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One-way repasted ANOVA
Pe0.034 (Trial effect)
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88E8

0 2 4 & 8 10 122 14 & 18
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Abstract

Background: Autonomic neural intervention is a promising tool for modulating circulatory
system thereby treating some cardiovascular diseases. Methods and Results: We examined
whether we could control arterial pressure (AP) by acupuncture-like hind-limb electrical
stimulation (HES) in eight pentobarbital-anesthetized cats. With a 0.5-ms pulse width, HES
monotonically reduced AP as the stimulus current increased from 1 to 5 mA, suggesting that the
stimulus current could be a primary control variable. On the other hand, the depressor effect of
HES showed a nadir around 10 Hz in the frequency range between 1 and 100 Hz. Dynamic
characteristics of the AP response to HES approximated a second-order low-pass filter with dead
time (gain: -10.2+1.6 mmHg/mA, natural frequency: 0.040+0.004 Hz, damping ratio 1.80+0.24,
dead time: 1.38+0.13 s, mean=SE). Based on these dynamic characteristics we developed a
servo-controlled HES system. When a target AP value set at 20 mmHg below the baseline AP,
time required for the AP response to reach 90% of the target level was 38£10 s, The steady-state
error between the measured and target AP values was 1,3+0.1 mmHg. Conclusions: Autonomic
neural intervention by acupuncture-like HES may provide an additional modality to
quantitatively control the circulatory system.

Keywords: transfer function; proportional-integral controller; systems analysis
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Because abnormality in the autonomic nervous system is often associated with
cardiovascular diseases, treating cardiovascular diseases by autonomic neural interventions have
attracted many researchers.® Recently, autonomic neural interventions using electronic devices
have again the focus of attention as a potential modality for treating cardiovascular diseases
resistant to conventional therapeutics, To name a few. chronic vaaa! nerve stimulation
dramatically improves the survival of chronic heart failure after myocardial infarction in rats.
Chronic baroreceptor activation enhances the survival of pacmz -induced heart tallure in dogs.” A
recent version of device-based treatment of hypertension in human is reported.” A framework of
eleclncal neural intervention is also effective to elevate arterial pressure (AP) against hypotensive
events.'”

Aside from direct neural stimulation, electroacupuncture can modify autonomic balance
thereby treating cardiovascular diseases,'*"'® Although one feature of the electroacupuncture may
be its long-lasting effects, immediate cardiovascular responses to acupuncture-like stimulation
are also observed in several experimental settings. For example, a sixty-second manual
acupuncture-like stimulation of a hind limb reduces renal or cardlac sympathetic nerve activity,
causing hypotension and bradycardia in anesthetized rats.'”'* We have shown that electrical
stimulation of a hind limb using acupuncture needles |mmed|ale|% resets the arterial baroreflex
and reduces sympathetic nerve activity in anesthetized rabbits.’ Acupuncture-like hind-limb
electrical stimulation (HES) induces immediate hypotension with chm&es in the relationship
between cardiac and renal sympathetic nerve activities in anesthetized cats.”

In the present study, we hypothesized that AP could be controlled by HES. Quantification
of the dynamic input-output relatlonsth between a given stimulus and the AP response is
essential for artificially controlling AP.'™'? Accordingly the first aim was to identify the dynamic
input-output relationship between HES and the AP response. The second aim was to develop a
feedback controller system that could reduce AP at a prescribed target level using HES,

Materials and Methods
Surgical Preparation

Animal care was provided in strict accordance with the Guiding Principles for the Care
and Use of Animals in the Field of Physiological Sciences approved by the Physiological Society
of Japan. All protocols were approved by the Animal Subject Committee of National
Cardiovascular Center. Eight adult cats weighing from 2.3 to 4.3 kg were anesthetized by an
intraperitoneal injection of pentobarbital sodium (30-35 mg/kg) and ventilated mechanically via a
tracheal tube with oxygen-supplied room air. The depth of dneslhes:a was maintained with a
continuous intravenous infusion of pentobarbital sodium (1-2 mgkg'h’ { through a catheter
inserted into the right femoral vein. Vecuronium bromide (0.5-1.0 mg'kg *h™, i.v.) was given
continuously to suppress muscular activity. AP was measured using a calhe(er~tip manometer
inserted from the right femoral artery and advanced into the thoracic aorta.
Hind-Limb Electrical Stimulation

In the supine position, both hind-limbs were lifted to obtain a better view of the lateral
sides of the lower legs. An acupuncture needle with a diameter of 0.2 mm (CE0123, Seirin-Kasei,
Japan) was inserted into a point below the knee joint just lateral to the tibia.”’ A 23-gauge needle
was inserted into the skin behind the ankle as the ground. HES was applied bilaterally via two
independent isolators connected to an electrical stimulator (SEN 7203, Nihon Kohden, Japan) as
shown in Figure |. The pulse width was changed manually whereas the stimulus frequency and
the stimulus current were controlled by a dedicated laboratory computer system. The electrical
stimulation was started after the hemodynamic effects of needle insertion had disappeared, and
the acupuncture needle remained inserted during each protocol.
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Protocols

Protocol | (n=8). To quantify the AP response to HES as a function of stimulus current
and pulse width, we fixed the stimulus frequency at 10 Hz and changed the stimulus current
stepwise from 0 to 5 mA in 1-mA increments every minute. The 6-min current test was repeated
with an intervening interval of 3 to 5 min using different pulse widths (0.1, 0.2, 0.5 and 1 ms).
The order of the pulse-width settings was randomized across the animals.

Protocol 2 (n=8). To quantify the AP response to HES as a function of stimulus frequency
and pulse width, we fixed the stimulus current at 3 mA and changed the stimulus frequency
sequentially from 0 to 100 Hz (0, 1, 2, 5, 10, 15, 20, 50 and 100 Hz). Each stimulus frequency
was maintained for | min. The 9-min frequency test was repeated with an intervening interval of
3 to 5 min using different pulse widths (0.1, 0.2, 0.5 and |1 ms). The order of the pulse-width
settings was randomized across the animals.

Protocol 3 (n=8). To identify the dynamic input-output relationship between HES and the
AP response, we randomly turned HES on and off every 2 s according to a binary white noise
sequence for 30 min. The HES setting (0.5-ms pulse width, 10 Hz. 3 mA) was chosen to induce
effective hypotension based on the preliminary results obtained from Protocols 1 and 2.

Protocol 4 (n=8). Based on the result of Protocol 3, we designed a feedback controller that
could automatically adjust the stimulus frequency and the stimulus current for HES. The pulse
width was fixed at 0.5 ms. To examine the performance of the feedback controller, we set a target
AP value at 20 mmHg below the baseline AP and activated the feedback controller for 10 min.

The following two supplemental protocols were performed in 3 of the 8 cats. a) We
inserted two acupuncture needles into the triceps surae muscle with a distance of approximately
2.5 cm, and examined if changes in AP was associated with direct muscle stimulation (0.5-ms
pulse width, 10 Hz, 3 mA). Both hind limbs were stimulated simultaneously using two
independent isolators. b) We exposed the sciatic nerve after finishing Protocols 1 through 4, and
examined if sectioning the sciatic nerve abolished the hemodynamic effects of HES. Unilateral
HES was performed (0.5-ms pulse width, 10 Hz, 3 mA) before and after sectioning the ipsilateral
sciatic nerve.

Data analysis

In Protocols 1 and 2, the AP value was obtained by averaging the last 10-s data at each
stimulus condition. In Protocol 1, the effect of stimulus current was assessed by changes in AP
from the 0-mA stimulus condition for each pulse width. In Protocol 2, the effect of stimulus
frequency was assessed by changes in AP from the 0-Hz stimulus condition for each pulse width.

In Protocol 3, the transfer function from HES to AP was estimated by means of an
analysis for one-input, one-output systems. Data were first resampled at 10 Hz and segmented
into 8 sets of 50%-overlapping bins of 4096 points each. For each segment, a linear trend was
subtracted and a Hanning window was applied. Frequency spectra of the input and output were
obtained via fast Fourier transformation. Next, the ensemble averages of input power spectral
density [Syd /). output power spectral density [Syd f)]. and cross spectral density between the
input and output [Sy( /)] were calculated over the 8 segments. Finally, the transfer function from
input to output [H( )] was calculated as”

Syx(/f)
H(f)==122
B Seth M
To quantify the linear dependence between the input and output signals |n the frequency
domain, a magnitude squared coherence function [Cok( /)] was also calculated as”’

|Syx (f)|

Coh(f)=—————
M= S DSy D
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