dorsum pedis (hairy skin) following arousal stimuli includ-
ing mental, thermal, electrical, and sound ones.

2. Methods

The subjects were five palmoplantar hyperhidrotic pa-
tients, two men and three women described in Table 1. All
of the five subjects complained of excessive sweating in
the palms and soles, which was further exaggerated during
mental tension. Physical examination confirmed that all of
the subjects suffered from profuse palmoplantar sweating
but no other abnormality. No definite causes for secondary
hyperhidrosis, e.g., thyroid disease, malignant tumor,
pheochromocytoma, menopausal disorder, or carcinoid
syndromes were found in any subjects.

The aim and benefits of this study were fully explained
to the subjects, and their prior consent was obtained for
participation. As a control, we used the mean values of the
resting activity and the responsiveness to mental and phys-
ical stimuli of five healthy and normohidrotic men (age:
25.3 + 4.2, mean + SD).

The subjects lay on a bed in the supine position in a
sound-proof room maintained at an ambient temperature of

Perspiro-

Table 1

List of the subjects

Case Age Gender Height (cm) Weight (ke) h
- _| . o B ﬂ_ i)
2 37 M 167 57

3 21 F 152 47

4 23 F 164 52

5 24 F 155 48

Mean 24.6 159.6 51.8

SD 7.2 6.2 43

25°C. SSNAs were recorded from the tibial and peronea
nerves simultaneously using a double recording technique
of microneurography, and were identified as.a SSNA burst
based on these criteria: the activity (1) consisted of sponta-
neous, irregular, pulse-asynchronous efferent burst dis-
charges, recorded from the skin nerve fascicles; (2) was
followed by peripheral vasoconstriction or perspiration; (3)
was elicited following an almost constant latency by men-
tal stress and sensory stimuli (sound, pain, electrical stimu-
lation of the peripheral nerve trunk, etc.); and (4) was
elicited by a deep breath [8,9]. Two tungsten microelec-
trodes with a tip diameter of 1 pm and an impedance of
3-5 M) were inserted into the skin fascicle of the tibial
and peroneal nerves, respectively (Fig. 1).

The nerve action potentials obtained were fed into a
preamplifier (with a gain of 1,000 X, DAM-6A, World
Precision Instruments, Hamden, CT), passed through
band-pass filters (500-5,000 Hz, E-3201A, NF Circuit
Design, Yokohama), and displayed on a cathode ray os-
cilloscope (Tektronix 5113, Tektronix, Beaverton, OR).
The SSNAs were simultaneously monitored by loud speak-
ers. Nerve signals were discriminated to gain the signal to
noise ratio, fully rectified, integrated with a time constant
of 0.1 s, and displayed on a thermal pen recorder (Recti-

ser Doppler Flowmeter-T}

ser Doppler Flowmeter -P|

Fig. 1. Diagram of the experimental set-up. Two sets of microneurography, sweat measurement devices, and laser Doppler flowmeters were fixed to the

foot and leg. Suffix T denotes the tibial route, and P means the peroneal route.
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I Fig. 2. Resting activity of skin sympathetic nerve in a control normohidrosis group subject (left), and in a hyperhidrosis group subject (middle and right).

- The gain of the integrated peroneal SSNA in the middle panel was adjusted to show the synchronous discharges as shown in the tibial SSNA. In the right
panel, the integrated peroneal SSNA was adjusted to set the integrated reflex bursts in both nerves at the same amplitude. Analogous tibial and peroneal

| discharges are seen in the middle panel, and enhanced tibial SSNA discharges are exhibited in the right panel.

{

B
i
‘ ¢ Horiz, NEC-San-ei, Tokyo) or a thermal array recorder to elicit the contraction of the thenar muscles with enough
| i (WS-682G, Nihon Kohden, Tokyo). length of intervals (more than 30 s). Deep breathing was
| } The ventilated capsule method (Kenz-Perspiro, Suzuken, done voluntarily by the subject at an arbitrary timing (*‘as
; Nagoya) was employed for quantification of sweating, and rapid as possible’”). The reason for using voluntary deep
blood flow was measured with a laser Doppler and rapid breathing as a stimulus was that an order to
meter (ALF 21, Advance. Tokyo), with two probes breathe might not have elicited the reflex SSNA to the
attached to the skin of the sole and the dorsum pedis arousal stimuli. The ambient temperature was then ele-
ipsilateral to the microneurographic recording. According vated to 30°C, and the response to thermal stimuli was
to the effector responses, SSNAs were differentiated as
SM when sweat expulsion or a skin potential change " O Vasocontrictor
occurred, as VC when a reduction in skin blood flow [ B Mixed
| — B Sudomotor

occurred, as mixed when both were observed, and as
unidentified when neither were observed. All data were
stored in an FM magnetic data recorder (KS-616U, Sony
Magnescale, Tokyo) and analyzed by off-line processing.
After the subjects rested in a relaxed state for more than
30 min, resting activity was recorded for 15 min as a
control reading. The tasks used to activate SSNA were
presented in the following order in all of the subjects: (1)
I mental arithmetic, (2) sound stimulation from a starting
pistol, (3) electric stimulation, (4) deep breathing. Mental
arithmetic was requested of the subjects as subtraction of 7
from 100 for seven times, two-digit addition and subtrac-

Skin Sympathetic Nerve Activity (bursts/min)

tion for seven times, and multiplication of two-digit num- ’ Tibial —Peroneal " Tibial Peroneal
bers and one-digit numbers for seven times. The mental omacNidtesle PR
arithmetic was such a level as the 6th grade students could Fig. 3. Comparison of the skin sympathetic nerve activity in the control f

solve. Sound stimulation was rendered hy a starting pistol normohidrosis (n=5) and primary palmoplantar hyperhidrosis subjects
- (n=15). The burst rate of the vasoconstrictor (VC) component is not
pC

with an interval of more than 30 s. Electric stimulation of e i Sl

s : £ ;- was: adminis by I significantly different between the hyperhidrosis and the normohidrosis g
pl'l S¢ duration o - ms was administered by an electric groups. An increase in sudomotor activity contributed to the SSNA !
m::mul;lmr at the wrist joint using a supramaximal strength enhancement in the hyperhidrosis group. Unidentified bursts were deleted.




observed for 10 min after the ambient temperature had
reached 30°C. The observation was continued for 10 min
after the amhlem temperature reached at 30°C, and the
Irecort l"} for this 10 min j JLl]LJ\l Wiis COmpart d with that of
the last 15 min period of the control reading.

SSNA was quantified as the number of bursts per min
(burst rate) for resting activity. The resting activity for
individuals was calculated from the mean burst rate of the
last 15 min period of the control reading. The total activity
of the SSNA was quantified as the sum of the amplitudes
from full-wave rectified and integrated neurograms at a
time constant of 0.1 s. The responsiveness of SSNA was
standardized as a percentage change from the total activity
at the resting state per min (control reading) as 100%.

For the evaluation of inter-individual differences among
the nerves, the amplitudes of the integrated SSNA were
standardized using the maximum reflex burst observed
after the electric or sound stimulation set as the same
amplitude, using an amplifier and a discriminator to set the
noise levels as the same. For the inter-individual compari-
son among subjects, the resting activity was compared by
‘burst rate’, and the responsiveness of SSNA to various
stimuli was compared by ‘percentage change from the
resting total activity’ for standardization. Values are ex-
pressed as mean + SD, and the Student’s r-test was em-
ployed for comparison. P values less than 0.05 were
considered significant.

3. Results

All five subjects showed hyperhidrosis in both their
palms and soles. At the resting state, the sweat rate at the
sole of all hyperhidrosis subjects exceeded 20 ug cm ?
min~'. Sweating from the dorsum pedis at rest was sub-
threshold level, and was sometimes not detected by the

Tibial
SSNA

Integrated
Tibial SSNA

Peroneal
SSNA

Integrated
SNA

ventilated capsule method. Unidentified bursts were deleteq
from the data.

1.1. Resting skin sympathetic nerve activity in hyperhidr.-
SIS

The tibial and peroneal SSNAs exhibited nearly syn-
chronous discharges at an ambient temperature of 25°C, I,
the control normohidrosis group, burst discharges from the
tibial and peroneal nerves had relatively equal amplitudes.
The discharge patterns of the tibial and peroneal SSNAs in
the normohidrosis were almost the same when the gain of
the peronecal SSNA was adjusted. In contrast, the dis-
charges from the tibial nerve in the hyperhidrosis group
were high in burst amplitude compared with those from
the peroneal nerve, suggesting that the difference between
tibial and peroneal SSNAs is the number of spikes partici-
pating in bursts (Fig. 2).

The resting tibial SSNA burst rate in the palmoplantar
hyperhidrosis group was 36.5 + 1.5 bursts /min, and was
significantly higher than in the control group (25.3 + 4.2,
p <0.05, Fig. 3). In the normohidrosis group, the VC
component was comparatively higher than the SM compo-
nent, whereas the SM component in the hyperhidrosis
group was significantly higher compared with the normo-
hidrosis group (13. ‘i 22 vs 78427 hursl\/mm p<
0.05, Fig. 3). The
difference hl._lWLL.n lh\, hypcrhldmm and nOII'IIUh]dTU\I\
groups.

The resting peroneal SSNA burst rate in the hyperhidro-
sis group exhibited no significant difference from that in
the normohidrosis group. Therefore, the resting peroneal
SSNA burst rate was significantly lower than that in the
tibial SSNA in the hyperhidrosis subjects due to the higher
percentage of unidentified bursts in the peroneal SSNA
than in the tibial SSNA. The percentage of mixed bursts

MPONE ‘it l\'ll‘” d no si¢

HTR 18M

Fig. 4. Changes in the tibial and peroneal SSNAs in response to mental arithmetic in hyperhidrosis subjects. Mental arithmetic caused a marked

10 sec

enhancement in the tibial SSNA but only slight increases in the peroneal SSNA.
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Fig. 5. Changes in the tibial (T) and peroneal (P) skin sympathetic nerve activity and sudomotor and vasoconstrictor components by mental arithmetic.
| Marked enhancements in the hyperhidrosis compared with normohidrosis are observed from resting activities in the control and hyperhidrosis subjects. The
|4 testing level was set at 100%. The increase i total SSNA from the resting level in the hyperhidrosis group is three to eight times as much as those

observed in the normohidrosis group. The individual data for hyperhidrosis subjects (subject 1-5) are also shown, = = - - p < 0.001. N.S., not significant.

showed no significant difference between the normohidro- was significantly greater than the change in the normo-
sis and hyperhidrosis groups (18.2 + 2.8% vs 17.5 + 3.6%). hidrosis group ( p < 0.001). In contrast, the peroneal SSNA
was only slightly enhanced, to 117.2 + 12.6%, and there
T R o , was no signiticant difference compared to the normohidro-
3.2. {'.\;f:m.w.x of skin sympathetic nerve activity to mental sis values (123.8 + 25.3%, Fig. 5).
}  arithmetic The differentiation of SSNA into SM, VC, or mixed
revealed that not only the SM bursts but also the VC bursts
Mental arithmetic markedly enhanced the tibial SSNA, were enhanced by mental load in the tibial SSNA (51.2 +
although the peroneal SSNA exhibited only a slight change 1.9% in SM, and 40.2 4+ 1.8% in VC when all SSNA

e e

in the hyperhidrosis group (Fig. 4). The tibial SSNA was bursts were regarded as 100%), whereas the VC compo-
? enhanced to 1,003 + 457.4% by mental arithmetic, which nent dominated in the peroneal SSNA by mental arithmetic
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L_. 6. Changes in tibial and peroneal SSNAs after raising the room temperature to 30°C in a hyperhidrosis subject. The warmer room temperature caused
tibial SSNA three to four times grealer than those seen in the normohidrosis group, while slight changes from the thermoneutral temperature values were
observed in the peroneal SSNA.



Enhancement of SSNA by Heating

0 TP
TP TP
Control “ﬁgﬁ“‘f'gﬂs Subject 1

TP
Subject 2

L Vasoconstrictor
1 Mixed
M Sudomotor

TP
Subject 4

TP
Subject 5

TP
Subject 3

Fig. 7. Changes in the tibial (T) and peroneal (P) skin sympathetic nerve activity and sudomotor and vasoconstrictor components. Enhancements from
resting activities in the control and five primary palmoplantar hyperhidrosis subjects were compared after raising the room temperature from 25 to 30°C.
The increases from the resting level in total SSNA taking (SSNA at 25°C as 100% was enhanced by approximately three-fold in the hyperhidrosis group

The enhancement in the peroneal nerve was very slight compared with the enhancement in the peroneal nerve in the control group. The individual data for

hyperhidrosis subjects (subject 1-5) are also shown. ": p < 0.05; " °

(32.0+2.6% in SM, and 55.6 +3.4% in VC when all
SSNA bursts were regarded as 100%, Figs. 5 and 8).

3.3. Responses of skin svmpathetic nervve activity 1o sound

and electric stimulation

Sound and electric stimulation also induced reflex SSNA
bursts with certain latencies [14]. The reflex bursts elicited

(%) O vasoconstrictor EJ Mixed

—

1007 11 r

—

Component Percentage In Skin Sympathetic Nerve activity

T P A P A
Normohidrosis Hyperhidrosis
Control

Fig. 8. Percentage changes in SSNA bursts into SM, mixed, and VC components. Changes in components were expressed as a percentage when mental
arithmetic tasks and heating were administered to normohidrosis and hyperhidrosis subjects. T: tibial SSNA, P: peroneal SSNA. Percentages of SM in the

hyperhidrosis group were increased by the mental arithmetic and heating.

P

Normohidrosis
Mental Arithmetic

TP < 0.0001.

by sound and electric stimulation in the hyperhidrosis
subjects were normal in their amplitudes and latencies:

however, the spontaneous discharees, which were SSNA

tibial nerve between each sound and electric stimulation
were enhanced in their frequencies and burst amplitudes.
Since we set the maximum response to sound or electric

stimulation at the same level to standardize both the

M Sudomotor

F=wP R TP
Hyperhidrosis Normohidrosis Hyperhidrosis
Heating
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inter-individual differences and the differences between

= ﬁ tibial and peroneal nerves, there was no significant

ference in amplitudes and latencies of the hyperhidrosis
subjects compared with those of the normohidrosis group.

3.4. Responses of skin sympathetic nerve activity to ther-
mal stress

Elevating the ambient temperature to 30°C also en-

hanced both the tibial and peroneal SSNAs in the hyper-
hidrosis group, but the magnitude of the enhancement was
more prominent in the tibial SSNA (Fig. 6). The tibial
SSNA was significantly enhanced to 290.0 + 78.5% of the
resting level as compared with the enhancement in the
control group (to 78.3 + 25.4% of the resting level, p <
0.001). The peroneal SSNA of the hyperhidrosis subjects
was significantly less enhanced, to 114.4 + 6.1%, from the
resting SSNA compared with the control group (to 213.2
+ 62.6% of the resting level, p < 0.05, Fig. 7).

The enhancement by the thermal environment was SM-
dominant in the hyperhidrosis subjects in both the tibial
(50.6 + 6.4% in SM, and 33.2+ 6.8% in VC when all
SSNA bursts were regarded as 100%) and peroneal (59.8
+4.0% in SM, and 26.0 + 3.5% in VC when all SSNA
bursts were regarded as 100%) SSNA, whereas those in
the control group were slightly VC-dominant in both the
bial (23.3 +4.5% in SM, and 45.1 + 8.3% in VC when

éSSNA bursts were regarded as 100%) and the peroneal
SONA (35.8 +7.2% in SM. and 296 + 6.7% in V(
all SSNA bursts were regarded as 100%, Fig. 8).

when

4. Discussion

Hyperhidrosis often seems a ‘minor’ and non-life-
threatening problem to observers, but it can be devastating
for the patients themselves. It usually appears in child-
hood, worsens during adolescence, and subsides with ad-
vancing age in some patients. The patients often visit an
Outpatient clinic on the occasion of an entrance examina-
tion, employment, or marriage [9]. The differentiation of
normal sweating from hyperhidrosis is subjective, and the
condition thus lacks a precise definition. although attempts
o measure the normal rates of insensible loss from the
skin have reported 8—15 g cm ™2 min~' as a norm [15],
Using this value, it is reasonable to categorize all of the
five present subjects as having palmoplantar hyperhidrosis.
Almost all of the studies referring to hyperhidrosis to date
have simply documented the treatment of the condition;
there have been few reports on the mechanism of the
development of hyperhidrosis. The present study sought to
elucidate the neural mechanisms of hyperhidrosis by mea-
sigme the sympathetic outflow to the skin directly in the
ICN:[! nerve, utilizing a double-recording microneuro-
graphic technique.

SSNA was first recorded by Hagbarth et al. [8] in 1972.

The SSNA contains SM and VC components. Mixed bursts
is considered to contain both SM and VC components. The
SM activity correlates well to the slope of sweat expul-

sions in a linear manner [12,19,21], and exhibits regional S

differentiation [19] in glabrous and hairy skin. The VC
activity also shows a linear correlation to the magnitude of
skin blood flow reduction [12] and regional differentiation
[19]. :

In the present study, the resting tibial SSNA became
moderately or markedly enhanced while the resting per-
oneal SSNA was slightly suppressed in the palmoplantar
hyperhidrosis subjects. The analogous discharge patterns
of tibial and peroneal SSNAs suggested the synchronous
supraspinal origin of the mental and thermal SM and VC
outflows, with much interaction between mental and ther-
mal SM and VC activities. This synchronicity theory is
supported by a study of sweat expulsions [16]. Suppression
of the peroneal SSNA may be due to the compensatory
suppression of sweating in the hairy skin for the glabrous
skin.

In the present study, it was found that the SSNA
responsiveness to mental stimuli was markedly enhanced,
three to eight times as much enhanced in the tibial nerve as
compared with the normohidrosis group, although the re-
flex bursts to sound or electric stimulation seem to remain
nearly unchanged. In contrast, the enhancement in the
peroneal nerve of the hyperhidrosis subjects exhibited no
significant difference from that of the control normohidro
sis subjects. These results are well explained by the sweat-
ing model proposed by Ogawa and Sugenoya (Fig. 9) [17].
Based on the distribution of sweat glands, they estimated
two sweating centers, mental and thermal. The mental
sweating center is thought to control palmoplantar sweat-
ing, and the thermal center controls sweating in the hairy
skin. The thermoregulatory center in the hypothalamus
accelerates the thermal sweating center, whereas the men-
tal sweating centers in the neocortex (higher mental activi-
ties) and limbic system (emotional) accelerates the palmo-
plantar sweating. Suppressive effects may take place from
the thermoregulatory center to the mental sweating center,
and from the neocortex to the thermal sweating center.

A similar model could be also hypothesized in vasocon-
striction (Fig. 9). The mental SM and VC center in the
cerebral subcortex [13] may thus play a role of gain
controller, and supersensitivity of these mental SM and VC
centers is estimated to evoke the palmoplantar hyperhidro-
sis. This hypothesis is supported by the finding that the
symptoms of hyperhidrosis usually subside during sleep,
like sleep-related decrease in sympathetic outflow [18,22].

Elevating the ambient temperature enhanced the tibial
SSNA in the present hyperhidrosis subjects. However, our
previous study [19] showed that heat exposure usually

enhances the peroncal SSNA in normohidrotic subjects. In
the control normohidrosis subjects, the SSNA to the hairy
skin responds to thermal stress more than does the SSNA
to glabrous skin [2,3,19]. This contradictory SSNA en
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Fig. 9. Schematic model for central mechanism of thermal and mental
sweating and vasoconstriction. (Modified from Ogawa and Sugenoya

[171)

hancement might be provoked by an easy excitation of the
temperature elevation is perceived as thermal stress. Fur-
thermore, the differentiation of SSNA to SM and VC
components in the tibial and peroneal nerves observed in
the present hyperhidrosis subjects also revealed contrasting
results in comparison with those in the control normo-
hidrosis group. The percentage of SM and VC in the tibial
nerve did not change, i.e., both components were enhanced
by thermal stress proportionally. However, the peroneal
SM component in the hyperhidrosis subjects exhibited no
marked change by the elevation of the ambient tempera-
ture to 30°C, suggesting that the less-enhanced peroneal
SSNA was due to a less-enhanced peroneal SM compo-
nent. This unchanged SM activity after heating might
contribute to the thermoregulatory control of the hyper-
hidrosis.

Cloward postulated that hyperhidrosis may be sec-
ondary to the hyperresponse to the mental or emotional
stimulation of the sympathetic nervous system, and may
originate in the cerebral cortex [6]. Our results support his
postulation and also suggest that the altered input gains to
the sweating and vasomotor center in the hypothalamus
from the subcortical emotional center and the thermorecep-
tive centers might be responsible for the condition of
primary palmoplantar hyperhidrosis.

The changes in SM and VC activities in SSNA of aged
hyperhidrosis subjects could be examined in a future study,
since age-related changes in sympathetic outflow [11] might

mental e et Tels Arebhably aacanes the
Hichitdy  SsWldllig  CCIner, protaoly because the

[#5] K.T. Moran, M.P. Brady, Surgical management of primary hyper

gerated in the palmoplantar hyperhidrosis subjects. Altered
input gains to the sweating and vasoconstrictive centers,
probably in the hypothalamus from the subcortical emo-
tional center, and the thermoreceptive center might be
responsible for the profuse sweating in the glabrous skin,
i.e., palms and soles in primary palmoplantar hyperhidrosis
subjects.
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