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Abstract: Microneurography remains the only method for measuring peripheral sympathetic nerve activity, but the
percutaneous insertion of microneedles imposes a significant burden on patients. Therefore, a non-invasive alternative
is needed. This study investigates the feasibility of using fingertip peripheral arterial stiffness and knee-lead electro-
sympathetic nerve activity (ESNA) as non-invasive indices of peripheral sympathetic nerve activity. Seventeen healthy
male participants underwent a cold pressor test (CPT) while ESNA (chest and knee leads) and fingertip peripheral arterial
stiffness were recorded simultaneously. Additionally, in a separate invasive experiment with one male participant, muscle
sympathetic nerve activity (MSNA) was recorded using microneurography, alongside the aforementioned non-invasive
measures, to validate their potential as proxies for MSNA. The results showed significant increases in peripheral arterial
stiffness (p < 0.01), chest-lead ESNA (p < 0.01), and knee-lead ESNA (p < 0.01) during cold water stimulation.
Furthermore, in the invasive experiment, knee-lead ESNA exhibited a downward trend, similar to fibular MSNA, during
cold water stimulation. These findings suggest that knee-lead ESNA and fingertip arterial stiffness reflect peripheral
sympathetic responses and may serve as non-invasive alternatives to microneurography. Further studies with larger sample
sizes are needed to validate their clinical utility.
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1. INTRODUCTION linearized peripheral arterial viscoelastic model [9],

) ) ) which evaluates arterial properties using blood pressure
Microneurography remains the only technique capable and photoplethysmographic waveforms. Since sympa-

of directly measuring muscle sympathetic nerve activity thetic nerves regulate vascular tone, peripheral arterial

(MSNA) and skin sympathetic nerve activity (SSNA). It stiffness is influenced by MSNA and SSNA. Studies have
has been used to predict and assess the severity of condi-

tions such as hypertension, obesity, cardiovascular dis-
eases, and peripheral nerve disorders [1-4]. However,
its invasiveness and the insertion of fine electrodes may
cause pain or sensory abnormalities [5]. As a result, there
is growing interest in developing non-invasive methods to
assess sympathetic nerve activity. One such approach in-
volves analyzing high-frequency components (500-1,000
Hz) of electrocardiographic signals (ECG) recorded from
the skin, which have been reported to reflect cardiac sym-
pathetic nerve activity (CSNA). While previous studies

shown that peripheral arterial stiffness increases in re-
sponse to sympathetic activation triggered by pain, anxi-
ety [10, 11], unpleasant odors [12], electrical stimulation,
and cold exposure [13]. Additionally, it correlates with
the low-frequency components of MSNA [14]. However,
the simultaneous measurement of MSNA and peripheral
arterial stiffness has not been conducted, leaving their re-
lationship unclear.

This study aims to evaluate non-invasive methods for
assessing MSNA. To this end, we conducted a cold pres-
sor test (CPT) [15-17] while simultaneously measuring

r.ef.erred to this measure ?S skin sympatbetic nerve ac- peripheral arterial stiffness, ECG, and ESNA near the left
tivity (SKNA) [6], to avoid confusion with SSNA mea- knee. We first examined the responsiveness of these in-

sured via microne'urography,.tl.lis paper instead terms it dices to cold stimulation. Then, MSNA was recorded
elect.ro-s.ympathenc nerve activity (E}SNA)~ However, the via microneurography to analyze its relationship with
application of ESNA to peripheral sites beyond the heart knee-lead ESNA, assessing the feasibility of non-invasive

remains unexplored. MSNA measurement
This study focuses on peripheral sympathetic nerves,

which regulate vascular tone and thermoregulation. The 2. MATERIALS AND METHODS

sympathetic nervous system transmits signals to the

heart, blood vessels, and skin via efferent nerve fibers. 2.1. Participants

CSNA increases heart rate [7], while MSNA induces A total of 17 healthy adult males (22.8 + 0.71

vasoconstriction and inhibits digestion [8]. SSNA con- years) participated in the ESNA measurement exper-

trols cutaneous blood flow and sweating [8]. iment, which aimed to simultaneously record ESNA
Our research group previously proposed a log- and fingertip peripheral arterial stiffness. Additionally,

one healthy adult male (41 years old) participated in
t Zu Soh is the presenter of this paper. the MSNA measurement experiment, where MSNA and
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Fig. 1 Overview of the measurement system and physiological signal processing
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Fig. 2 Experimental protocols

ESNA were concurrently recorded using microneurogra-
phy and surface electrodes, respectively.

All experimental procedures were approved by the
Ethics Committee for Epidemiological Research at Hi-
roshima University (Approval No.: E-17-3). In accor-
dance with the Declaration of Helsinki, informed consent
was obtained from all participants prior to their involve-
ment in the study.

2.2. Experimental Setup

The experimental system, illustrated in Fig. 1, consists
of a stimulation unit, a physiological signal measurement
unit, and a display for visual control and muscle contrac-
tion instructions.

In the stimulation presentation unit, two buckets con-
taining cold and warm water were placed beside the bed.
To administer thermal stimuli while minimizing partici-
pant movement, the experimenter immersed the partici-
pant ’ s right leg into the designated bucket.

In the physiological signal measurement unit, contin-
uous non-invasive blood pressure Py (t) from the left ra-
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dial artery and three-lead electrocardiographic potentials
from the chest were recorded using a physiological signal
monitor (BP-608 Evolution II CS, Omron Colin, Japan).
Additionally, photoplethysmographic signals P;(t) from
the left index finger were measured using a pulse oxime-
ter (OLV-4202, Nihon Kohden, Japan). These signals
were digitized at a sampling rate of 1 kHz via an A/D
converter (DC-300H, Nihon Kohden, Japan).

To measure ESNA, disposable electrodes (Bs-150, Ni-
hon Kohden, Japan) were placed near the left fibular
nerve at the knee and on the chest. The signals were
processed using a biopotential coupler (PB-100, Nihon
Kohden, Japan), a bioelectrical amplifier (AB-100, Ni-
hon Kohden, Japan), and an A/D converter (DC-300H,
Nihon Kohden, Japan) at a sampling rate of 10 kHz.
To eliminate power line noise, all measurement devices,
the recording PC, and the bed frame were commonly
grounded.

The display presents either a white cross for visual fix-
ation or muscle contraction instructions, depending on
the experimental protocol.



2.3. Experimental Protocols

The protocols for the ESNA measurement experiment
is shown in Fig. 2A. Each participant underwent eight
stimulation sessions. In each session, after an initial 30-
second resting period, three types of stimuli were pre-
sented for 30 seconds each: water stimulation, muscle
contraction, and water stimulation during muscle con-
traction, followed by a 30-second recovery period. For
water stimulation, cold water stimulation (<4°C) was
used, along with warm water stimulation ( 30°C) as a
comparison. Muscle contraction was applied to the left
quadriceps femoris and right pectoralis major muscles.

The protocol for invasive MSNA recording via mi-
croneurography is shown in Fig. 2B. In this experiment,
after attaching physiological measurement devices, a mi-
croelectrode was inserted into the fibular nerve. Each ses-
sion began with a 300-second resting period, followed by
120 seconds of water stimulation and a 60-second recov-
ery period, repeated four times.

All experiments were conducted in a temperature-
controlled environment (approximately 25°C) main-
tained by air conditioning.

2.4. Analysis

The mechanical properties of peripheral arteries are
described by the following log-linearized peripheral ar-
terial viscoelastic model [9, 14].

Py(t) = nPy(t) + nPi(t)

+ exp{ﬂPz(t) + Pog, + Pog,, (Pz(t))}

Here, u, 1, B represent the inertia, viscosity, and stiff-
ness of the arterial wall, respectively. Py(t), P;(t), P,(t),
Py(t) denote the non-invasive continuous blood pressure,
photoplethysmographic pulse wave, pulse wave velocity,
and pulse wave acceleration at time ¢, respectively. Pyg,
represents the mean circulatory filling pressure, while
Py, (Pi(t)) denotes the distal arterial pressure. The
measured P,(t) and P;(¢) were substituted into Eq. (1)
to estimate (i, 7, 3 using the least squares method.

To improve estimation accuracy, peripheral arterial
stiffness values with low reliability were excluded, and
missing values were interpolated using a third-order
spline method. Additionally, a low-pass filter with a cut-
off frequency of 0.15 Hz was applied to eliminate respi-
ratory influences.

To extract ESNA components, the recorded signals
were filtered using a 500—1,000 Hz bandpass filter. Then,
a 5-second moving absolute mean was computed, here-
after referred to as aESNA. The same processing was
applied to invasively measured MSNA via microneu-
rography, referred to as aMSNA. All signal processing
was performed using LabChart 8.1.9 (ADInstruments,
Dunedin, New Zealand).

To evaluate the response of each sympathetic nerve ac-
tivity measure to CPT, the time-series signals of periph-
eral arterial stiffness and aESNA were divided into six
stimulation intervals. Each 30-second stimulus presen-
tation interval was adjusted to exclude the first and last
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Fig. 3 Measured physiological signals and sympathetic
activity indices of the ESNA measurement experi-
ment
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Fig. 4 Comparison of sympathetic nerve activity mea-
sures: Rest vs. warm water and rest vs. cold water
stimulation

5 seconds to account for transient responses, resulting
in a 20-second analysis window. Next, for each sym-
pathetic nerve activity measure, the mean and variance
of the resting period were calculated for each participant
and used to normalize all measured values. The Brunner-
Munzel test was then conducted to compare the standard-
ized mean values between the resting period and each
stimulation interval. Statistical significance was deter-
mined at p < 0.05 with Holm’s correction for multiple
comparisons. MATLAB2022a and R 4.2.2 were used for
statistical analysis.
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Fig. 5 Comparison of sympathetic nerve activity indices:
rest vs muscle contraction period

3. RESULTS AND DISCUSSION

Figure 3 presents an example of physiological signals
and sympathetic nerve activity indices recorded during
the ESNA measurement experiment. The figure shows
that during the cold water stimulation period, the ampli-
tude of the fingertip photoplethysmographic waveform
decreased, while peripheral arterial stiffness increased.
Additionally, aESNA exhibited a slight increase during
the cold water stimulation period and a substantial rise
during the muscle contraction period. In contrast, contin-
uous blood pressure remained largely unchanged.

Figure 4 presents the mean values of sympathetic
nerve activity indices recorded during the resting period,
warm water stimulation, and cold water stimulation. Ses-
sions were deemed invalid and excluded from analysis if
any mean value exceeded the first quartile minus 5 x the
interquartile range or the third quartile plus 5 x the in-
terquartile range. Based on this criterion, five warm wa-
ter stimulation sessions and seven cold water stimulation
sessions were excluded, resulting in 124 valid sessions
out of 136 (17 participants x 4 sessions). The analysis
revealed that both warm and cold water stimulation sig-
nificantly increased all three sympathetic activity indices
—peripheral arterial stiffness, chest-lead aESNA, and left
knee-lead aESNA—compared to the resting period. The
increase observed during cold water stimulation is consis-
tent with a previous study reporting a cold water-induced
rise in chest-lead aESNA, which reflects CSNA activa-
tion [6]. The elevation of chest-lead aESNA during warm
water stimulation suggests that it may also induce sympa-
thetic nerve activation. Furthermore, the increases in pe-
ripheral arterial stiffness and left knee-lead aESNA pro-
vide evidence that peripheral sympathetic nerves also re-
sponded to the stimulation, supporting the potential for
non-invasive assessment of sympathetic function.

Figure 5 presents violin plots comparing the mean val-
ues of sympathetic nerve activity indices between the
resting period and the muscle contraction period. Sig-
nificant differences were observed in both chest-lead and
left knee-lead aESNA between these periods. Given
that muscle contractions generate electromyographic sig-
nals in a similar frequency range, this result suggests
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Fig. 6 Physiological signals and sympathetic nerve ac-
tivity indices recorded during the invasive MSNA
recording experiment

that electromyogram contamination may have influenced
ESNA measurements. This highlights the importance of
minimizing muscle contractions when performing non-
invasive sympathetic nerve activity assessments.

Figure 6 presents the measurement results from the
cold water stimulation session in the invasive MSNA
recording experiment. The figure shows that during cold
water stimulation, the amplitude of the fingertip photo-
plethysmographic waveform decreased, while peripheral
arterial stiffness increased. A comparison of mean sym-
pathetic nerve activity indices between the resting pe-
riod and the cold water stimulation period revealed that
upper-limb sympathetic nerve activity indices, including
peripheral arterial stiffness and chest-lead aESNA, in-
creased. In contrast, lower-limb sympathetic nerve ac-
tivity indices, including left knee-lead aESNA and aM-
SNA, decreased. This consistent response pattern sug-
gests that ESNA measurements at the left knee may re-
flect fibular nerve MSNA, supporting its potential for
non-invasive MSNA estimation. By integrating findings
from simultaneous measurements of ESNA and periph-
eral arterial stiffness, this study identifies two alternative,
non-invasive indices for assessing peripheral sympathetic
nerve activity: knee-lead aESNA and peripheral arterial
stiffness. However, aESNA measurement requires care-
ful experimental design and precise instructions to mini-
mize contamination from electromyographic signals.



4. CONCLUSION

This study evaluated the feasibility of peripheral arte-
rial stiffness and ESNA as non-invasive markers of pe-
ripheral sympathetic nerve activity using CPT experi-
ments with simultaneous physiological recordings. Cold
water stimulation increased both indices, suggesting their
potential for assessment. ESNA was also affected by
body movements and muscle contractions, which should
be primarily controlled through procedural measures,
such as clear instructions and pre-test practice sessions.
A larger sample size may help reduce the statistical im-
pact of such artifacts and also mitigate potential biases
caused by the imbalance in participant numbers between
the invasive and non-invasive groups. In addition, the
applicability of the proposed method to females, chil-
dren, and the elderly cannot be accurately assessed at this
stage. Future studies will therefore include a more di-
verse population to validate the method across different
demographic groups.
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